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Salt and water uptake in nanoconfinement under applied electric field: An 
open ensemble Monte Carlo study 

 
Filip Mouckaa,b, Dusan Bratkoa,*, Alenka Luzara,* 

Department of Chemistry, Virginia Commonwealth University, Richmond, VA 23221, USAa 

and Faculty of Science, J.E. Purkinje University, 400 96 Ústí nad Labem, Czech Republicb 

 

 

Permeation of electrolytes in nanoporous materials is essential in many applications in 

energy- and materials-technologies. Wetting of apolar nanopores can be enhanced by applied 

electric field, attracting water and salt ions from the unperturbed electrolyte surroundings. We 

study absorption of water and NaCl in the pores by Expanded Grand Canonical Monte Carlo 

simulation. The method implements particle insertions and deletions through incremental 

changes in particles’ coupling with the rest of the system. We determine the field-enhanced 

uptake of water and ions in the pores, and concomitant changes in pore thermodynamics, as 

functions of field strength in the pore and salt concentration in the external bath. Pressure 

increase, and reduction of the wetting free energy, σ, in the pore show approximately quadratic 

dependence on the strength of the field, however, in narrow pores we observe an additional 

reduction in σ as the field attracts electrolyte into the pore. Surprisingly, the effect of bulk 

salinity on σ depends on the width of the pore and on the field and can change qualitatively with 

the strength of the field. Conforming to the Gibbs adsorption isotherm, the pores in which the 

salt molality is enhanced relative to the bath experience a decrease in wetting free energy with 

rising bulk salinity and vice versa. In narrow pores, the field can change salt depletion to excess, 

and consequently reverse the salinity dependence of wetting free energy from an increasing to a 

declining function of bulk molality. Field polarity continues to play a role, leading to asymmetric 

wettability at opposing walls as previously observed in the absence of ions. In wide pores, salt 

molality can considerably exceed the solubility limit of the bulk phase, however, no precipitation 

is indicated during accessible simulation times in these cases. 

 

Keywords: ionic solution, hydrophobic nanopores, electric field, wetting, regime crossover  
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I. Introduction 

  Electrolytes and polar liquids are generally attracted to field-exposed regions1-3 due to 

favorable interaction associated with spontaneous polarization. A locally applied field can 

therefore enhance the permeation of a porous material in contact with an unperturbed electrolyte 

environment4. In macroscopic systems, the phenomenon is well understood in terms of classical 

electrostriction and electric double layer theories. Only molecular approaches can, however, 

provide accurate descriptions in nanoporous media where hydration water occupies a significant 

fraction of the volume of the pores3, 5. Molecular modeling of pore adsorption has traditionally 

relied on Grand Canonical Monte Carlo (GCMC) simulations6-7. The method was successfully 

applied in studies of field-driven uptake of water in laterally unrestricted confinements5, 8-9. In 

contrast to predictions from continuum theory, GCMC simulations revealed a considerable 

dependence of pore wettability on the direction of applied field5. The asymmetrical wetting, 

reflected in asymmetric density profiles at opposing walls, was attributed to the coupling 

between the orientational polarization in the field and the angular bias optimizing interfacial 

hydrogen bonding5, 9. GCMC approaches to ionic solutions have, however, mostly been used in 

conjunction with implicit (continuum) representations of the solvent10-17. Astronomically low 

acceptances of ion insertions or deletions18-19 have so far impeded the use of direct GCMC in 

studies of electrolytes in the context of molecular models of water. The problem has been 

successfully addressed in recent studies of bulk solutions, performed in the osmotic ensemble 

Monte Carlo (OEMC)20, which allows fluctuations in salt content and volume at constant amount 

of the solvent. The exchange of salt molecules was implemented in the framework of Expanded 

Ensemble (EE)20-21, which introduces a new degree of freedom controlling the coupling between 

the exchanged ion pair and the remainder of the system. Insertions and deletions involve 

decoupled salt molecules, while incremental increases (or decreases) in molecular couplings 
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secure viable acceptances of coupling changes20. The simulation trajectory includes many stages 

in which an ion pair is partially decoupled from the rest of the system, however, statistical 

averages are based exclusively on fully coupled states. In the preceding study22, the same idea 

was exploited in an EEGCMC Monte Carlo study of pore/electrolyte equilibria. The method 

enabled direct exchanges of both22 the solvent (water) and solute (salt) molecules to determine 

their selective uptake in the pores. The study revealed a counterintuitive width dependence of 

salt absorption in the pores: while narrow pores (1.64 nm) showed the anticipated salt depletion 

(relative to bulk phase), an unexpected enrichment was observed at intermediate (2.7 nm) 

porevwidths22. As surface excess determines any change of interfacial tension, the addition of 

salt had opposite effects on pore wettability at different widths of the pores22.  

The present study relies on EEGCMC approach to determine the partitioning of 

electrolyte between the two phases under the effect of external field, and to explore the complex 

influence of salt ions on electrowetting in nanosized pores. By monitoring interfacial density 

profiles of water and ions, it answers the question about the preserved effect of field polarity5 

even in the presence of screening salt. Through calculations of solution uptake and wetting free 

energies, the study reaffirms a qualitative validity of classical electrostriction picture inside 

nanopores3, 5, but reveals an unexpected interplay between the effects of bulk salt molality and 

electric field, with the salinity increasing the cost of wetting narrow pores in weak (or zero) 

fields while reducing it in stronger ones. 

