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Abstract 

The transport of hydrated ions through narrow pores is important for a number of processes such as 
the desalination and filtration of water and the conductance of ions through biological channels.  
Here, molecular dynamics simulations were used to systematically examine the transport of anionic 
drinking water contaminants (fluoride, chloride, nitrate and nitrite) through pores ranging in 
effective radius from 2.8 to 6.5 Å to elucidate the role of hydration in excluding these species 
during nanofiltration.  Bulk hydration properties (hydrated size and coordination number) were 
determined for comparison with the situations inside the pores.  Free energy profiles for ion 
transport through the pores showed energy barriers depend on pore size, ion type, and membrane 
surface charge and that the selectivity sequence can change depending on the pore size.  Ion 
coordination numbers along the trajectory showed that partial dehydration of the transported ion 
was the main contribution to the energy barriers.  Ion transport was greatly hindered when the 
effective pore radius was smaller than the hydrated radius, as the ion had to lose some associated 
water molecules to enter the pore.  Small energy barriers were still observed when pore sizes were 
larger than the hydrated radius due to re-orientation of the hydration shell or the loss of more distant 
water.  These results demonstrate the importance of ion dehydration in transport through narrow 
pores which increases the current level of mechanistic understanding of membrane based 
desalination and transport in biological channels. 

Keywords: ion hydration, pore transport, nanofiltration, ion channel, molecular dynamics 

 

1. Introduction 
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Water and ion transport through confined pores is a topic at the forefront of research efforts because 
of its relevance to important applications such as desalination and the understanding of biological 
ion channels.  Desalination is a method of addressing water scarcity, a severe and pressing issue due 
to increasing demand and changing climate.  With approximately 70% of the world’s fresh water 
frozen in glaciers and thus unavailable[1], desalination makes effective use of the water that is 
available by treating seawater or saline groundwaters to levels suitable for human consumption.  On 
the other hand, ion channels, or biological pores, are of crucial physiological importance, with over 
340 human genes thought to encode ion channels[2].  Better understanding of these ion channels will 
give insight into cellular and system physiology which can lead to new diagnostic tests for diseases 
and novel drug development[2].  The common element of these processes is that they both involve 
the transport of partially hydrated ions through confined pores. 

Desalination is commonly achieved through the use of reverse osmosis or nanofiltration, in which 
water is forced through semi-permeable porous membranes. Understanding the principles 
underlying the transport or rejection of ions is of particular interest for improving these techniques 
and for developing new membranes such as those containing carbon nanotubes[3-6].   Nanofiltration 
is often studied using models originally built on fundamental principles of hindered transport[7] and 
solution diffusion[8].  Currently, most nanofiltration models are based on numerically solving the 
extended Nernst Planck equation and include separate terms for diffusive, convective and 
electrostatic contributions[9-13].  Detailed effects such as concentration polarization[14] and charge 
adsorption inside pores[15] are now being included in transport models.  These models assume that 
nanofiltration membranes have pores[16, 17], yet a point of controversy remains about where actual 
nanofiltration ‘pores’ lie in the spectrum between discrete pore and dense material[18]. 

A major limitation in current nanofiltration models is the definition of solute size because most 
models use ionic[19] or Stokes radius[16], but this is inherently inaccurate due to the process of 
hydration.  Ions are hydrated by a shell of dipolar water molecules, which means that the mobile 
entity is the ion with its hydrated shell rather than just the bare ion[20].  Despite the fact that 
hydration is neglected in nanofiltration models, the importance of hydration has been demonstrated 
numerous times experimentally[21-26].  Ion transport is correlated with hydrated radius[21, 22] or 
hydration energy[22], rather than ionic radius, because ions with smaller ionic radii have higher 
hydration energy and larger hydrated radii which retards their transport through the membrane[21-25].  
As such, it is not the ionic size that dictates transport, but the hydrated size.  Further, ions with less 
strongly bound shells may actually detach from their hydration layer while passing through 
membrane[21, 26].  This has been simulated in carbon nanotube membranes, where ions were shown 
to have different energy barriers depending on ion type, pore size and pressure when entering 
hydrophobic pores as a consequence of dehydration[27, 28].  The energetic expense of chloride 
transport in cylindrical Si3N4 nanopores was also related to the stripping of ion hydration layers[29]. 

