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Abstract

A novel method for determining the activity of the solvent in electrolyte

solutions by molecular dynamics simulations is presented. The electrolyte

solution is simulated in contact with the pure solvent. Between the two

phases, there is a virtual membrane, which is permeable only for the solvent.

In the simulation, this is realized by an external field which acts on the

solutes only, and confines the solutes to a part of the simulation volume.

The osmotic pressure, i.e. the pressure difference of both phases, is obtained

with high accuray from the force on the membrane, so that reliable data on

the solvent activity can be determined. The acronym of the new method

is therefore OPAS (osmotic pressure for activity of solvents). The OPAS

method is validated using test cases of varying complexity and compared to
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different other methods from the literature using aqueous sodium chloride

solutions as an example.

Keywords: Electrolyte solution, Osmotic pressure, Solvent activity,

Molecular dynamics

1. Introduction

Electrolyte solutions are important in many industrial and natural pro-

cesses. Even though the most important solvent is water, also organic elec-

trolyte solutions are highly interesting, e.g. in energy storage technology.

The thermodynamic behavior of electrolyte solutions is dominated by the

Coulombic interactions between ions and solvent molecules and related sol-

vation effects. Due to this complex behavior, phenomenological models for

describing electrolyte solutions often employ a large number of adjustable pa-

rameters to correlate experimental data [1–4]. Another shortcoming is that

the model parameters are not transferable when different solvents are used.

Molecular simulations provide an opportunity to gain insight into the inner

workings of electrolyte solutions on the molecular level. In contrast to phe-

nomenological models, molecular simulation usually takes into account only

binary interactions between species. Additionally, properties of mixtures can

be predicted if accurate molecular models for all components are available.
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One of the most important properties of an electrolyte solution is the activ-

ity of the solvent. It is directly related to phenomena such as vapor pressure

lowering and freezing point depression, and it is connected to the activity co-

efficient of the salt, which controls the solubility limit of the salt. However,

the reliable determination of the solvent activity and related properties of

electrolyte solutions by molecular simulations is challenging and subject to

recent research.

In a series of papers, Smith and co-workers [5–9] developed the OEMC

method for the computation of solubility limits in electrolyte solutions. The

method employs a semi-grand ensemble to compute the salt molality m at

a given chemical potential of the salt µ± in a Monte Carlo (MC) simula-

tion. In a recent paper, Mester and Panagiotopoulos [10] conducted molec-

ular dynamics (MD) simulations in the isothermal-isobaric (NpT ) ensemble

to determine the chemical potential of the salt µ± at a given salt molality

m by performing fractional insertion of ion pairs. Using the Gibbs-Duhem

equation, the solvent activity asolv can be derived from the results of either

method. Both works have in common that advanced sampling methods were

used to improve the statistics, as particle insertion moves for ions are very

unlikely to be accepted [6].
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In previous work of our group [11, 12], a set of molecular models for alkali

and halide ions in conjunction with the SPC/E [13] water model has been de-

veloped. Simulation results using these models have shown good agreement

with available experimental data for various properties such as liquid solution

densities, radial distribution functions, diffusion coefficients and electric con-

ductivities [14]. Furthermore, the model parameters are transferable so that

methanolic and ethanolic electrolyte solutions can also be described [15, 16].

The most important property that has not yet been investigated with these

models is the solvent activity.

In the present work, a novel method is introduced for molecular dynamics

simulation of the osmotic pressures for determining the activity of solvents

(OPAS). The OPAS method circumvents the problems regarding particle

insertion. OPAS simulations exploit the relationship between the solvent

activity and the osmotic pressure by performing simulations of coexisting

phases in osmotic equilibrium, i.e. a pure solvent phase and an electrolyte

solution phase in direct contact. The phases are separated by a semiperme-

able membrane, which is permeable for the solvent but not for the solutes

(here: the ions). The idea of such direct coexistence simulations goes back

to a series of papers by Murad and co-workers [17–20], who used Lennard-
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Jones (LJ) particles to which they applied a position constraint to simulate

a semipermeable membrane. The present OPAS simulation method follows

an approach which is similar to that of Luo and Roux [21], who use a virtual

semipermeable membrane. The OPAS method adopts the general simulation

scenario of Luo and Roux and extends their work regarding the simulation

methodology and the evaluation of the results.