II. Methodology 

Studied systems, models and methods  

A. Models. We use classical molecular simulations to study the behavior of aqueous solutions of 

NaCl confined in planar hydrophobic nanopores of two different widths, h=1.64 nm and 2.7 nm. 
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h corresponds to the distance between the centers of the exposed surface atoms at the opposing 

walls of a pore; in a fully wetted pore, it exceeds the width of the liquid film by about one 

molecular diameter. The solutions in the nanopores are open to a bulk reservoir at pressure 

P=1 bar, temperature T=298.15 K, and five different values of NaCl molality mbulk = 0, 1, 2, 4, 6 

mol kg-1. The lower width, h=1.64 nm, lies just above the kinetic threshold with respect to 

capillary evaporation23-31 of water at present conditions. We model the solution using Joung and 

Cheatham32-33 force fields for Na+ and Cl- ions and SPC/E force field34 for water. The ion force 

fields were parameterized33 specifically for use with the SPC/E model of water. They behave 

reasonably well in bulk solutions over the entire experimentally accessible range of 

concentrations35 and their chemical potentials are known as functions of concentration at ambient 

conditions36. They were successfully used in simulations of confined solutions22. SPC/E model 

has also been tested in aqueous confinements under external field4-5, 8-9, 37-40.  

The intermolecular interactions of these models consist of a sum of Lennard-Jones 

potentials for ion-ion, ion-oxygen, oxygen-oxygen pairs, and Coulombic potentials between 

partial charges at the centers of ions and to the interaction sites on hydrogen and oxygen atoms in 

water molecules. Walls of the nanopores are described by two different models. Figure 1 

illustrates the simpler of these models, hereafter called smooth wall (SW) model, which 

describes the interaction of either wall (w) and the particle i at the position zi by the integrated 9-

3 Lennard-Jones potential24, 41-43 
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Above, zw=h/2 or −h/2, Ai=4πρwσiw
3εiw/45, Bi=15Ai/2, ρw is the presumed uniform number 

density of interacting sites of wall material, σiw and εiw are obtained by the Lorentz-Berthelot 
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rules and LJ parameters of the wall interaction sites, σw and εw. To mimic hydrocarbon walls, we 

use ρw= 0.0333 Å-3, εw = 0.6483 kJ mol-1, σw = 3.742 Å. The second approach models the walls 

by united-atom force fields corresponding to the structure of butylated graphane44, a 

hydrogenated derivative of graphene. Unlike graphene, the sp3 hybridization of graphane makes 

it an insulator and renders its planar structure insensitive to functionalization. The details of this 

model, termed the molecular wall (MW) model, and its Lennard-Jones parameters are specified 

in refs.4, 22. The MW model is illustrated in Figure 2. The separation between molecular walls in 

MW model was adjusted to produce the thickness of the liquid film close to that observed in the 

1.64 nm pore with smooth walls. Parameterization of both models4, 24 secures contact angle Θc 

between the SPC/E water (surface tension γ=0.063 mN/m 45) and the modeled walls within 

 

 
 

 
Figure 1. Model system with smooth walls (SW) at positions zw=±h/2. df  is the width of the film 
with nonzero simulated density of liquid atoms: oxygen (red) and hydrogen (white) from water, 
and Na+ (magenta) and Cl- (green) ions at bulk molality 4 mol kg-1. Yellow arrows denote electric 
field applied along z direction. The different lengths of the arrows signify the field is strongly 
nonuniform because of dielectric and ionic screening inside the film. U and Uf  are electrostatic 
potential differences across the width of entire pore, h, and liquid film, df. 
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~127±3°.   

The confinement is spanned by electric field perpendicular to the walls. In contrast to 

molecular simulations in homogeneous phases, where tin-foil boundary conditions6-7 allow a 

direct input of the actual electric field strength, conventional approaches to heterogeneous 

systems rely on the imposition of specified electric displacement field, Dz=Eoεo, equivalent to the 

charge density on the virtual capacitor electrodes outside of the nanopore  (εo is permittivity of 

free space). We consider four values of Dz within the interval 0≤Dz≤0.0266 Cm-2, corresponding 

to hypothetical vacuum fields Eo=Dz  !o
"1 =0, 0.1, 0.2 or 0.3 VÅ-1. This window includes 

displacement fields Dz above the thermodynamic threshold   Dz
c ! 4" cos#c$o h%1  (0.022 and 0.029 

Cm-2 for h=2.7 and 1.64 nm, respectively). Fields Dz > Dzc  render the liquid state in the model 

confinement truly stable with respect to capillary expulsion4, 46. Unlike the vacuum field Eo, the 

actual field E(z) is strongly nonuniform, and significantly weakened due to dielectric and ionic 

screening38, 47. Screened field strengths <E> (averaged across entire nanopore) are between 0-

 
 

Figure 2. Model system with molecular walls comprised of butylated graphane planes in united-atom 
representation. Confined NaCl solution maintains equilibrium with bulk phase of molality 4 mol kg-1. 
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0.043 VÅ-1 in the narrower, up to 0.029 VÅ-1 in the wider pores. These fields are well below the 

decomposition field strength Ed for water  (Ed ~ 0.3-0.4 VÅ-1) 48-49 and close to reported fields in 

ion channels38, in the vicinity of polyelectrolytes50-52, in a micro-capacitor53, or at the tip/solution 

interface in the AFM experiment54. 

