Condensed Matter Physics, 2004, Vol. 7, No. 4(40), pp. 767–778

Surface tension at the liquid-vapor interface of screened ionic mixtures

M.González-Melchor^1 , C.Tapia-Medina^2 , L.Mier-y-Terán^1 , J.Alejandre^{3 ∗}

1 Depto. de Física, Universidad Autónoma Metropolitana-Iztapalapa, Av. San Rafael Atlixco 186, Col. Vicentina, 09340 México D.F., México 2 Depto. de Energía, Universidad Autónoma Metropolitana-Azcapotzalco, Av. San Pablo 180, Col. Reynosa, 02200 México D.F., México 3 Depto. de Química. Universidad Autónoma Metropolitana-Iztapalapa, Av. San Rafael Atlixco 186, Col. Vicentina, 09340 México D.F., México

Received August 25, 2004, in final form October 25, 2004

The liquid-vapor interface of binary mixtures of charged particles is studied using molecular dynamics (MD) simulations. The interaction between particles 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 model of ionic fluids is discussed.

Key words: ionic fluids, molecular simulation, surface tension, liquid-vapor

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

1. Introduction

Phase behavior and interfacial properties are relevant in many technological applications. 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].

∗E-mail: jra@xanum.uam.mx

© M.González-Melchor, C.Tapia-Medina, L.Mier-y-Terán, J.Alejandre 767

The coexistence and interfacial properties can be obtained from the direct simulation of interfaces using molecular dynamics (MD) and Monte Carlo (MC) techniques. 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.

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 constant ϵ_r.

Ionic fluids are systems where the properties are strongly determined by electrostatic 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 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 interacting with the screened Coulombic potential and it is called the Yukawa restricted 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) equation [8,13]. One of the main conclusions obtained in those works is that the critical temperature (T_c) 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 attractive hard-core Yukawa model (AHCYM) where T_c decreases as the potential is short ranged [14,15]. As the range of interaction decreases (large λ) the binary ionic fluid should behave as a binary mixture of hard sphere particles without stable liquid-vapor equilibrium. We have recently confirmed in binary ionic fluids by using simulation techniques that T_c increases by decreasing the range of interaction [16]. The surface tension of the attractive HCY has been obtained previously by using 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 σ. Half of them are negatively charged and the other half are positively charged. The interaction between two particles is given by the soft Yukawa model (SYM),

u_{ij} (r) = A

( σ_s r )_n + q_iq_j 4πϵ_0ϵ_r e^{−λ[r/σ−1]} r , (1)

where r is the distance between particles, λ is the inverse of the reduced screening length, q_i = ±e is the charge of particle i and e is the electron charge. The variables ϵ_0 and ϵ_r are the vacuum permittivity and the dielectric constant of the medium, respectively. The potential u_{ij} (r) is zero for distances greater than the cutoff distance, R_c. The parameters A, n and σ_s 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/ε = 20000, σ_s = 0.95σ and n = 225. Figure 2 shows the potential of the SYM for ionic fluids with λ = 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.

Figure 2. The SYM potential for a binary ionic fluid with screening parameter λ = 6.0.

The calculations were performed in reduced units. The distance is reduced with σ and the energy with ε = e^2/(4πϵ_0ϵ_rσ). So, the reduced temperature is T^∗ = k_BT/ε, where k_B is the Boltzmann’s constant and T is the absolute temperature.

3. Simulation details and definition of properties

The simulations were performed in a rectangular box elongated along the z axis having dimensions L_x = L_y, L_z > L_x and volume V = L_xL_yL_z. 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_x = 14σ. These values are large enough to avoid finite size effects in the calculation of surface tension. The cutoff distance was set to R_c = 3.5 σ. There was used a multiple time step integration scheme [19] to improve the efficiency of simulation programs. Three different reduced time steps, t^∗ = t(ϵ/mσ^2)^{1/2}, 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 × 10^6 small time steps.

The surface tension of one planar interface was computed through the pressure tensor route, γ = L_z [P_{zz} − 0.5(P_{xx} + P_{yy})] , (2)

where P_{αβ} (α, β = x, y, z) are the pressure tensor components. The component P_{xx} for systems that contain the hard sphere interaction, AHCYM and YRPM potentials, is defined as,

P_{xx}V = m N∑ i v^x_i v^x_i + ∑ i ∑ j f^x_{ij} x_{ij} + m t_{sim}

N_c∑ c=1 Δv^x_i x_{ij} + u(R_c)δ(R_c − r) x_{ij} x_{ij} r , (3)

where all particles have the same mass m, v^x_i is the velocity of particle i in the x-direction, x_{ij} = x_i − x_j is the relative position in the x-direction of atoms i and j and f^x_{ij} is the x-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 t_{sim} is the total simulation time, Δv^x_i is the change of velocity that a particle has got before and after a collision and N_c is the number of collisions between hard-spheres. In the fourth term, δ(s) is a δ-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 γ^∗ = γσ^2/ϵ.