Ion hydration is also of critical importance to biological ion channels, where significant effort has 
been made in understanding ion transport, and the molecular basis of selectivity is due in part to the 
ion’s hydration properties[30-33].  Specific binding sites are located in selective transport proteins 
which identify the ions in their partially or fully dehydrated forms.  Selection depends upon how 
well the interactions with the protein in this binding site can compensate for the energetic cost of 
ion dehydration[30].  The selectivity of most classes of anion channels corresponds to the lyotropic 
sequence, with weakly hydrated anions (e.g. nitrate) showing a higher permeability than strongly 
hydrated anions (e.g. fluoride) due to the dehydration energy required for transport[34, 35].  However, 
the majority of work on anionic selectivity in ion channels has largely focused on chloride because 
chloride is the only halogen ion used in abundance in biological systems.  Chloride transport is 
typically controlled by chloride channel transport proteins which have an hourglass-shaped chloride 
selectivity filter which forms a row of binding sites for the fully or partially dehydrated chloride ion 
[36, 37].  This filter is not highly selective between chloride and bromide[38], but this is not required in 
nature.     
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Alternatively, cation channels are highly selective and are constructed differently than the chloride 
channel proteins by having large aqueous vestibules within the transmembrane spanning portion of 
the membrane[30].  Differences in hydration are important in explaining the extremely precise 
selectivity in potassium channels (and other cation channels) that are up to 1000 times more 
permeable to potassium than sodium.  Although sodium is a smaller ion, the energy required to 
remove the hydration shell is greater than the energy gained by interacting with the carbonyl 
oxygen in the channels as compared to potassium[39].  The ease of constraining a hydrated 
potassium ion inside a narrow pore relative to hydrated sodium or lithium is highly dependent on 
pore radius[40]. 

Hydration during pore transport processes is not well-understood (and to date completely un-
addressed in nanofiltration models), for a number of reasons.  Firstly, the lack of available hydration 
data relevant to nanofiltration is a major limitation.  Determining information about hydration free 
energies and structure is difficult.  While data exists for a variety of ions[41-43], these lists are not 
comprehensive[23] and there is considerable discrepancy on reported values due to differing methods 
and assumptions used.  Data is insufficient for many drinking water contaminants, such as nitrite or 
nitrate.  Secondly, hydration during pore transport includes complex interactions with the 
membrane; hence information on hydration in bulk solution cannot be applied within the pore.  
Thirdly, if partial or complete dehydration occurs during the process of transport[21, 26, 27], the 
hydrated radius is therefore a transient parameter, and very little is known about how to account for 
this in transport models.  A more detailed approach is thus required that incorporates the interaction 
of water molecules with the ion as well as the interaction between the hydrated ion and the pore.   

The overall aim of this study was to examine the hydration of a selection of monovalent anions 
relevant to drinking water purification (fluoride, chloride, nitrate (NO3

-), nitrite (NO2
-)) as they 

transport through nanopores to determine its importance in this process.  The specific objectives 
were to: (1) determine the hydration structure of the anions in bulk water; (2) investigate the 
hydration of these ions during transport through a generic pore, as a function of (i) pore size; (ii) ion 
type; and (iii) surface charge; and (3) determine the energetic barriers of transport by evaluating 
free energy profiles in each of these scenarios.   

The novelty in this study lies in systematically evaluating the dehydration mechanism during pore 
transport for small ions with molecular dynamics (MD).  Rather than attempting to describe all the 
complexity of realistic membrane pores, we use simplified channels so as to be able to more easily 
isolate the role of ion dehydration in pores of different sizes. By carefully parameterizing the 
simulations to reproduce ion dehydration energies, many ion types and pore sizes can be examined, 
which would be difficult with more detailed simulations.  This study provides the evidence that 
dehydration is the determining factor in transport of ions through these pores, and that such effects 
occur in conditions applicable to desalination and biological pores. 

