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Quantifying barriers to monovalent anion transport in narrow

non-polar pores
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The transport of anionic drinking water contaminants (fluoride, chloride, nitrate and nitrite)

through narrow pores ranging in effective radius from 2.5 to 6.5 Å was systematically evaluated

using molecular dynamics simulations to elucidate the magnitude and origin of energetic barriers

encountered in nanofiltration. Free energy profiles for ion transport through the pores show that

energy barriers depend on pore size and ion properties and that there are three key regimes that

affect transport. The first is where the ion can fit in the pore with its full inner hydration shell, the

second is where the pore size is between the bare ion and hydrated radius, and the third is where

the ion size approaches that of the pore. Energy barriers in the first regime are relatively small

and due to rearrangement of the inner hydration shell and/or displacement of further hydration

shells. Energy barriers in the second regime are due to partial dehydration and are larger than

barriers seen in the first regime. In the third regime, the pore becomes too small for bare ions to

fit regardless of hydration and thus energy barriers are very high. In the second regime where

partial dehydration controls transport, the trend in the slopes of the change in energy barrier with

pore size corresponds to the hydration strength of the anions.

Introduction

Understanding water and ion transport through confined

pores is crucially important because of applications such as

ion removal by nanofiltration membranes,1,2 transport in

carbon nanotubes3,4 and understanding biological ion channels.5

In all of these processes, ions permeate through confined channels

in either a hydrated, dehydrated or partially hydrated state.

However, despite its importance, the role of hydration in

determining ion transport through narrow pores remains poorly

understood and quantifying the effect of partial dehydration is

difficult. Significant effort has been made to understand the

hydration of cations during transport through ion channels6–13

and chloride and cations during transport in nanopores,14,15

however this has not yet been thoroughly extended to anionic

contaminants that are particularly important for drinking water

applications. A recent study demonstrated that the cost of partial

dehydration is the largest contribution to the barriers determining

transport of anions through narrow, cylindrical non-polar pores

(which are simplified compared to real nanofiltration ‘‘pores’’).16

However, a thorough analysis of the barriers seen by each anion

(fluoride, chloride, nitrate and nitrite) at a range of pore sizes was

not conducted. Gaining an appreciation of how the hydration

state of anions influences their retention by nanofiltration

membranes will be important for developing new membranes

that can remove these contaminants more efficiently. Ion

hydration has also been suggested to play a role in creating

the anion selectivity seen in a range of biological anion

channels that contain narrow non-polar pores, as there appears

to be a relation between ion conductivity and hydration

strength.17,18 However, the effect of needing to only partial

dehydrate anions to enter the pores has not been adequately

considered in explaining anion selectivity. This current study

endeavors to address these issues by quantifying the influence of

hydration of four anion types as they permeate through pores

of a range of sizes by evaluating energetic barriers of transport

for each scenario.

Methods

The barriers to ion transport in narrow pores were determined

here using classical molecular dynamics (MD) simulations

employing previously determined force fields for fluoride and

chloride19 and those specifically developed for nitrate (NO3
�)

and nitrite (NO2
�).16 MD simulations were conducted by the

authors using the model we previously described in detail.16

The software programs utilized were NAMD2.720 for simulation

and VMD1.921 for visualization. Each simulation contained a

single cylindrical pore, which was represented as a smooth, rigid,

un-charged, non-polar idealized surface to be generic and avoid
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specific chemical characteristics. Closely spaced discrete atoms

were used to represent the surface, spaced at an interval of 1 Å

and with Lennard-Jones interactions defined by the inter-

action distance (rmin,surface = 3.75 Å) and potential energy

well depth (esurface = 0.1946 kcal mol�1), based upon values

for methyl groups in hydrocarbon chains.22,23 The pore was

solvated in a non-polarizable TIP3P24,25 water box of dimensions

40� 40� 70 Å with periodic boundary conditions for continuity.

All simulations were ionized for a net concentration of 0.1 M

single sodium salt (note that the pore holds only one ion at a

time). Fluoride, chloride, nitrate and nitrite were selected as they

are all monovalent anionic drinking water contaminants.

Temperature and pressure were controlled using Langevin

dynamics and a Langevin piston, with the damping coefficient

for temperature control set at 5 ps�1 and the oscillation period

for pressure control set at 200 ps. Full-system periodic electro-

statics (Ewald summation) were applied. In order to represent

the space available to water in the pore, an effective pore

radius (Reff) was determined by calculating the oxygen density

profile of water 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. Pore radii were selected to be similar to nanofiltration

membranes and narrow carbon nanotubes and ranged from 2.5

to 6.5 Å. A 16 Å pore length was selected for computational

efficiency as increasing the pore length had almost no effect on the

barriers to ion transport, since the barriers in such pores have

been shown to arise at the pore entrance and exit.26 While a

longer pore does slightly affect the quantification of energy

barriers due to the electric field of the ion, the impact of energy

barrier is small (o10% difference between a 16 Å and 32 Å pore)

and has no effect on selectivity trends. Hydrated radius was

defined as the first minima in the ion-oxygen radial distribution

function found in bulk water, and the coordination number was

defined as the average number of water molecules within the

hydrated radius.