The density profile, ρ(z) was calculated as

⟨ρ(z)⟩ =

⟨ΔN⟩ ΔV , (4)

where ⟨ΔN⟩ is the average number of particles with coordinates between z and z + Δz, and ΔV = L_xL_yΔz is the volume of the corresponding slab. A value of Δz = 0.02σ was used for all simulations.

At the end of simulations, the average density profiles were fitted to a hyperbolic tangent function,

ρ(z) = 1 2 (ρ_l + ρ_v) − 1 2 (ρ_l − ρ_v) tanh [ 2(z − z_0) δ ] , (5)

where ρ_l and ρ_v are the liquid and vapor densities, respectively, z_0 is the Gibbs dividing surface and δ 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 δ is shown.

Figure 3. Hyperbolic tangent function fitted to a density profile obtained from MD simulations. The width of the interface δ, 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 β = 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 interaction 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

Figure 4. Liquid-vapor coexistence curve for the ASYM as a function of λ. Stars are AHCYM results from [15] for λ = 1.8, 3 and 4, from top to bottom. The critical properties are also shown.

Figure 5. Surface tension of the one component ASYM as function of temperature and λ. Stars are results of the AHCYM [15] for λ = 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 λ = 1.8, 3 and 4 taken from [15] and shown with stars. The agreement between both models is reasonably good. We performed a systematic 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 λ > 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

Table 1. Coexistence densities and surface tension of the ASYM as a function of the screening parameter. The number 0.65_5 means 0.65 ± 0.05.

λ T^∗ ρ^∗_l ρ^∗_v γ^∗ λ T^∗ ρ^∗_l ρ^∗_v γ^∗ 2.0 0.75 0.817 0.015 0.65_5 2.5 0.62 0.850 0.014 0.54_1 0.78 0.789 0.021 0.54_3 0.64 0.826 0.018 0.50_3 0.80 0.774 0.023 0.47_4 0.68 0.786 0.024 0.38_2 0.84 0.738 0.035 0.38_3 0.72 0.743 0.038 0.29_2 0.88 0.702 0.045 0.36_3 0.75 0.703 0.061 0.24_2 0.92 0.657 0.069 0.20_2 0.76 0.690 0.061 0.18_4 0.96 0.607 0.095 0.14_2 0.78 0.675 0.069 0.17_3 0.82 0.614 0.107 0.056_{18} 3.0 0.55 0.863 0.016 0.39_2 4.0 0.45 0.909 0.019 0.34_3 0.58 0.827 0.024 0.30_1 0.46 0.894 0.019 0.28_4 0.60 0.799 0.032 0.23_2 0.485 0.857 0.032 0.195_{31} 0.62 0.774 0.039 0.21_3 0.50 0.829 0.039 0.20_{12} 0.65 0.726 0.063 0.13_2 0.52 0.780 0.052 0.14_3 0.68 0.688 0.073 0.08_2 0.54 0.739 0.080 0.11_2 0.70 0.636 0.098 0.077_{18} 0.56 0.673 0.099 – 0.58 0.617 0.132 – 5.0 0.40 0.940 0.019 0.22_2

0.42 0.904 0.026 0.21_2 0.44 0.852 0.042 0.15_2 0.46 0.809 0.062 0.08_2 0.48 0.733 0.082 0.09_1 0.50 0.678 0.117 0.043_8

compared with those of AHCYM obtained by HMD simulation of interfaces. The agreement in critical density between both models is excellent and the critical temperature of the ASYM is 3% higher than that of the AHCYM with λ = 3. The critical temperature decreases as the potential is short-ranged because the interaction 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 λ. The agreement between the ASYM and the AHCYM is excellent for λ = 3 and 4. The surface tension seems to be less sensitive to the potential details than the coexistence densities, as can be seen for results using λ = 3. The surface tension results for the ASYM were fitted to γ = γ_0(1 − T/T_c)^μ (where γ_0 and μ are constants) according to the mean field theory [20] with μ = 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.

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}_c , is also given.

λ T^∗_c T^{∗MF}_c ρ^∗_c model 1.8 1.190 0.306 AHCYM^{[15]} 2.0 1.028 1.030 0.329 ASYM 2.5 0.868 0.881 0.340 ASYM 3.0 0.725 0.351 AHCYM^{[15]} 3.0 0.748 0.741 0.347 ASYM 4.0 0.593 0.361 AHCYM^{[15]} 4.0 0.599 0.599 0.363 ASYM 5.0 0.526 0.525 0.378 ASYM

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 λ = 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 interaction 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 binary 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 λ = 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 (λ = 0) is a long ranged potential, it has a lower surface tension than those of YRPM with screening parameters λ > 0. This is because ionic fluids interacting with a screened potential 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 λ. This suggests that at some λ 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 λ. 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 λ = 6 and 10 at T^∗ = 0.16 (see table 3) the width of the interface is smaller for λ = 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 λ = 2 are also given.