In Section 2, the OPAS method is presented. The thermodynamic consis-

tency of this new method is described in Sections 3 and 4. Section 5 sum-

marizes the main findings and mentions further applications for the OPAS

method.

2. OPAS Simulation Method

The OPAS molecular dynamics simulation method directly computes the

osmotic equilibrium in mixtures with virtual semipermeable membranes. The

method is mainly intended for studying electrolyte solutions, but can in prin-

ciple be used for any kind of binary mixture. An extension to more than one

solute is straightforward, an extension to mixed solvents is possible.

To simulate the osmotic equilibrium, two planar, semipermeable membranes

M1 and M2 are introduced in the cubic simulation box. They are located at
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the positions zM1 = 0.25 L and zM2 = 0.75 L, where L is the box length, and

therefore lie parallel to the x, y-plane. The membranes divide the simulation

volume into two compartments. The outer compartment (0 ≤ z/L < 0.25

and 0.75 < z/L ≤ 1) contains only solvent molecules, while the inner com-

partment (0.25 ≤ z/L ≤ 0.75) contains both solvent and solute molecules.

The conventional periodic boundary conditions are used. A snapshot of this

simulation setup is shown in Figure 1.

[Figure 1 about here.]

If a solute molecule i leaves the inner compartment at either M1 or M2, a

force

for zi < zM1 : Fi = c(zM1 − zi) (1)

for zi > zM2 : Fi = c(zM2 − zi) (2)

is exerted on it in the z direction, where zi is the z-component of the center

of mass position of ion i. The value of the membrane force constant c =

4.184 · 1024 J/m2 was taken from Luo and Roux [21]. The osmotic pressure

is the pressure difference of both compartments and is obtained from the
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membrane force as

Π = pin − pout =
Ftot

Atot

=

∑
i |Fi|

AM1 + AM2

, (3)

where Ftot is the total net force on both membranes and Atot is their total

area.

It is desirable to simulate the osmotic equilibrium at a specified pressure

pout = pset in the outer compartment, i.e. in the pure solvent phase (typically

pset = 1 bar). However, a direct run in the canonical (NV T ) ensemble is not

convenient as the resulting pressure pout is hard to guess. Therefore, an

OPAS simulation consists of a two-step procedure.

First, a pseudo-isothermal-isobaric (NpT ) ensemble simulation is carried out

for determining the box volume 〈V 〉 of the system in osmotic equlibrium

while pout = pset. To avoid the necessity of a specially designed barostat

for that purpose, the entire system is coupled to a barostat that yields the

effective pressure

peff = (poutVout + pinVin)/(Vout + Vin). (4)

The effective pressure peff corresponds to an average over the virial of the

entire system. The pressure in the outer compartment pout is fixed to pset

and pin can be estimated on the fly from pin = pout + Π, where Π is obtained
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by Eq. (3). As a result, the desired pressure pset is obtained in the outer

compartment and an estimate of the box volume 〈V 〉 is obtained. Further-

more, this pseudo-NpT run serves as a pre-equilibration of the system. Note

that for the specific choice of compartment volumes Vout = Vin in the present

work, Eq. (4) simplifies to

peff = pout +
Π

2
. (5)

The volume 〈V 〉 is then used in a canonical (NV T ) ensemble simulation,

which yields the osmotic pressure 〈Π〉 = 〈Ftot〉/Atot of the system. The

osmotic pressure is directly related to the solvent activity via

ln(asolv) = − Π

ρsolvRT
, (6)

when an incompressible solvent is assumed, R is the universal gas constant,

and ρsolv is the density of the pure liquid solvent at the temperature T . This

property is available from separate molecular simulations. A derivation of

Eq. (6) is given in Appendix A.