 

 

2. Methods 

2.1 Parameterization 

Force field parameters required for MD simulations were available for fluoride and chloride[44] but 
had to be specifically developed for nitrate and nitrite using ab-initio quantum mechanical and MD 
techniques[45].  Gaussian03[46] software was used to conduct geometry optimization (bond length, 
angle stretch and improper torsion), frequency analysis, and to calculate partial charges with the 
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Merz-Singh-Kollman electrostatic fitting scheme[47], all using Hartree Fock theory and a 6-31+G* 
basis set.  Force constants were determined from potential energy surface scans, and then adjusted 
to match the infrared spectra from a MD vacuum simulation to the infrared frequencies obtained 
from the Gaussian calculation.  Lennard-Jones (LJ) parameters (rmin,ij and εij) for all non-bonded 
atoms were systematically adjusted, as described below, to reproduce the hydration free energies of 
the ions. 

The method of alchemical free energy perturbations[45] (FEP) was used to validate the ion 
parameterization by calculating the overall free energy difference between two ions in bulk water 
and comparing to literature values[41].  A single chloride ion was placed in the center of a 40×40×40 
Å TIP3P[45, 48] water box and slowly morphed into either nitrate or nitrite in 20 thermodynamic 
perturbation equilibration steps each lasting 500-ps.  The non bonded LJ parameters were adjusted 
until the difference in hydration free energy of the ions was within 1 kcal.mol-1 of the target value, 
which was -71.6 kcal.mol-1 for nitrate and -78.8 kcal.mol-1 for nitrite [41].  The final optimized 
parameters for each ion and a schematic for representation of the ion structure are shown in Table 
S1 and Figure S1, respectively. 

[Table S1] 

[Figure S1] 

 

2.2 Model System 

MD simulations were conducted for two kinds of systems using NAMD2.7[49] with the fluoride, 
chloride and sodium parameters of Joung and Cheatham[44], and those for nitrite and nitrate 
developed here,  and VMD1.9 for visualization[50].  The first system was a simple box of TIP3P[45, 

48] water containing the ion which was used to determine unconstrained hydrated size and structure 
in bulk water.  Bulk simulations were minimized for 1-ps and run for 500-ps with a single ion in a 
water box of 60×60×60 Å (6843 water molecules) at 298 K and 1 atm (controlled with Langevin 
dynamics).  The radial distribution function (RDF) was calculated in order to determine the 
structure of the hydration shell(s) around the ion.  The hydrated radius (Rhyd) was defined at the first 
minima in the RDF.  The coordination number (the number of water molecules associated with the 
ion) was determined from the average number of water molecules within the hydrated radius. 

The second type of simulations contained a pore, which was represented as a smooth, idealized 
surface to be generic and avoid giving specific chemical characteristics.  While the surface 
representation could have been achieved using analytical functions or numerical tables, closely 
spaced discrete atoms were selected for computational efficiency.  These atoms were spaced at an 
interval of 1 Å as smaller spacing did not influence the LJ interaction as a function of distance from 
the pore wall. The interaction of water and ions with the wall was through LJ interactions defined 
by rmin,surface = 3.75 Å and εsurface = 0.1946 kcal.mol-1 (based upon values for methyl groups in 
hydrocarbon chains which is of relevance to biological and membrane pores)[51, 52].  The density of 
atoms on the surface was used to scale εsurface to reproduce methyl LJ interactions when the atoms 
are at the density of real methyl groups.  A pore of total length 16 Å (selected to ensure that length 
was more than twice the widest radius) was constructed and solvated in a water box of dimensions 
40×40×70 Å with periodic boundary conditions for continuity.  Pressure and temperature were 
controlled using Langevin Dynamics.  The damping coefficient for temperature control was 5-ps-1 
and the oscillation period for pressure control was 200-fs.  Full-system periodic electrostatics 
(Ewald summation) were applied on a grid size of 75 × 75 × 90 Å.  A van der Waals cutoff distance 
of 12 Å was specified, with switching functions used to smoothly bring the forces and energy to 
zero from a switching distance of 10 Å.  The timestep was set to 1 fs.step-1 as rigid bonds were not 
used for any atoms in the system. All systems were ionized for a net concentration of 0.1M sodium 
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fluoride, sodium chloride, sodium nitrate or sodium nitrite (single salt per simulation).  This meant 
that there were five cations, five anions and approximately 2400 water molecules per simulation 
(for a 3.3 Å effective pore). 