B. Methods. We study these systems by methods described in our recent work22. Therefore, here 

we present only a brief description and refer the reader for more details to the previous paper22. 

Thermodynamic equilibrium of the solution in the nanopore is maintained using Monte Carlo 

simulation method in the grand canonical ensemble at the values of chemical potentials of NaCl 

and of water obtained by molecular simulations in osmotic ensemble20, 36 as functions of the 

solution molality in the bulk reservoir, mbulk. To secure viable efficiency, GCMC particle 

insertions/deletions are realized using expanded statistical ensemble (EEGCMC), changing 

particle counts gradually through a sequence of intermediate states containing fractional 

(partially decoupled) particles20, 22. These intermediate states are excluded from the resulting 

sequence of generated configurations used for determining the average values of calculated 

thermodynamic and structural properties, thus not affecting the resulting mean values. We split 

the process of inserting or deleting a water molecule to 5 subprocesses changing the coupling 

parameter λ of the fractional molecule and the process changing the amount of NaCl to 15 such 

subprocesses. In both these cases, this ensured acceptance probability of λ-changes around 0.4.   

The content of the nanopore is simulated in periodic boundary conditions in the directions 

parallel to the nanopore, substituting a nanopore of infinite dimensions in these directions. 

Electrostatic interactions are calculated by the slab-corrected Ewald method of Yeh and 

Berkowitz55 where artificial interactions of the images in the direction z perpendicular to the 

walls are suppressed by adding a compensating energy term (Mz
2/2εoV) and inserting an empty 
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space of 10 nm between the images along z direction. Mz is the instantaneous z component of the 

net dipole of the system and V the volume of the simulation box. We use the value of the 

screening parameter α = π/Rc, 15 × 15 × 19 vectors in the reciprocal space and the cutoff value 

Rc = 9.8 Å. Long range tail corrections to the Lennard-Jones interactions are treated by a method 

based on a consideration that the number density is homogeneous in the directions parallel to the 

pore; the method is described in detail in our recent paper22. 

 We focus on determining structural and thermodynamic properties of the confined 

solutions. We measure profiles of different properties across the nanopore: number density ρN, 

charge density ρq, orientation of water molecules due to the external electric field, cos(θ), and the 

salt molality in the pore, m. We calculate the values of configurational energy, pressure acting on 

the walls of the nanopore, i.e., average pressure tensor component Pzz, and the pore-width 

average of the pressure tensor component in the directions parallel to the nanopore, Pxx=Pyy, with 

a common notation P||. Virial terms of pressure components are calculated based on numerical 

differentiation of the energy with respect to the dimensions of the simulated system5, 56-57; details 

are found in our previous paper22. In order to verify our results, we also calculate Pzz directly 

from the average force acting on the walls; the results agree very well with those based on the 

numerical calculation of the virial term. We obtain free energy of wetting of confinement walls, 

σ, according to the relation σ = − <P||>h/2, where h is the width of the pore5.  Identical physical 

situations could, in principle, be described using different definitions of h, however, for all 

choices of h exceeding the width of the liquid film,  <P||>!1/h, leaving σ independent of 

detailed definition of h. 

In these simulations, each attempted MC move is comprised of one of the following 

randomly chosen MC steps: 
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1.  λ-changing step with 10% probability. Depending on the running process either water 

molecule or ion pair λ-values are changed. They are either increased or decreased with 

equal probability. When no process is running, a new process is started, either water 

insertion, water deletion, ion pair insertion, ion pair deletion - all of these with equal 

probabilities. 

2. Translation of fractional particles with 10% probability. Either fractional water or 

fractional ion pair is translated depending on which process is running at the instance. 

3.  Rotation of the fractional water molecule with 10% probability. 

4.  Translation of a random non-fractional particle with 35% probability. 

5.  Rotation of a random non-fractional particle with 34% probability. 

6.  Translation of all particles in the z-direction simultaneously with 1% probability. 

The total number of attempted MC steps necessary to equilibrate the solution in the nanopore, 

starting from an initial configuration containing pure water depends on concentration in the bulk 

reservoir and on the width of the nanopore, from about 1.109 attempted moves for mbulk = 1 mol 

kg-1 and the 1.64 nm pore, to about 5.109  for  mbulk = 6 mol kg-1 and the 2.7 nm pore. Equilibrium 

of the solution in the nanopore was identified by observing convergence profiles of particle 

counts, potential energy, pressure tensor components, voltage across the nanopore - they all 

exhibit reasonably flat behavior after the above equilibration lengths. The total number of MC 

moves attempted during the whole simulation varied from 5.109  for mbulk = 1 mol kg-1 and the 1.64 

nm pore, to 8.109  for  mbulk = 6 mol kg-1 and the 2.7 nm pore. The simulations typically ran on 