During the simulation, the electrolyte molality in the inner compartment

fluctuates as water molecules are free to move. Therefore, the composition

of the inner compartment is a simulation output, and a density profile is

recorded for all components in the NV T run. In order to exclude artifacts
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present in the vicinity of the membranes, the density of the solvent should

only be averaged over a part of the inner compartment. In this work, this

region is chosen to be 0.4 ≤ z/L ≤ 0.6, which from here on is referred to

as the inner sampling volume, but another suitable choice might as well be

made. However, this specific choice of the inner sampling volume has proven

to be reliable in the present work. The averaged density of the solvent ρsolv

in the inner sampling volume is then used to compute the mole fraction of

the solvent in the inner compartment via

xsolv = ρsolv

(
ρsolv +

Nsolutes∑
i=1

ρi

)−1

. (7)

Note that the exact densities of the solutes ρi are known as the number of

solute molecules is an input of the simulation and the solute molecules are

always in the inner compartment.

When considering electrolyte solutions, activity coefficients and related quan-

tities are usually expressed in terms of the salt molality m instead of mole

fractions. The conversion from the ion-based mole fraction of the solvent

xsolv, obtained by Eq. (7), to the salt molality and a corresponding estima-

tion of the statistical uncertainty of this quantity is given in Appendix B.

Altogether, the OPAS method has the following set of simulation parameters:

• the membrane positions zM1 and zM2, or, respectively, the compartment
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volume ratio Vin/Vout

• the number of particles N

• the choice of the inner sampling volume for the evaluation of the density

profile

• the membrane force constant c

Obviously, a symmetric arrangement of the membranes seems convenient, as

it leads to a simple modification of a standard barostat (see Eq. (5)). It

might be advantageous to use a box elongated in z-direction, however, this

would automatically lead to a larger number of particles. In the present work,

it was found that N = 4000 is sufficient to obtain smooth density profiles in

a broad inner sampling volume of 0.4 ≤ z/L ≤ 0.6 (cf. Section 4). Therefore,

a different arrangement is unnecessary. The impact of the membrane force

constant c was studied in a number of preliminary runs and was found to

be small. Furthermore, the good agreement of OPAS results with results of

other methods from the literature [9, 10] shows that the choice of c adopted

from Luo and Roux [21] is appropriate (cf. Section 4).

All simulations of this study were carried out with an extended version of the

molecular simulation program ms2 [22]. More simulation details are given in
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Appendix C.

3. Validation of the Simulation Method

3.1. Validation approach

Test cases of varying complexity were set up in order to check the ther-

modynamic consistency of simulation results obtained by OPAS simulations.

The OPAS simulations must satisfy three conditions:

• The system size must be sufficient, so that the partial density of the

solvent in the inner sampling volume is not influenced by the mem-

branes.

• The osmotic pressure Π obatined from sampling the membrane force

must be equal to the pressure difference ∆p = pin−pout computed from

the pressure profile.

• The chemical potential of the solvent must be constant over the coor-

dinate z normal to the membranes.

The first condition can be checked by inspection of the density profile. For

the second condition, a pressure profile p(z) was recorded for the test cases.

As for the evaluation of the density profiles, sampling volumes have to be
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defined. In this work, the inner sampling volume for the pressure was chosen

to be the same as that for the densities (0.4 ≤ z/L ≤ 0.6), and accordingly,

for the outer sampling volume the choice (0 ≤ z/L < 0.1 and 0.9 < z/L ≤ 1)

was made. By averaging over both sampling volumes, an estimate of the

pressure difference ∆p = pin − pout is obtained. For the third condition, a

profile of the reduced residual chemical potential of the solvent µ̃solv(z) was

recorded. It is defined by Vrabec and Hasse [23] as

µ̃solv =
µsolv − µid

solv(T )

kT
, (8)

where k is Boltzmann’s constant. If all three conditions are fulfilled, one can

conclude that the OPAS method is applicable for the respective test case.