The effective radius of the pore available to water (Reff) was used to define the pore radius rather 
than the size defined by the location of the center of the surface atoms (Rp) because Reff was more 
easily compared to the hydrated radius of each ion.  Effective radius was determined by calculating 
the oxygen density profile within the pore, and adding the distance at which it became zero to the 
ionic radius of oxygen (Rion,oxygen = 1.77 Å) in water.  This effective radius was always less than the 
position of the center of the surface atoms due to the LJ interactions between the surface atoms and 
water.  For reference, effective radii of 2.8, 3.3, 3.7, 4.3, 5.3 and 6.5 Ǻ correspond to surface atoms 
centered at Rp = 4.0, 4.5, 5.0, 5.5, 6.5 and 7.5 Ǻ.  Pore radii were selected to be similar to 
nanofiltration membranes[53] as well those used in previous simulations of narrow carbon 
nanotubes[27, 28].  An additional simulation was conducted with surface atoms centered at Rp = 3.0 Ǻ 
but a corresponding effective radius could not be calculated because water evacuated from the pore. 

The pore was neutral for all simulations with the exception of two surface charge simulations (at 
Reff = 3.3 and 4.3 Å) where a charge of -0.1 C.m-2 was evenly distributed along all atoms on the top 
surface.  The pore representation did not account for pore size distributions, tortuousity, and 
functional groups on the surface, which can be relevant to transport processes in nanofiltration, 
carbon nanotubes, and biological pores.  Figure 1 shows a side-view representation of the model 
system. 

[Figure 1] 

The free energy (or potential of mean force) of an ion passing through the pore was determined 
using umbrella sampling[54] in which a harmonic potential was used to set the location of the ion of 
interest along a trajectory path defined by the distance from the central pore axis rradial and the 
vertical position Z.  The target positions for the ion were moved from Z = -15 Å (bulk) to 0 Å 
(center of pore) along the pore axis (rradial = 0) for all pore sizes with a step size of 1Å.  Additional 
positions were sampled from Z = -15 to 7Å (at rradial = 4Å) for Reff = 2.8 and 3.3 Å; Z = -15 to 0 Å 
(at rradial = 4 Å) for Reff = 3.7 and 4.3 Å; and Z = -15 to 0 Å (at rradial = 4Å and 8Å) for Reff = 5.3 and 
6.5 Å.  For the neutral membranes, the symmetry of the system is used to generate a potential of 
mean force across the entire length of the pore (-15 < Z < 15).  The applied force constants were 2 
kcal.mol-1.Å-2 and 0.2 kcal.mol-1.Å-2 in the Z and rradial directions, respectively, and were selected 
for complete sampling.  For each target position, a 250-ps simulation was run, and the coordinate of 
the ion was written every 1 ps.  The weighted histogram analysis method (WHAM) [55, 56] was used 
to calculate two-dimensional free energy profiles with a tolerance of 0.0001 and 30 bins in both Z 
and rradial directions.  Two-dimensional profiles were integrated at each Z position[28] to determine a 
one-dimensional profile.  All energy profiles were single-ion profiles as no other ions entered the 
pores during the simulations.   

Reproducibility of the free energy calculations was estimated to be ± 0.3 kcal.mol-1 using the Monte 
Carlo Bootstrap error analysis[57] feature within WHAM for fluoride at Reff = 2.8 Ǻ as determined 
with 1000 Monte Carlo trials and correlation time of 100.  This accuracy was assumed to be similar 
for all simulations.  To further asses the uncertainty in the free energy values, seven independent 
trajectories were conducted for one case (fluoride at Reff = 3.3 Å) in order to show error of repeated 
simulations.  The standard deviation of the peak of the energy barrier from the seven independent 
trajectories was ± 2.3%, and this was also assumed to be similar for all trajectories.  Convergence of 
the simulations was further evidenced by taking the average and standard deviation of energy 
outputs over the last 20% of the sample windows of 500-ps (bulk simulations) and 250-ps (per 
umbrella window).  The standard deviation as a percentage of the average value was ± 0.07% and 
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1.4% for the 500-ps and 250-ps simulation windows, respectively.  Because the magnitude of the 
error bars is small, they are not marked on the figures. 