AMD Opteron 2.2 GHz processors using 8 cores from 5 to 14 weeks.  
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C. Calculation of voltage and dielectric shielding across the nanopore. The applied field, Eo, 

polarizes the liquid film in the nanopore through reorientation of water molecules and partial 

redistribution of ions in the pore. The actual voltage across the pore, <U>~Eoh  !eff
"1 , is 

significantly reduced by this polarization38, 47. The screening factor,   !eff
"1 , corresponds to the 

average of the inverse perpendicular dielectric function < !" (z)#1 >h  across the pore58. Values  

  !eff
"1 < O(10-1) are typical for nanoscale aqueous confinements38-39, 47. Calculation of the actual 

voltage across the pore is important for comparison with experiments where the known property 

is usually the voltage between electrodes at opposite sides of the pore. Alternatively, a simulation 

at fixed voltage between the electrodes could have been performed, however, based on 

implementations in Molecular Dynamics, such simulations significantly increase computing 

time59-60 and are impractical in combination with the compute intense EEGCMC method. We 

calculate the voltage reduction <ΔU>=<U>−Eoh due to the polarization of the solution in the 

nanopore between the electrodes under applied field Eo. We sample <ΔU> in a Monte Carlo 

simulation by inserting virtual test charges to two test planes placed symmetrically outside of the 

screening liquid film of thickness df, parallel to the walls, and with their mutual distance l > df.  

The method is based directly on the definition of voltage, i.e., ΔU is the change of the potential 

energy due to the transfer of a unit charge between specified locations. Here, the test charge 

moves between test planes on opposite sides of the nanopore. ΔU does not contain the 

contribution due to the externally imposed field –Eol.  <ΔU> is therefore independent of the 

choice of the positions of the planes provided that the entire liquid film is between the test 

planes. The voltage between the virtual electrodes separated by distance l is then obtained as the 

sum −E0l+<ΔU>. In order to suppress potentially large fluctuations, the value of l is chosen 
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sufficiently large ensuring that the charged sites from molecules in the pore do not come too 

close to the test planes; in the case of SW model we use l=1.64 nm or 2.7 nm, identical to the 

widths of the pores h. In the case of softer MW walls, which allow limited molecular penetration, 

we use l=2.81 nm, placing test charges well outside ~ 2nm wide region with nonzero density of 

water atoms. The magnitude of the test charge, in principle, plays no role. However, to optimize 

numerical accuracy, the magnitude should be comparable to charges typically found in the 

system; we use the magnitude equal to the charge of proton, eo. We obtain <ΔU> as an average 

from 10 insertions of the test charges to random positions on each of the test planes for a given 

configuration, and these values were averaged over typically about 106 configurations generated 

during the molecular simulation. 

III. Results and Discussion 

A. Structure. Our earlier studies in similar systems in the absence of external field revealed a 

nonmonotonic width dependence of salt accumulation in the pores22. The observed behavior 

reflected two distinct effects: exclusion of solvated61 ions from the 1st hydration layer next to the 

low-permittivity walls, and unexpected excess of ions in the core of the pores. Favorable ion-

water interaction in the core is associated with orientational layering22, 62-63 of water. This 

layering leads to oscillations of charge density due the imbalance of local charge densities from 

oxygen and hydrogen atoms (bottom part of Figures 3, 5 and 6 in ref.22) and ions interact 

favorably with a medium with inhomogeneous charge distribution64-65. The combined result of 

competing surface and core effects is depletion of ions in the narrower pore, h=1.64 nm, where 

the deficit of ions at the walls dominates any surplus in the core. At intermediate pore diameters, 

the excess of ions in the core compensates or even outweighs the depletion at the walls. The pore 

molality of NaCl at the bigger width, h= 2.7 nm, exceeds the molality of bulk solution. In field-
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free systems, the trend toward depletion or excess depends primarily on pore width but is 

essentially independent of bulk concentration22.  

Under the field, the situation becomes more complicated as the field supports additional 

accumulation of ions in the pores. In Figure 3, we present the variations of the number of 

confined water and salt molecules, and the corresponding pore molalities as functions of the 

average field strength <E>=<U>/h across the wall-to-wall distance. <E> represents the average 

over entire separation h between wall centers including the regions close to the walls, which are 

 

 
 
 
Figure 3. Number of water molecules (top), NaCl (middle) molecules, and NaCl molalities (bottom) 
inside a laterally replicated simulation cell of a planar pore with smooth wall separation h=1.64 nm 
(left) or 2.7 nm (right) as functions of the average electric field E across the cell. The lateral size of the 
cell Lxy=2.5 nm. The pore maintains equilibrium with the unperturbed reservoir containing pure water 
(black circles) or NaCl solutions with molalities mbulk=1 mol kg-1 (orange triangles), 2 mol kg-1 (green 
triangles), 4 mol kg-1 (blue diamonds), or 6 mol kg-1 (purple squares) at ambient pressure and 
temperature. Dotted lines are quadratic fits through the points. Statistical uncertainties are of the order 
of 1% for  and 5-10% for NNaCl and confinement molalities, m. The highest wall-to-wall 
voltage, hE, is 0.72 V in the narrower, and 0.75 V in the wider pore. 
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devoid of solution molecules. The values of <E>, calculated in a set of prototypical systems by 

incorporating the screening effect of the liquid, are presented in Table 1. The average field 

<Ed>=<Ud>/df, averaged only over the narrower region df (shown in Figure 1) accessible to 

charged sites of the molecules in the liquid film, is 5-7 times weaker than <E> (see Table 1). The 

observed increase in the number of water molecules with intensified field, shown in top row of 

Figure 3 is consistent with electrostriction effects observed at similar conditions in the absence of 

salt3, 5, 8-9, 38. The slowed increase in NH2O at higher salt molalities can be attributed to steric 

competition between water and ions.  