3.2. Molecular models

The test cases for the OPAS method consist of different molecular model

classes. Depending on the test case, the total potential energy contains

Lennard-Jones (LJ) contributions only, or charge-charge or quadrupole-quad-
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rupole interactions also, and thus writes as

U = ULJ + UCC + UQQ

=
N−1∑
i=1

N∑
j=i+1

{ nLJ
i∑

a=1

nLJ
j∑

b=1

4εijab

[(
σijab
rijab

)12

−
(
σijab
rijab

)6
]

+

ne
i∑

c=1

ne
j∑

d=1

1

4πε0

[
qicqjd
rijcd

+
QicQjd

r5
ijcd

· f(ωi, ωj)

]}
, (9)

where εijab and σijab are the Lennard-Jones energy and size parameters, rijab

and rijcd are site-site distances, qic, qjd, Qic and Qjd are the magnitude of the

electrostatic interactions, i.e. the point charges and quadrupole moments.

Therein, f(ωi, ωj) is a dimensionless angle-dependent expression in terms of

the orientation (ωi,ωj) of the point quadrupoles [24].

The modified Lorentz-Berthelot combining rules are used [25, 26] for the

interaction between unlike Lennard-Jones sites

σij =
σii + σjj

2
, (10)

εij = ξij
√
εiiεjj. (11)

The binary interaction parameter ξij is set to 1 for all combinations except for

the test case ’argon + O2 mixture’, where the value ξAr,O2 = 0.988 adjusted

by Vrabec et al. [27] is used. Table 1 gives an overview of the test cases.

[Table 1 about here.]
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3.3. Binary LJ mixture I

The first test case for the OPAS method is a liquid binary LJ mixture.

The solvent A and the solute B are equal LJ species, i.e. σB/σA = 1.0 and

εB/εA = 1.0. The only difference is that the solvent molecules of component

A are free to pass the membrane, while the solute molecules of component

B are not. For this test case, only the NV T run has been performed to

independently validate this step of an OPAS simulation. The state point

used for this test case is T = 1.2 εA/k and ρ = 0.6 σ−3
A . The system consists

of NA = 3600 solvent molecules and NB = 400 solute molecules. Therefore,

initially, the partial densities in the outer compartment are ρinit
A,out = 0.6 σ−3

A

and ρinit
B,out = 0.0 σ−3

A as well as ρinit
A,in = 0.48 σ−3

A and ρinit
B,out = 0.12 σ−3

A in the

inner compartment. The cut-off radius is rcut = 6.5 σA.

3.4. Binary LJ mixture II

The second test case for the OPAS method is similar to the first one.

Both solvent A and solute B are LJ species sharing the same size parameter,

but with different energy parameters, i.e. σB/σA = 1.0 and εB/εA = 0.66.

As for the first test case, only the NV T run has been performed. The state

point used is T = 1.0 εA/k and ρ = 0.7 σ−3
A . The system consists of NA =

3600 solvent molecules and NB = 400 solute molecules. The cut-off radius is
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rcut = 6.5 σA.

3.5. Argon + O2 mixture

The third test case for the OPAS method is a liquid mixture of the solvent

Argon and the solute O2. The molecular models developed by Vrabec et al.

[28] were used for both species. The binary interaction parameter ξAr,O2 =

0.988 is taken from Vrabec et al. [27]. Again, only the NV T run was

performed. The state point used is T = 140 K and ρ = 26 mol l−1. The

system consists of NAr = 3600 solvent and NO2 = 400 solute molecules. The

cut-off radius is rcut = 22.75 Å.

3.6. Aqueous NaCl solution I

The last test case for the OPAS method is an aqueous NaCl solution,

where the Na+ and Cl− ion models of Joung and Cheatham [29] (JC) are

used together with the SPC/E [13] water model. The full OPAS method was

run at the state point T = 298.15 K and pout = 1 bar. The system consists of

NW = 3920 water molecules and NNa+ = NCl− = 40 ions, respectively. The

cut-off radius is rcut = 15 Å. Note that for this simulation only the density

and pressure profiles were recorded, as the profile of the chemical potential

of water in an aqueous electrolyte solution cannot be obtained with standard
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test particle insertion methods [6].