 

3. Results and Discussion 

3.1 Ion behavior in bulk water 

The hydration properties of each ion in bulk water are shown in Table 1 and provide a basis of 
comparison for hydration properties in the pore.  Fluoride had the smallest hydrated size (Rhyd,fluoride 
= 3.4 Å), smallest average coordination number (6.5) and highest hydration energy (-119.7 
kcal.mol-1).  Nitrate and nitrite had larger hydrated radii (5.0 Å and 5.1 Å, respectively) and more 
water molecules associated with them compared to the single atom ions fluoride (3.4 Å) and 
chloride (3.8 Å).  The most weakly hydrated ion was nitrate, which had the highest average 
coordination number (15.5) and lowest hydration energy (-71.6 kcal.mol-1) meaning that each water 
molecule was bound weakly to the ion.  Note that nitrate and nitrite were not spherical ions, and 
thus were not spherical when hydrated because water molecules associated at highest density 
around the polar sites on the nitrogen and oxygen atoms.  The radial distribution functions and 
instantaneous distributions of coordination numbers are shown in Figure S2. 

[Table 1] 

[Figure S2] 

 

3.2 Ion transport as a function of pore size 

The free energy profiles of fluoride entering pores of different sizes are shown in Figure 2A.  In the 
narrowest pore studied (Rp = 3.0 Ǻ), water evacuated the pore during system equilibration.  Such 
evacuation in small pores has been observed previously[51] and so this narrowest pore size was not 
further pursued in this study because the focus here was aimed at pore sizes that had been 
experimentally characterized for typical nanofiltration membranes[53]. In the remaining cases, the 
highest energy barrier for ion transport through the pore (46.9 kcal.mol-1) occurred with the smallest 
pore where water remained during equilibration (Reff = 2.8 Å) because ion transport is the most 
hindered.  The energy barrier was not simply a linear function of pore size; there was significant 
impact of pore size on free energy at Reff = 2.8, 3.3 and 3.7 Å but the impact became less prominent 
at the largest pore sizes Reff = 5.3 and 6.5 Å. 

A plot of the maximum of the free energy versus pore size (Figure 2B) shows two key regimes that 
dictate transport.  The first regime has a steep dependence of the energy barrier on pore radius and 
occurred at lower pore radii (Reff = 2.8 to 3.7 Å) where transport was highly hindered (energy 
barrier > 10 kcal.mol-1).  The highly hindered regime occurred when the hydrated radius (3.4 Å) 
was larger than or similar to the effective radius of the pore meaning that water must be stripped 
from the ion for it to enter the pore.  At larger pore radii (Reff = 4.3 to 6.5 Å), transport had smaller 
hindrance (energy barrier < 6 kcal.mol-1) and the slope of the curve is less because fluoride could fit 
into the pore with its entire first hydration shell. The dehydration energy does not scale linearly with 
the number of water molecules, as the first water binds most strongly to the ion. This is apparent in 
both ab-initio and MD calculations of binding energies[44], but is more evident in the pores where 
the limited space reduces hydrogen bonding between the coordinating waters as observed 
previously by Song and Corry, who determined the non-linearity of free energy required to partially 
or fully dehydration chloride in a pore[27]. 

[Figure 2] 
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A quantitative and visual analysis of coordination number (Figure 3 and 4, respectively) clearly 
showed that these energy barriers were due to dehydration because water molecules were removed 
from the hydration layer to allow fluoride to “squeeze” into the smaller pores.  In the  smallest pore 
(Reff = 2.8 Å), the coordination number of fluoride decreased from six to two as it moved from bulk 
into this pore, which means that it was partially dehydrated with the loss of four water molecules 
from its inner hydration shell, explaining the very large energy barrier.  The coordination number 
remained at two with no deviation inside the pore as there was a single chain of molecules through 
the pore as shown in Figure 4, thus there was no other option for fluoride to coordinate with more 
than two water molecules once inside.  

For pore sizes with effective pore size larger than the hydrated radius, fluoride did not have to 
dehydrate, resulting in a much smaller energy barrier for the transport.  Small energy barriers at 
large pore sizes (for example 1.7 kcal.mol-1 at Reff = 6.5 Å) were due to slight rearrangement of the 
hydration shell and/or losing water from the second and more distant hydration layer. 