The free energy (potential of mean force) of each ion passing

through the pore was determined using umbrella sampling27 in

which a harmonic potential was used to set the location of the

ion of interest along a trajectory path defined by the distance

along the pore axis (Z) and distance from this axis (rradial). 1 Å

steps were used from Z = �15 Å (bulk) to 0 Å (center of

pore). Additional positions were sampled from Z = �15 to

7 Å (at rradial = 4 Å) for effective pore radius 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 = 4 Å and 8 Å) for Reff =

5.3 and 6.5 Å. 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. Target positions and applied force constants were

selected to ensure complete sampling. A 250 ps simulation was

run at each target position. The weighted histogram analysis

method (WHAM)28,29 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 position26 to determine a one-dimensional

profile. All energy profiles were single-ion profiles as no other

ions entered the pores during the simulations. Reproducibility

was determined to be �2.3% from the standard deviation of

the peak of the energy barrier of seven independent trajectories

of fluoride for Reff = 3.3 Å.

Results and discussion

The magnitude of the energy barriers faced by each ion is

plotted versus the effective pore size in Fig. 1. This figure shows

that energy barriers for fluoride, chloride, nitrate and nitrite

are a clear function of pore size. This figure shows additional

information not described in our earlier work,16 specifically

results for four ion types rather than only fluoride. This

additional information shows that there appear to be three

key regimes for each ion with regard to the magnitude of the

energy barriers. These key regimes describe situations in which:

1. the ion fits in pore with complete inner hydration shell

(Rhyd o Reff);

2. the pore size is between the size of the bare ion and

hydrated ion (Rion o Reff o Rhyd);

3. the bare ion does not fit inside the pore (Rion 4 Reff).

In Regime 1, the effective pore size is larger than the

hydrated radius of the ion of interest. This is the regime

the farthest on the right in Fig. 1A–D. In this case, since the

hydrated ion can fit in the pore, stripping of the first water

shell will not occur during transport and thus the hydrated ion

passes through the pore unhindered and unretained. Energy

barriers in this regime are relatively small and are due to

rearrangement/reorientation of the first hydration shell or loss

of the second and more distant hydration shell. The increase in

energy barriers with decreasing pore size, even when the ion

can fit in the pore with its hydrated shell, is most significant for

strongly hydrated fluoride and chloride.

In Regime 2, some dehydration is required in order for the

ion to enter the pore with a partial hydration shell. Pore size

significantly impacts the energy barriers in this regime due

to the number of water molecules that need to be removed from

the ion and the associated energy required to partially dehydrate

the ion. As water molecules are stripped away from the ion, the

ion holds the remaining water molecules more tightly, which

explains the steep increase in slope. This can be seen in Regime 2

in Fig. 1A–D and is related to each ion’s hydration energy.

Fluoride, the most strongly hydrated, has a very steep slope in

this regime (starting immediately from the transition from

Regime 1 to Regime 2), followed by chloride, nitrite and nitrate.

This trend in slope is the same as the trend in absolute values of

hydration energies, where fluoride (�119.7 kcal mol�1)30 4
chloride (�89.1 kcal mol�1)30 4 nitrite (�78.8 kcal mol�1)31 4
nitrate (�71.6 kcal mol�1).31 At the farthest left of Regime 2,

the slopes of the barriers of all ions increase substantially due

to the strong attraction to the last remaining water molecules,

even for relatively weakly hydrated nitrate and nitrite.

In Regime 3, energy barriers become extremely high, as

eventually the ion will no longer fit inside the pore. In our

results, fluoride and chloride never reached this third regime

because their small ionic size (similar to that of water) was

smaller than the smallest pore size studied. Both nitrate and

nitrite entered Regime 3 for Reff = 2.5 and 2.8 Å. Here energy

barriers are much higher than obtained in larger pore sizes for

nitrate and nitrite (4 35 kcal mol�1), due to the bare ions

being too large to fit in the pore, and thus transport through

the pore would be very unlikely. Nitrite does not experience as

steep an increase in energy barrier below Reff = 2.8 Å as

nitrate, even though the bare ion size is larger than the effective
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pore radius. This can be explained by considering the different

shapes of nitrite and nitrate and their possible orientations in

the pore. Although we have defined the bare ion radius of nitrite

to be the same as nitrate (3.0 Å) based on the nitrogen-oxygen

distance, this does not account for the different shapes of the

molecules. While both molecules are planar, nitrite only has two

oxygen atoms, and is thus more linear than nitrate, allowing it

to orient such that it fits more easily into a narrow pore.