3.7. Aqueous NaCl solution II

The OPAS method was also used to simulate osmotic pressures for aque-

ous solutions at different molalities of NaCl, using the SPC/E + JC model

combination and a cut-off radius of rcut = 15 Å. The state point T = 298.15

K and pout = 1 bar was used. This system has been investigated recently by

Mester and Panagiotopoulos [10] and by Moučka et al. [9], thus allowing for

a comparison of results obtained with different methods. The density ρSPC/E

= 55.27 mol l−1 of pure SPC/E water at T = 298.15 K and p = 1 bar is

taken from Guevara-Carrion et al. [30].

4. Results and Discussion

4.1. Binary LJ mixture I

Figure 2 shows the simulation results for the binary LJ mixture.

[Figure 2 about here.]

The density profile shows a constant partial density of the solvent in the

inner sampling volume. Due to the osmotic equilibrium, the pressure in the

inner compartment is higher than in the outer compartment. The resulting
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pressure difference ∆p = pin − pout is in agreement with the osmotic pres-

sure Π derived from the membrane force, as can be seen in Table 1. The

uncertainties for the pressure difference result from a block average of the in-

dividual pressures p(z) and therefore underestimate the uncertainty slightly.

Therefore, the values for Π and ∆p show a slight difference, but this can be

attributed to the general inaccuracy of computing the pressure profile. In

contrast, the advantage of the computation via the membrane force is that

it is computationally much cheaper and yet yields results with smaller sta-

tistical uncertainties. The statistical uncertainty using the sampling of the

membrane force is about three times lower than using the pressure profile.

In contrast to the density and pressure profiles, the profile of the chemical

potential of the solvent remains constant over the membranes. Therefore,

all three conditions for thermodynamic constistency are fulfilled for this test

case.

4.2. Binary LJ mixture II

Figure 3 shows the simulation results for the test case ’unlike LJ mixture’.

[Figure 3 about here.]
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As for the first test case, the density profile shows a constant partial density

of the solvent in the inner sampling volume. Furthermore, the pressure dif-

ference ∆p obtained from the pressure profile is in good agreement with the

osmotic pressure Π derived from the membrane force, cf. Table 1. Again,

the sampling of the membrane force yields three times lower statistical un-

certainties for the osmotic pressure than the pressure profile. The profile of

the chemical potential of the solvent remains constant over the membranes.

Therefore, all three conditions for thermodynamic constistency are fulfilled

for this test case as well.

4.3. Argon + O2 mixture

Figure 4 shows the simulation results for the test case ’argon + O2 mix-

ture’.

[Figure 4 about here.]

All three profiles show the same behavior as for the test cases with LJ parti-

cles. A constant partial density of the solvent Argon is reached in the inner

sampling volume. The osmotic pressures derived from the two independent

methods are in good agreement (cf. Table 1), and the chemical potential

of the solvent Argon remains constant over the box length. Therefore, all
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three conditions for thermodynamic constistency are fulfilled. These results

confirm that the method is valid not only for simple LJ systems, but also for

models of real fluids with electrostatic interactions.

4.4. Aqueous NaCl solution I

Figure 5 shows the simulation results for the test case ’aqueous NaCl

solution’.

[Figure 5 about here.]

The partial density of the solvent water is constant in the inner sampling

volume. The same holds true for the partial densities of the two ions Na+

and Cl−, which coincide due to the electroneutrality condition. From the

pressure profile in Figure 5 and from Table 1 it can be clearly seen that the

computation of the osmotic pressure via the membrane force is more accurate

than the evaluation of the pressure difference, as the former method leads

to much smaller statistical uncertainties. Therefore, the two conditions for

thermodynamic constistency that could be tested for electrolyte solutions are

fulfilled for the test case ’aqueous NaCl solution’.
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4.5. Aqueous NaCl solution II

Figure 6 shows the simulation results for aqueous NaCl solutions at vary-

ing salt concentrations with the SPC/E + JC model combination. The nu-

merical simulation results are given in Table 2.