These results are reasonable when compared with energy barriers found in carbon nanotubes, 
nanofiltration, reverse osmosis and biological channels.  The energy required to strip water from the 
hydration shell of sodium as it was entering a carbon nanotube was approximately 8.5 kcal.mol-1 
per water molecule[27], whereas it is approximately 10 kcal.mol-1 per water molecule in this study 
for fluoride (as calculated by dividing the energy barrier by the decrease in coordination number).  
Energy barriers of pure water permeation in reverse osmosis and inorganic nanofiltration 
membranes have been reported in the range of 4.3 to 7.2 kcal.mol-1 [59].  The physiological role of 
biological channels is to transport ions across a membrane and thus most narrow biological pores 
(such as potassium channels) contain polar groups with which the ions can interact to overcome the 
dehydration penalty.  Biological pores with non-polar lining do exist, but must open wider to pass 
ions.  It has been noted, for example, that the 3.0 Å radius non-polar interior of the closed state 
acetylcholine receptor presents a 6 kcal.mol-1 barrier to sodium and 4 kcal.mol-1 to chloride[27, 40, 60]. 

[Figure 3] 

[Figure 4] 

 

3.3 Ion transport as a function of ion type 

The effect of ion type on transport was examined as shown in Figure 5 to assess differences in 
behavior according to ion properties. The free energy profiles (Figure 5A and 5B) demonstrate a 
strong dependence of energy barrier on ion type due to ion size, hydrated size, and hydration 
strength.  In the smaller pore (Reff = 3.3 Å, Figure 5A) fluoride had the highest barrier (27.4 
kcal.mol-1), followed by chloride (21.8 kcal.mol-1), nitrite (11.1 kcal.mol-1) and nitrate (6.3 
kcal.mol-1).  This order matched the trend in hydration energy (Table 1), showing that in a very 
narrow pore, the energy barriers in transport match the hydration energy trends.  In the larger pore 
(Reff = 4.3 Å, Figure 5B) energy barriers decreased for all ion types, which was consistent with the 
behavior discussed for fluoride. 

An interesting switch in the trend of the energy barriers occurred with fluoride and chloride with the 
two pore sizes shown in Figure 5.  In the larger pore (Reff = 4.3 Å), chloride had the higher energy 
barrier, whereas fluoride was the most hindered with the smaller pore (Reff = 3.3 Å).  Plots of the 
coordination numbers in the pore (Figure 5C and 5D) can be used to explain these results.  In the 
smaller pore (Reff = 3.3 Å), each of the ions had to partially dehydrate: fluoride partially dehydrated 
from approximately seven to four associated water molecules; chloride from seven to four; nitrate 
from fifteen to seven; and nitrite from twelve to six.  This shows that partial dehydration resulted in 
the energy barriers.  Nitrate had the lowest energy barrier because even though it lost eight 
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associated waters during transport (the largest number of any of the ions), it had the most waters 
associated with it in the bulk (15.5) and the lowest hydration energy (-71.6 kcal.mol-1) so the 
dehydration did not have a large energetic cost. 

In contrast, in the larger pore size (Reff = 4.3 Å) partial dehydration occurred for each ion except 
fluoride.  Fluoride was sufficiently small to fit in the pore without dehydrating (whereas chloride 
still needed to dehydrate), which explains the switch in fluoride and chloride between Figures 5A 
and 5B.  This is similar to the classic idea of ‘size selectivity’ but is based upon the size of the 
hydrated rather than the bare ion or Stokes radii[61-63].  A similar switch in the order of the energy 
barriers has been seen for sodium and potassium[27, 40].  Fluoride did not dehydrate, chloride 
partially dehydrated from seven to six associated waters; nitrate from fifteen to ten, and nitrite from 
twelve to nine.  The smaller amount of dehydration required resulted in the lower free energies at 
Reff = 4.3 Å.  These results were consistent with data previously published by Song and Corry, 
which stated that the free energy required to partially dehydrate chloride to three associated waters 
was 20.3 kcal.mol-1 and to six waters was 9.50 kcal.mol-1 (compared to 21.8 kcal.mol-1 at Reff = 3.3 
Å and 7.74 kcal.mol-1 for Reff = 4.3 Å in this study)[27]. 