The increase in the uptake of salt molecules due to the external field should be 

commensurate to external charge corresponding to the applied electric displacement field Dz, 

ΔNNaCl  = O(DzLxLyeo
-1). LxLy is the lateral area of the simulation box. For typical box size of 2.5 

nm and fields Dz considered in Table 1, this suggests ΔNNaCl=O(1). The field-induced changes in 

NNaCl, shown in Figure 3, are within the range 0-5, notwithstanding statistical uncertainties due to 

Table 1. Average voltage <U> between the centers of pore walls at distance h=16.4 or 27 Å, voltage 
drop <Uf> across the width of the liquid film df, (the width of nonzero liquid-atom density df=14.5 Å in 
the narrower and 25.1 Å in the wider pore), average electric field spanning the entire width h, 
<E>=<U>/h, at different bulk molalities of NaCl and electric displacement fields Dz. For salt-free 
systems, we also list effective dielectric constants inside the width df of the liquid film, . 

   h/Å :   16.4   16.4   16.4 16.4    27.0    27.0   27.0 27.0 

Dz/Cm-2     
   

   
  

0.00885     0.0  0.23  0.040  0.0140  35  0.25  0.061 0.0093  42 

0.0177     0.0  0.47  0.093  0.0287  30  0.52  0.127 0.0193  39 

0.0266     0.0  0.70  0.150  0.0427  28  0.77  0.199 0.0285  38 

0.0177     2.0   0.455  0.079  0.0277   -  0.40  0.08 0.0148   - 

0.0177     4.0  0.405  (0.03)  0.0247   -  0.65  0.04 0.0241   - 
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the slow convergence of the EEGCMC method. Overall, the dependence of the number of 

confined salt molecules on the field appears stronger in narrower pores. The biggest increase in 

NH2O within the specified range of fields <E> was 2.5% (relative to the value of NH2O at E=0), 

while we observe up to 25% increase in NNaCl. These values correspond to the narrower pore and 

the highest bulk concentration, where we obtain best statistics in computed NNaCl. When field is 

weak, salt molality in the narrower pore (h=1.64 nm) is below the bulk value, mbulk, in analogy 

with earlier results22 without the field. In stronger fields, pore molality increases above the bulk 

value. In wider pores, molalities exceed bulk values at all fields. At mbulk=6 mol kg-1, the solution 

is only slightly below the experimental solubility limit of ~ 6.14 mol kg-1 66 and is already 

supersaturated with respect to the model estimates for given force fields33-34, which are close to 4 

mol kg-1 67. In this system, the molality in the wider confinement reaches around 7±0.2 mol kg-1, 

however, no precipitation transition is indicated at even the longest runs (up to 8.109) cycles, 

accessible to our simulation. While the lack of precipitation in the bulk phase is attributed to the 

activation barrier to homogeneous nucleation, the confined solution also shows partial ion 

demixing as ion distributions adjust to the oscillatory charge-density profile associated with the 

layered structure of water inside the confinement (Figures 4-6). 

  Figures 4, 5, and 6 compare the structures of confined liquid films maintaining 

equilibrium with the reservoir at bulk NaCl molalities mbulk=0, 2 or 4 mol kg-1, all at electric 

displacement field D=0.0177 As m-2, (Eo=Dz/εo=0.2VÅ-1). The actual field in the pore is 

nonuniform, with strong oscillations related to nonuniform screening47, 68. At the specified 

electric displacement field, the mean field strength <E> averaged over the entire wall-to-wall 

distance was between 0.0247-0.0288 VÅ-1 in the narrower, and between 0.0150-0.0188 VÅ-1 in 

the wider pores. The wall-to-wall voltage <U> was between 0.405 and 0.507 V in all cases 
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considered in Figures 4-6. Width h, spanned by voltage <U>, includes the low permittivity 

regions outside the liquid film (film thickness df <h). As a consequence, <U> exceeds the 

potential drop across the film, <Uf>= −E0df+<ΔU>, by up to an order of magnitude (Table I).  

Due to the attraction of salt ions into the field-exposed pore, salt molalities in the 

narrower pore exceed the bulk ones by up to 10%, and about 20% in the wider pore. In analogy 

with field-free electrolyte systems (see Figure 6 in ref.22), the ions are excluded from the 1st 

hydration layer at the walls to preserve their hydration shells. Exclusion is especially pronounced 

with Na+ ions.  