[Figure 6 about here.]

[Table 2 about here.]

Figure 6 also contains the results of Mester and Panagiotopoulos [10] and

of Moučka et al. [9], who used the same molecular models, but different

simulation methods. First, it can be deduced that the SPC/E + JC model

combination overestimates the osmotic pressures in aqueous NaCl solutions

at all salt molalities, and the deviations are more pronounced for high molal-

ities. Consequently, the water activity is underestimated. Furthermore, the

results of all three molecular simulation methods are in very good agreement,

which serves as a further validation of the present OPAS simulation method.

5. Conclusions

A new molecular simulation method for the computation of solvent activ-

ities in mixtures, called OPAS simulation, was presented. The advantage of
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the method lies in its simplicity, compared to methods used in other studies

in the literature [5–10]. Although the OPAS method is mainly intended for

studying electrolyte solutions, it was shown that it is also applicable to any

kind of mixture.

The thermodynamic consistency of the method was shown using test cases

of varying complexity. The simulation results suggest that the method can

be applied to any kind of mixture, and it is employed here for studying elec-

trolyte solutions. The statistical uncertainties in the target properties salt

molality m, osmotic pressure Π and natural logarithm of the solvent activity

ln (asolv) were found to be small, proving that the present simulations are

highly accurate. Additionally, the simulation results agree well with results

obtained with other molecular simulation methods [9, 10], which once again

supports the validity of the OPAS simulation method.

By OPAS simulation, studies of various phenomena such as vapor pressure

lowering or freezing point depression can be performed. Additionally, an

extension of the method to compute the activity coefficient of the salt is

possible, allowing for the computation of salt solubilities (if the chemical po-

tential of the pure solid salt is known). In this way, OPAS simulations will

contribute to a more profound modeling of electrolyte solutions.
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Appendix A. Derivation of the Solvent Activity

Let ′ denote the pure solvent phase and ′′ denote the solution phase in

osmotic equilibrium at a constant temperature T . Equality of the chemical
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potential of the solvent in both phases yields

µ′solv = µ′′solv (A.1)

µpure liq
solv (T, p′) +RT ln a′solv(T, p

′, x′) = µpure liq
solv (T, p′′) +RT ln a′′solv(T, p

′′, x′′),

(A.2)

where x denotes the vector of mole fractions. Since ′ is the pure solvent

phase, a′solv(T, p
′, x′) = 1 and thus

µpure liq
solv (T, p′′)− µpure liq

solv (T, p′) = −RT ln a′′solv(T, p
′′, x′′). (A.3)

The difference in chemical potentials can be expressed as

′′∫
′

vpure liq
solv dp = −RT ln a′′solv(T, p

′′, x′′). (A.4)

where vpure liq
solv is the molar volume of the solvent. Assuming and incompress-

ible solvent, one obtains

vpure liq
solv (p′′ − p′) = −RT ln a′′solv(T, p

′′, x′′). (A.5)

The pressure difference (p′′ − p′) is the osmotic pressure Π and therefore

ln a′′solv(T, p
′′, x′′) = −Πvpure liq

solv

RT
. (A.6)
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Appendix B. Conversion of concentration units

Application of Eq. (7) of the main text yields the ion-based mole fraction

of the solvent, so that in case of a 1-1 electrolyte

xsolv + 2xion = 1. (B.1)

In order to obtain the molality of the salt, the ion-based mole fraction of the

solvent has to be converted to the salt-based mole fraction of the solvent

x̃solv = 1− xion
1− xion

(B.2)

The mole fraction of the solvent can then be converted to the salt molality

m =
x̃salt

x̃solvMsolv

=
1− x̃solv
x̃solvMsolv

, (B.3)

where Msolv is the molecular mass of the solvent in kg mol−1.