λ T^∗ γ^∗ δ^∗ λ T^∗ γ^∗ δ^∗ λ T^∗ γ^∗ δ^∗ 2.0 0.080 0.034_6 1.958 6 0.140 0.056_{10} 2.176 10 0.155 0.070_{11} 2.605 0.085 0.028_5 2.097 0.145 0.047_{10} 2.314 0.160 0.047_6 3.005 0.090 0.024_3 2.411 0.150 0.036_6 2.709 0.165 0.030_6 3.838 0.095 – 2.479 0.155 0.031_4 3.064 0.170 0.017_5 5.189 0.100 0.015_6 3.331 0.160 0.022_5 4.100 0.175 0.0114_{41} 7.070 0.105 – 3.827 0.165 0.0023_{49} 5.040 0.110 0.011_3 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 parameter 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 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 λ.

Acknowledgements

MGM, CTM and JA thank Conacyt for financial support. CTM also thanks the Mexican Petroleum Institute for a scholarship.

References

1. López-Lemus J., Alejandre J. // Molec. Phys., 2002, vol. 100, p. 2983, (and references therein);

Tapia-Medina C., Orea P., Mier-y-Terán L., Alejandre J. // J. Chem. Phys., 2004, vol. 120, p. 2337.

2. Alejandre J., Tildesley D. J., Chapela G. A. // J. Chem. Phys., 1995, vol. 102, p. 4574. 3. Feller S.E., Zhang Y., Pastor R.W. // J. Chem. Phys., 1995, vol. 103, p. 10267. 4. Goetz R., Lipowsky R. // J. Chem. Phys., 1998, vol. 108, p. 7397. 5. Mauk A.W., Chaikof E.L., Ludovice P.J. // Langmuir, 1998, vol. 14, p. 5255. 6. Tomassone M.S., Couzis A., Maldarelli C.M., Banavar J.R., Koplik J. // J. Chem.

Phys., 2001, vol. 115, p. 8634.

7. Waisman E. // Molec. Phys., 1973, vol. 25, p. 45.

8. Mier y Terán L., Quiñones-Cisneros S.E., Nuñez-Riboni I.D., Lemus-Fuentes E. // Molec. Phys., 1998, vol. 95, p. 179, (and references therein).

9. Romero-Cano M.S., Puertas A.M., de las Nieves F.J. // J. Chem. Phys., 2000, vol. 112, p. 8654.

10. Puertas A.M., Fernández-Barbero A., de las Nieves F.J. // J. Chem. Phys., 2001, vol. 115, p. 5662.

11. Tata B.V.R., Rajalakshmi M., Arora A.K. // Phys. Rev. Lett., 1992, vol. 69, p. 3778. 12. Herrera J.N., Ruiz-Estrada H., Blum L. // J. Chem. Phys., 1996, vol. 104, p. 6327. 13. Leote de Carvalho R.J.F., Evans R. // Molec. Phys., 1997, vol. 92, p. 211. 14. Hagen M.H.J., Frenkel D. // J. Chem. Phys., 1994, vol. 101, p. 4093;

Shukla K.P. // J. Chem. Phys., 2000, vol. 112, p. 10358.

15. González-Melchor M., Trokhymchuk A., Alejandre J. // J. Chem. Phys., 2001, vol. 115, p. 3862.

16. Tapia-Medina C., Mier-y-Terán L., Alejandre J. 2004, to be submitted. 17. González-Melchor M., Alejandre J., Bresme F. // Phys. Rev. Lett., 2003, vol. 90, p. 135506.

18. González-Melchor M., Bresme F., Alejandre J. Submitted to J. Chem. Phys., 2004. 19. Tuckerman M.E., Berne B.J., Martyna G.J. // J. Chem. Phys., 1991, vol. 94, p. 6811. 20. Rowlinson J.S., Widom B. Molecular Theory of Capillarity. Oxford, Clarendon Press, 1982.

Поверхневий натяг на границі розділу рідина-пара екранованої іонної суміші

М.Гонзалез-Мелчор^1 , К.Тапія-Медіна^2 , Л.Мієр-і-Теран^1 , Дж.Алєхандре^3

1 Відділення фізики, університет, 09340, Мехіко, Мексика 2 Відділення енергії, університет, 09340, Мехіко, Мексика 3 Відділення хімії, університет, 09340, Мехіко, Мексика

Отримано 25 серпня 2004 р., в остаточному вигляді – 25 жовтня 2004 р.

Вивчається границя розділу рідина-пара бінарної суміші заряджених частинок, використовуючи комп’ютерне моделювання методом молекулярної динаміки (МД). Взаємодія між частинками задається сумою короткосяжного потенціалу відштовхування і притягуючим/відштовхуючим потенціалом Юкави, який моделює екрановані електростатичні взаємодії. Для того, щоб отримати компоненти тензора напружень, використовуються два методи: гібридний метод МД, який об’єднує тверду сферу і неперервні сили і стандартний метод МД, в якому тверда сфера заміщена м’якою взаємодією. Ми показуємо, що обидві моделі дають, по суті, однакові результати. Якщо область взаємодії зменшується – критична температура і поверхневий натяг зростають. Обговорюється порівняння з примітивною моделлю іонних флюїдів.

Ключові слова: іонні флюїди, молекулярне модулювання, поверхневий натяг, рідина-пара

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