[Figure 5] 

3.4 Surface charge 

Most nanofiltration membranes contain charged groups on the membrane surface, rather than being 
neutral, which influences ion rejection.  To compare the importance of ion dehydration with the 
better characterized mechanism of charge repulsion, additional simulations were conducted with a 
repulsive charge (-0.1 C.m-2) evenly distributed on the top surface.  The magnitude of these charges 
was chosen to be greater than that expected in most nanofiltration situations (typical range from 
approximately -0.05 to +0.01 C.m-2)[64] as to compare dehydration with charge repulsion in an 
extreme case. 

The effect of surface charge on free energy profiles is shown in Figure 6.  The inclusion of negative 
charge on the top surface led to a higher energy barrier compared to when charge was not 
considered.  This is most likely caused by direct charge repulsion occurring between the negative 
surface and negative fluoride ion, but could also arise from interactions between water and the 
charged membrane or entropic changes.  However, even though charge contributed by increasing 
the energy barrier, it is important to note that dehydration remained the dominant effect.  At the 
smaller pore size (Reff = 3.3 Å) charge contributed 14% to the maximum free energy (4.5 kcal.mol-1 
of a total barrier of 31.6 kcal.mol-1) and at Reff = 4.3 Å, charge contributed 20% to the maximum 
free energy.  Charge had a larger relative effect at the larger pore sizes, because the contribution of 
dehydration to the total energy barrier was less.  These results are important as they demonstrate 
that dehydration remains the dominant barrier to pore transport as compared to charge repulsion.  
Further investigation on the influence of pore polarity as well as charge distribution/orientation 
within the pore is ongoing.  

[Figure 6] 

 

4. Conclusions 

Three key conclusions can be drawn from this work.  Firstly, energetic barriers were strongly 
dependent on pore size.  Energy barriers were not linearly correlated with pore size; instead, there 
were distinct regimes related to the required dehydration.  Transport was strongly hindered when 
the size of the pore was smaller than the hydrated radius.  Secondly, energy barriers depended on 
ion type (and hence hydration properties) and the selectivity sequence amongst the ions can change 
depending on the pore size. In general, the transport of small, strongly hydrated ions (such as 
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fluoride) was much more energetically expensive than for larger, less strongly hydrated ions (such 
as nitrate) due to the required dehydration unless the pore is larger than the size of the hydrated ion.  
This could have important implications in utilizing the different barriers in order to separate 
different types of ions, which is especially exciting from the perspective of removing contaminants 
other than sodium chloride in seawater desalination. Further work is ongoing to pinpoint the pore 
sizes that enable the best discrimination between the ion types studied, although the issue is 
complicated when polar groups are present in the pore walls. Thirdly, and most importantly, these 
results showed that dehydration was the main barrier to ion transport in the narrow pores.  In 
particular, partial dehydration was the main determinant of the energy barriers for small, strongly 
hydrated ions whose hydrated radius is larger than the pore size, even when charge repulsion is 
considered.  This explains, for example, why fluoride is rejected by membranes with pore sizes 
greater than the ionic radius of fluoride.  Demonstrating that the process of hydration/dehydration is 
important in nanofiltration will encourage future models to incorporate these interactions. It may be 
possible, for example, to include the energetic barriers calculated in MD directly into the continuum 
transport models commonly used in describing nanofiltration.  While MD simulations are an 
extremely valuable tool in understanding ion transport, it is important to note this generic model 
cannot exactly replicate a nanofiltration pore or membrane due to factors such as pore size 
distributions, tortuousity and functional groups on the membrane surface.  Experimental evidence of 
dehydration occurring during ion transport in a nanofiltration membrane is yet to be systematically 
demonstrated but will provide a complementary and significant step forward in understanding this 
mechanism.  By providing a systematic and novel insight into the role of ion dehydration in pore 
transport, the results obtained are significant in understanding anionic selectivity in biological 
channels as well as desalination and removal of various drinking water contaminants with 
nanofiltration. 
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Table Captions 

TABLE 1: Properties of hydration for each ion in bulk water including hydrated radius and average 
coordination number 

TABLE S1: Optimized ion parameters necessary for pore simulations from the literature for 
fluoride and chloride[44], and developed by ab-initio techniques for nitrate and nitrite (“--” is non-
applicable) 
 

Figure Captions 

FIGURE 1: Side-view representation of model system with 0.1M NaF and Reff = 3.3 Å.  Light grey 
region is a volume representation of water; green ions are fluoride (Rion,fluoride = 1.3 Å[41]); yellow 
ions are sodium (Rion,sodium = 1.0 Å[41]). 