During the simulation, the statistical uncertainty of the average partial den-

sity of the solvent ρsolv is monitored. It is assumed to be three times the

standard deviation obtained with the block average method by Flyvbjerg

and Petersen [31]. The uncertainty of the salt molality is derived by apply-

ing error propagation through all conversion steps in Eqs. (7) and (B.1) to

(B.3).
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Appendix C. Molecular simulation details

All simulations of this study were carried out with an extended version of

the simulation program ms2 [22]. In ms2, thermophysical properties can be

determined for rigid molecular models using Monte Carlo (MC) or molecular

dynamics (MD) simulation techniques. For all simulations, the LJ interaction

partners are determined for every time step and MC loop, respectively. Inter-

action energies between molecules and/or ions are determined explicitly for

distances smaller than the cut-off radius rcut. The thermostat incorporated in

ms2 is velocity scaling. The pressure is kept constant using Andersens baro-

stat in MD, and random volume changes evaluated according to Metropolis

acceptance criterion in MC, respectively. The simulation uncertainties are

estimated with the block average method by Flyvbjerg and Petersen [31].

The total number of particles was 4000 throughout. In all MD simulations,

Newtons equations of motion were solved with a gear predictor-corrector

scheme of fifth order. The long-range interactions were considered by Ewald

summation [32]. The calculation of the pressure profiles is based on the

method proposed by Kirkwood and Buff [33].

For the simulations of electrolyte solutions, at first simulations in a modi-

fied isothermal-isobaric (NpT ) ensemble were carried out (details see main
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text). A physically reasonable configuration was obtained after equilibrating

for 2,000,000 time steps, followed by a production run of 10,000,000 time

steps. The resulting box volume V was then used for a run in the canonical

(NV T ) ensemble, in which equilibration an production took 3,000,000 and

10,000,000 time steps, respectively. The time step was ∆t = 1.2 fs.

For the simulations of the test cases (binary LJ mixture, unlike LJ mixture,

argon + O2 mixture), simulations were directly carried out in the canoni-

cal (NV T ) ensemble. The number of time steps was the same as for the

electrolyte solution, and the reduced time step was ∆t∗ = 0.0005. Widom’s

test particle insertion [34] was used to calculate the chemical potential of the

solvent, and 5400 test particles were inserted at every production time step.
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z zM1 zM2