Distributions of oxygen and hydrogen atoms of water (Top rows in Figs. 4-6) show 

pronounced layering, a feature well known41 from studies in pure water. Although water 

molecules have no net charge, oxygen and hydrogen atoms carry partial charges of opposite 

signs, separated by the length of the O-H bond (~1Å). Water orientations next to confining walls 

are biased41-42, 63 to optimize interfacial hydrogen bonding41, 69. We illustrate water’s 

orientational order in terms of cosine of the angle between molecular dipoles and z axis, normal 

to the walls. Solid lines in middle rows of Figs. 4-6 were calculated under applied external field 

and dotted ones in the absence of the field. The order propagates through several molecular 

layers from the walls. Since molecular orientations are biased, average local charge densities due 

to oxygens and hydrogens are not entirely balanced, leading to an oscillatory charge density 

profile47 (bottom rows in Figs. 4-6). The existence of this phenomenon has long been known47 

and we have recently demonstrated22 it survives at high concentrations of salt. When salt is 

introduced, ions between confinement walls acquire oscillatory density profiles of their own22, 70, 

with layers of Cl- ions preferring regions with positive local charge density from water atoms, 

and Na+ ions the regions with negative one22. By partially neutralizing local charge, salt ions 
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actually enhance the orientational order of water molecules as evidenced by comparing middle 

rows in Figs. 5-6 (salt solutions) with those for pure water, Fig. 4.  

Applied electric field destroys the symmetry of structural profiles in the pore. The density 

peak of water next to the left wall (with field pointing into the liquid phase) is strongly enhanced 

compared to its height in the absence of the field, while the peak at the r.h.s. wall (field pointing 

toward the solid) remains almost unaffected by the field. The confined film forms a Janus 

interface3, 5, with the surface under incoming field appearing considerably more hydrophilic 

whereas there is no significant change in the wettability at the opposite wall. The strong 

dependence of interfacial properties of water, both static3, 5, 9, 71 and dynamic40, on the direction 

of external field has so far been studied primarily in neat water. In these works3, 5, 9, 40, 71, the 

 

 
 
Figure 4. Top: number density profiles of oxygen atoms (red, solid lines) and half the number density of 
hydrogen atoms (black, dotted lines) of pure water in pores of diameter h=1.64 nm (left) or 2.7 nm 
(right) under average wall-to-wall voltage of 0.49±0.02V. Middle: position dependence of the (average) 
cosine of the angle θ between water dipoles and the direction of the field, which is perpendicular to 
pore walls in the presence (solid black) or absence (dotted line) of electric field. Bottom: net charge-
density profile (solid black) due to uneven distribution of oxygen and hydrogen atoms.  
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discrimination with respect to field direction was explained5 in terms of an interplay between 

spontaneous water orientations optimizing interfacial hydrogen bonding41, 69 and the alignment 

with the external field. The spontaneous angle bias is further amplified at increased packing 

under the field. Orientation of water molecules around dissolved ions, however, can randomize 

water orientations relative to the surface, rising the question63 if the presence of salt can blur the 

field-polarity dependence of wetting in water. The present results provide an unambiguous 

answer to this question. While the peaks increase with salt molality, the asymmetry of the 

oxygen density profile at mbulk = 2 mol kg-1 (Figure 5) and 4 mol kg-1 NaCl (Figure 6) remains 

essentially equal as observed at otherwise identical conditions in neat water (Figure 4). Density 

 
 
Figure 5. Top: number density profiles of oxygen atoms (red, solid lines), half the number density of 
hydrogen atoms (black, dotted lines), chloride (green, dot-dashed) and sodium (purple, dashed) ions in 
pores of diameter h=1.64 nm (left) or 2.7 nm (right) under average wall-to-wall voltage of 0.43±0.02V 
and bulk NaCl molality mbulk=2 mol kg-1. Middle: position dependence of the (average) cosine of the 
angle θ between water dipoles and the direction of the field, which is perpendicular to pore walls in the 
presence (solid black) or absence (dotted line) of electric field. Bottom: net charge-density profile (solid 
black) and charge densities due to water molecules (dot-dashed red), and combined charge density due 
to salt ions of both types (Na+ and Cl-, dotted blue).  
 



 18 

profiles of the ions in Figures 5-7 show only a slight field-induced asymmetry. Small relative 

changes are explained by high absolute concentration and limited ion mobility within the 

structured interfacial layers of water in the nanopore.  

 The graphs in the 2nd row of Figures 4-6 quantify the extent of alignment of water dipoles 

with external field in terms of cosθ, θ being the angle between the two vectors. In pure water, the 

field-induced polarization observed on the l.h.s. wall cooperates with spontaneous polarization in 

the absence of field69, explaining the crowding of water molecules at the l.h.s. wall (top row in 

Figure 4). The first adsorption layer of ions, situated approximately between the 1st and 2nd 

 

 
 

Figure 6. Top: number density profiles of oxygen atoms (red, solid lines), half the number density 
of hydrogen atoms (black, dotted lines), chloride (green, dot-dashed) and sodium (purple, dashed) 
ions in pores of diameter h=1.64 nm (left) or 2.7 nm (right) under average wall-to-wall voltage of 
0.41±0.01V and bulk NaCl molality mbulk=4 mol kg-1. Middle: position dependence of the 
(average) cosine of the angle θ between water dipoles and the direction of the field, which is 
perpendicular to pore walls in the presence (solid black) or absence (dotted line) of electric 
field.Bottom: net charge-density profile (solid black) and charge densities due to water molecules 
(dot-dashed red), and combined charge density due to salt ions of both types (Na+ and Cl-, dotted 
blue). 
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hydration layers, is dominated by Cl- and almost devoid on Na+ ions. Its negative charge gives 

rise to partial reorientation of water dipoles in the 2nd hydration layer by attracting partial charges 

on hydrogen atoms. The change is manifested in local reduction of cosθ at the position of the 2nd 

water peak from the l.h.s. wall, and an increase at the position of the 2nd peak from the r.h.s. wall 

(middle rows in Figs. 5 and 6). Spontaneous orientations of water molecules relative to the walls 

remain strong, giving rise to different coupling with applied electric field at opposite walls. 