FIGURE 2: Impact of pore size on the free energy of fluoride.  (A) Free energy profile of fluoride 
entering pores of different sizes (center of pore is Z = 0). (B) Maximum energy barrier at different 
pore sizes.  

FIGURE 3: Coordination number of fluoride as a function of distance in the Z-direction from bulk 
water into the pore for each pore size (center of pore is Z = 0). 

FIGURE 4: Representation of a fluoride ion (green) at the center of the pore (Z = 0) and 
surrounding water for different pore sizes. 

FIGURE 5: Free energy profiles (A and B) and coordination number versus distance (C and D) of 
different ions for two pore sizes, (A and C) Reff = 3.3 Å and (B and D) Reff = 4.3 Å (center of pore 
is Z = 0) 

FIGURE 6: Decomposition of free energy profile with a surface charge of -0.1 C.m-2 (applied to top 
membrane surface only) for fluoride with (A) Reff = 3.3 Å and (B) Reff = 4.3 Å (center of pore is Z = 
0). 

FIGURE S1.  Generic representation of molecules to illustrate the parameterized terms shown in 
Table 1 (adapted from[45]).  Fluoride and chloride involve only one atom (atom 1), nitrite includes 
one central N and two O (atoms 1, 2, 3), and nitrate has one central N and three O, with the central 
N out-of-plane (atoms 1, 2, 3, 4).  Atom 5 represents any non-bonded atom in the system. 

FIGURE S2: Ion behavior in bulk water.  (A) Radial distribution function (RDF) for each ion in 
bulk water.  RDF indicates the variation of oxygen (in water) density with distance from the center 
of the ion, and the size of the hydration shells are defined by the minima of the RDF function.  
Overlay schematic shows fluoride and its associated first hydration shell (Rhyd,fluoride = 3.4 Ǻ), which 
is defined by the first RDF minima. (B) Distribution of instantaneous coordination numbers.  The 
probability of each ion having a given coordination number is shown as determined from their 
relative frequencies within the bulk simulations. 
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Table 1 
 

Parameter Fluoride Chloride Nitrate Nitrite 

Ionic Radius, Rion (Å)* 1.3[41] 1.8[41] 3.0 3.0 
Hydrated Radius, Rhyd (Å)† 3.4 3.8 5.1 5.0 
Average Coordination Number (--) 6.5 7.1 15.5 12.7 
Target Hydration Free Energy (kcal.mol-1)  -119.7[58] -89.1[58]   -71.6[41] -78.8[41] 
Simulated Hydration Free Energy (kcal.mol-1) -119.7[44] -89.6[44] -71.5 -79.1 
* For nitrate and nitrite, Rion = bN-O (1.22 Å) + Rion,oxygen (1.77 Å) 
† For nitrate and nitrite, Rhyd = bN-O (1.22 Å) + RDFmin 
 

Table S1 
 

 

Parameter Fluoride[44] Chloride[44] Nitrate Nitrite 

    N O N O 

Partial Charges -1 -1 1.0323 -0.677 -0.058 -0.471 

Non-bonded: rmin/2,ij (Å) 2.303 2.513 1.850 1.900 1.850 1.900 
Non-bonded: ε (kcal.mol-1) 0.0033 0.0356 -0.200 -0.200 -0.200 -0.200 

Bond length, b (Å) N-O: 1.2268 N-O: 1.2254 

Bond force constant, kb (kcal.mol-1.Å-2) 
-- -- 

N-O: 425 N-O: 264 

Angle stretch, θ (deg) O-N-O: 120 O-N-O: 117 

Angle force constant, kθ (kcal.mol-1.rad-2) 
-- -- 

O-N-O: 110 O-N-O: 27 

Improper torsion, t (deg) N-O-O-O: 0 -- 

Improper force constant, kt (kcal.mol-1.rad-2) 
-- -- 

N-O-O-O: 163 -- 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure S1 
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Figure S2 
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