Figure 1: Snapshot from an OPAS simulation of an aqueous sodium chloride solution. The
vertical lines indicate the positions of the two semipermeable membranes. Na+ cations
and Cl− anions are shown as yellow and green spheres, respectively. Only the inner
compartment of the simulation box is accessible to the ions. The oxygen atom of water is
shown in blue, the hydrogen atoms of water are shown in white, and the size of the water
molecules has been reduced for better visualization.
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Figure 2: Partial density, pressure, and chemical potential profiles from OPAS simula-
tion of a binary LJ mixture. Top: profiles of the reduced partial density for the solvent
(component A, solid line) and the solute (component B, dashed line). Middle: profile of
the reduced pressure. Bottom: profile of the reduced residual chemical potential of the
solvent. All profiles are plotted versus the reduced coordinate normal to the membrane.
The vertical lines indicate the positions of the two semipermeable membranes. The gray
areas represent the inner and outer sampling volumes for the evaluation of the profiles.
The box length is L ≈ 65.9 Å.
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Figure 3: Partial density, pressure, and chemical potential profiles from OPAS simulation
of an unlike LJ mixture. Top: profiles of the reduced partial density for the solvent
(component A, solid line) and the solute (component B, dashed line). Middle: profile of
the reduced pressure. Bottom: profile of the reduced residual chemical potential of the
solvent. All profiles are plotted versus the reduced coordinate normal to the membrane.
The vertical lines indicate the positions of the two semipermeable membranes. The gray
areas represent the inner and outer sampling volumes for the evaluation of the profiles.
The box length is L ≈ 62.6 Å.
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Figure 4: Partial density, pressure, and chemical potential profiles from OPAS simulation
of mixture of argon and O2. Top: profiles of the reduced partial density for the solvent
argon (solid line) and the solute O2 (dashed line). Middle: profile of the reduced pressure.
Bottom: profile of the reduced residual chemical potential of the solvent. All profiles are
plotted versus the reduced coordinate normal to the membrane. The vertical lines indicate
the positions of the two semipermeable membranes. The gray areas represent the inner
and outer sampling volumes for the evaluation of the profiles. The box length is L ≈ 63.5
Å.
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Figure 5: Partial density and pressure profiles from OPAS simulation of an aqueous NaCl
solution using the SPC/E + JC [29] model combination. Top: profiles of the partial
density for the solvent water (solid line) and the ions Na+ (dashed line) and Cl− (dotted
line). These two lines for the density of the ions are undiscernable. The salt molality
evaluated from the density profile is m ≈ 1.14 mol kg−1. Bottom: profile of the pressure.
Both profiles are plotted versus the reduced coordinate normal to the membrane. The
vertical lines indicate the positions of the two semipermeable membranes. The gray areas
represent the inner and outer sampling volumes for the evaluation of the profiles. The box
length is L ≈ 49.0 Å.
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Figure 6: Osmotic pressures (top) and water activity (bottom) over the salt molality
for aqueous NaCl solutions using the SPC/E + JC [29] model combination. Present
simulation results are shown as open circles, the statistical uncertainties are within symbol
size. Correlations fitted to simulation results obtained by Mester and Panagiotopoulos [10]
(dashed line) and by Moučka et al. [9] (dotted line) using the same molecular models as
well as the correlation to experimental data by Hamer and Wu [35] (solid line) are also
shown for comparison.
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Test case Molecular models State point osmotic pressure ∆p osmotic pressure Π

Binary
LJ mix-
ture

LJ σB/σA = 1.0
and εB/εA = 1.0

T ∗ = 1.2,
ρ∗ = 0.6,
NA = 3600,
NB = 400

0.146(3) εAσ
−3
A 0.153(1) εAσ

−3
A

Unlike LJ
mixture

LJ σB/σA = 1.0
and εB/εA = 0.66

T ∗ = 1.0,
ρ∗ = 0.7,
NA = 3600,
NB = 400

0.150(3) εAσ
−3
A 0.148(1) εAσ

−3
A

Ar + O2

mixture
Ar and O2 models
by Vrabec et al.
[28], ξAr,O2=0.988
adjusted by
Vrabec et al. [27]

T = 140 K,
ρ = 26 mol l−1,
NAr = 3600,
NO2 = 400

6.1(1) MPa 6.33(3) MPa

Aqueous
NaCl
solution

SPC/E [13] for
water, JC [29] for
Na+ and Cl−

T = 298.15 K,
pout = 1 bar,
NW = 3920,
NNa+ = NCl− =
40

7(1) MPa 6.0(1) MPa

Table 1: Overview of test cases for the novel OPAS simulation method. The osmotic
pressure ∆p is obtained from the pressure profile, and Π is obtained by sampling the
membrane force. Statistical uncertainties are given in parentheses.
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mNaCl / mol kg−1 Π / MPa ln(aW)

0.3358(2) 1.67(6) −0.0122(4)

0.5628(4) 2.72(7) −0.0198(5)

1.141(1) 5.8(1) −0.0425(8)

1.738(2) 9.6(1) −0.070(1)

2.350(3) 14.3(2) −0.105(1)

2.985(4) 19.5(2) −0.142(2)

3.636(4) 24.9(2) −0.182(2)

5.018(7) 37.9(3) −0.277(2)

6.49(1) 55.3(4) −0.404(3)

Table 2: Osmotic pressure and activity of water at T = 298.15 K and varying salinity
obtained by OPAS simulation for aqueous NaCl solutions using the SPCE + JC [29]
model combination. Statistical uncertainties are given in parentheses.
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