Qualitatively similar changes are seen at both widths of the pores.  

The plots shown in the bottom rows of Figures 4-6 show charge density profiles due to 

water (red), salt ions (blue), and the sum of both contributions (black lines). The contribution 

arising from water reflects not only strong packing effects but also the oscillatory orientation 

profile of interfacial water molecules47, 63, 68. The distribution of salt ions matches charge density 

profiles of water, with Na+ ions favoring the domains with the surplus of (negatively charged) 

oxygen atoms, and Cl- ions the layers characterized by excess of hydrogen atoms. Comparison 

between structural profiles of confined water in the absence or presence of the electrolyte shows 

both situations feature strong orientational order of interfacial water. Preferred orientations of 

water molecules in the first hydration layer are modified in the presence of salt, however, they 

are not randomized, preserving the sensitivity to the sign of the field even at high salt 

concentrations. Structural properties of confined solution calculated at other field strengths and 

molalities, considered in Figure 3, show similar qualitative features, with field effects 

proportional to the strength of applied electric displacement field. 

Interfacial angle bias of water dipoles is most visible on smooth or highly ordered 

surfaces like graphene sheets63 or crystalline interfaces72. Prominent coupling between external 

field and spontaneous polarization of water at graphene sheets has been demonstrated in previous 
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works40, 73. Corrugations on globally flat but soft surfaces like self-assembled surfactant deposits 

can weaken the effect. In order to assess the role of surface undulations, in Figure 7 we present 

structural properties of water (left) and NaCl solution at mbulk=4 mol kg-1 (right) confined 

between alkyl-functionalized graphane44 layers. To allow comparison with coarse grained model 

pores considered earlier, the separation between exposed methyl groups on the opposite surfaces 

is set to ~16.4 Å. Because of partial flexibility of butyl functionalities, these surfaces feature 

spatial and temporal fluctuations around ideal planar geometry. In addition, the atomic and 

 

 
 
 
Figure 7. Top: number density profiles of oxygen atoms (red, solid lines), half the number 
density of hydrogen atoms (black, dotted lines), chloride (green, dot-dashed) and sodium 
(purple, dashed) ions in molecular-wall (MW) at conditions considered in narrow pore in Fig. 6. 
Left:  equilibrium with a bath containing pure water , right: mbulk=4 mol kg-1. Middle: position 
dependence of the (average) cosine of the angle θ between water dipoles and the direction of the 
field, which is perpendicular to pore walls in the presence (solid black) or absence (dotted line) 
of electric field. Bottom: net charge-density profile (solid black) and charge densities due to 
water molecules (dot-dashed red), and combined charge density due to salt ions of both types 
(Na+ and Cl-, dotted blue). 
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charge density profiles in Figure 7 indicate non-negligible penetration of water molecules into 

the alkyl brush. Both effects broaden angular and density distributions of water molecules in the 

hydration layer, explaining reduced amplitudes of interfacial charge-density profiles, weaker 

spontaneous polarization of the surface layer, and concomitant coupling to applied electric field. 

Interestingly, the field continues to produce asymmetrical wetting of the opposite walls even on 

soft corrugated walls, although the asymmetry is smaller than on molecularly smooth walls 

considered in Figures 4-6. Comparison between pure water (Figure 7 left) and 4 mol kg-1 

solution (Figure 7 right) shows a moderate reduction in propensity for wetting in concentrated 

salt solution, analogous to earlier observation in the absence of external field22. The presence of 

salt has, however, almost no effect on the field-induced asymmetry of the density profiles in the 

pore. 

B. Thermodynamics. Is electrowetting in the pore modified by the salt? Figure 8 illustrates field 

dependencies of the pressure Pzz on the confinement walls, and wetting free energies σ of the 

walls as functions of the field strength <E> for all system conditions considered in Figure 3. 

Continuum level predictions for these quantities follow from expressions for Maxwell stress Pzz 

~ ½Dz
2/εo,2 and uniform permittivity approximation for the difference between free energies38 

per unit area of wetted and empty pores,                                 

                                               ! (Dz ) =! (0)!
Dz
2h
4"o

(1! 1
"r
)                                                  (2) 

 εr is the dielectric constant of the liquid and σ(0)=γcosΘc, where γ is the surface tension of the 

solution. While continuum relations for the pressure increase and Lippmann-like reduction of 

wetting free energy retain only approximate validity in nanoscale confinement3, 5, we confirm 
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roughly quadratic dependences of both Pzz  and σ on <E> at each of the fixed molalities of the 

bulk phase. The impact of the field on the pressure, however, visibly increases with the molality. 

The effect of the salt on the wetting free energy, is more complex because of the nonmonotonic 

variation of the excess pore molality on pore width h and the strength of the field. We determine 

the contribution of the salt to wetting free energy of pore walls at specified field strength <E> 

and bulk molality, σ(mbulk,E), from the Gibbs adsorption isotherm74 

                           ! (mbulk,E) =! (0,E)! " i # i
µi (0)

µi (mbulk )

$ (µi,E) dµi                (3) 

Here, Γi(µi,E) denotes the excess amount of component i (water or NaCl) per unit area of the 

pore at specified bulk molality and pore field E. While the sum considers both the solvent 

 

 
 
Figure 8. Top: inter-wall pressure as a function of the average field across the pores of diameter 
h=1.64 nm (left) or 2.7 nm (right) filled with solution in metastable liquid state. Pores are open to 
unperturbed bath characterized by bulk NaCl molalities mbulk=0 (black circles), 1 mol kg-1 (red, 
triangles up), 2 mol kg-1 (green, triangles down), 4 mol kg-1 (blue diamonds), or 6 mol kg-1 (purple 
squares) at ambient temperature and pressure in the bulk phase. Bottom: wetting free energies at 
identical conditions. Error bar estimates are  ± 4MPa and ±5 mNm-1. Dashed lines are quadratic 
fits through calculated points for each molality. 
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(water) and solute (NaCl) contributions, the latter represents the dominant term to wetting free 

energy in Eq. (3). ΓNaCl therefore determines the sign of the salt contribution. In the absence of 

applied field, salt molality is depleted in narrow pores but is increased at bigger widths22. Under 

the field, salt molality generally increases, turning the narrow pore (h=1.64 nm) salt deficit into 

excess at strong fields (see Figure 3, bottom left). In the wider pores (h=2.7 nm), confined 

molality is increased irrespective of the field. As a consequence, the wetting free energy in wider 

pores monotonically decreases with both the field strength and bulk molality of the salt. In the 

narrow pore, however, we observe a crossover between the weak and strong field regimes. In the 

weak field regime, (ΓNaCl <0) σ increases with the molality of the bulk phase. At stronger fields, 

the uptake of the salt turns ΓNaCl positive and σ becomes a decreasing function of mbulk. 

Notwithstanding considerable statistical uncertainty, the data presented in Figure 8 clearly 

support this interpretation. At certain conditions, including narrow pores considered above, 

external field can therefore fundamentally change the role the bath salinity plays in determining 

the thermodynamics inside the pore. Conversely, high bulk molality (4 and 6 mol kg-1 in the 

examples considered in narrow pore systems in Figure 8) can maximize the sensitivity of pore 

wettability with respect to applied field inside the field-strength window corresponding to the 

crossover from salt-depleted to salt-enriched molalities in the confinement.  

 

IV. Concluding remarks 

Electrolyte absorption in porous media presents a recurring theme in electrochemistry, 

heterogeneous catalysis, materials, biophysical, and energy sciences. Understanding solute 

partitioning between the pores and surroundings has been greatly improved by insights from 

Grand Canonical Monte Carlo (GCMC) simulations, which offer the only rigorous simulation 

method to study the equilibrium between a bulk phase and laterally infinite pores. In case of 
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ionic solutes, the use of this method is challenging because of huge energy differences (O(102) 

kT) associated with insertions or deletions of charged particles. Methodology advances are 

therefore essential. In the present article, we describe an application of the Expanded Ensemble 

GCMC22 in a study of salt and water distribution between a bulk solution and apolar nanosized 

pores under external electric field. In the expanded ensemble, both ions and water molecules are 

exchanged by passing through a multitude of partially decoupled states; however, only states 

containing fully coupled particles are sampled in property calculations. The method is 

computationally demanding, but provides reliable insights into electrolyte phase equilibria 

inaccessible by standard simulation techniques.  

Our calculations uncover an interesting effect of applied electric field, which can bring 

about a qualitative change in the salt dependence of wetting thermodynamics inside the pore. In 

narrow pores, which show salt depletion (compared to the bulk) in the absence of the field, this 

depletion can be overwhelmed by the attraction of ions through application of electric field 

across the pore. According to Gibbs adsorption isotherm, wettability is improved by excess 

solute adsorption and reduced in case of solute depletion. Increasing the field strength therefore 

causes a crossover from a weak-field regime where wetting free energy grows with bulk 

molality, to the strong-field regime characterized by a diametrically opposite concentration 

dependence. At field strengths corresponding to the transition between the two regimes, wetting 

free energy is especially sensitive to changes in applied electric field. This feature represents a 

departure from approximately quadratic dependence predicted by the Lippmann equation1-2. 

When the pores are wider than ~2 nm, in our systems we find the salt molality to be generally 

enhanced compared to the bulk. This results in a monotonic decreases in wetting free energy not 
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only with increasing field strength but also with bulk salt molality at all accessible 

concentrations.   

Expanded Ensemble GCMC is amenable to advanced force fields including polarizable 

models of water and ions and tests with BK3 model75-76 are currently in preliminary stages. The 

method enables applications to related problems of ion separation and ionic reaction equilibria 

under combined effects of confinement and electric control. These topics, along with the 

assessment of multi-body polarization effects, will be addressed in future studies. 
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