The order of the energy barriers seen by the different ions, or

‘‘selectivity sequence’’ to use the language of ion channels,

changes according to the pore size since the regimes for each of

the ions are located according to the different ion properties (ion

size, hydrated size, hydration strength). This ordering is shown

on Table 1. The ordering corresponds to which regime the

specific ion is at for a particular pore size, and thus the ordering

is directly related to the amount of partial dehydration required.

Because each of the ions has a different ionic size, hydrated size

and hydration strength, the selectivity sequence will change

depending on pore radius. This phenomenon was previously

demonstrated for fluoride and chloride,16 where there was a swap

in sequence from Reff = 3.3 Å to 4.3 Å due to fluoride being

sufficiently small to fit into the 4.3 Å pore radius with its first

hydration shell complete, whereas chloride still needed to partially

dehydrate, leading to a higher barrier for chloride than fluoride.

This is different than in the smaller 3.3 Å pore radius, where

fluoride had a higher barrier than chloride because both ions

faced partial dehydration but the stronger hydration free energy

of fluoride meant that the stripping of water molecules carried a

higher energy expense (and thus energy barrier).

This same concept explains the changes in selectivity sequences

for all ions and all pore sizes presented in Table 1. At the smallest

pore size (Reff = 2.5 Å), the energy barriers are nitrate 4
nitrite 4 fluoride 4 chloride, assuming the nitrite data point

is out of trend. Here, nitrate and nitrite are too large to fit in

the pore at all, resulting in very high barriers for these ions. At

2.8 Å, the order changes to fluoride 4 nitrate 4 nitrite 4
chloride, because nitrate and nitrite can now fit in but the

dehydration requirements for fluoride are extremely high

leading to fluoride having the highest barrier. At 3.1 Å,

ordering is fluoride 4 chloride 4 nitrate 4 nitrite, as all

are in the second regime and hence some dehydration is

required (with the energy barriers resulting in differences in

hydration free energy). From 3.3 Å to 4.0 Å, the order is

fluoride 4 chloride 4 nitrite 4 nitrate, which is the inverse

Table 1 Energy barriers determined for each ion at each pore radius.
The standard deviation of the peak of the energy barrier for seven
independent, identical trajectories is �2.3% and this value is assumed
to be similar for each trajectory. Nitrite data at 2.5 Å is assumed to be
out of trend (as shown on Fig. 1)

Effective pore
radius (Å)

Energy barrier (kcal mol�1)

Highest Lowest

2.5 NO3
� (N) 4 F� (57.1) 4 NO2

� (35.3) 4 Cl� (43.2)
2.8 F� (46.9) 4 NO3

� (40.0) 4 NO2
� (39.3) 4 Cl� (34.0)

3.1 F� (47.7) 4 Cl� (41.1) 4 NO3
� (32.5) 4 NO2

� (28.4)
3.3 F� (27.4) 4 Cl� (21.3) 4 NO2

� (11.1) 4 NO3
� (6.5)

3.5 F� (16.4) 4 Cl� (12.1) 4 NO2
� (5.7) 4 NO3

� (2.3)
3.7 F� (10.6) 4 Cl� (8.5) 4 NO2

� (4.0) 4 NO3
� (1.6)

4.0 F� (8.6) 4 Cl� (7.8) 4 NO2
� (2.2) E NO3

� (2.1)
4.3 Cl� (7.7) 4 F� (5.7) 4 NO2

� (3.0) 4 NO3
� (1.3)

4.7 F� (6.4) 4 Cl� (5.2) 4 NO2
� (1.0) 4 NO3

� (0.3)
5.3 F� (3.3) E Cl� (3.1) 4 NO2

� (0.7) E NO3
� (0.7)

6.5 F� (1.7) E Cl� (1.4) 4 NO2
� (0.4) E NO3

� (0.2)

Fig. 1 Maximum energy barriers for (A) fluoride, (B) chloride, (C) nitrate and (D) nitrite passing through the pore for a range of pore sizes.
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order of the hydrated radii. At 4.3 Å, the order is chloride 4
fluoride 4 nitrite 4 nitrate, due to fluoride fitting in with a

complete hydration shell whereas chloride still required partial

dehydration. Finally at 4.7 Å to 6.5 Å, the order is fluoride 4
chloride 4 nitrite = nitrate, where each ion is able to fit in

with its first hydration shell intact (first regime) but barriers

still result from the displacement of more distant water for

strongly hydrated fluoride and chloride.

Because of the idealized construction of the simplified pore,

energy barriers obtained in this work cannot be directly

compared to those obtained in biological channels or nano-

filtration membranes due to considerations such as polarity,

functional groups, tortuousity and pore size distributions.

Despite these limitations in making a direct comparison, the

energy barriers obtained are very reasonable with those

obtained in other studies. For examples, the energy barrier

of chloride transport in a non-polar, 3.0 Å radius, closed state

acetylcholine receptor is approximately 4 kcal mol�1.32,33 In

nanofiltration membranes, energy barriers to salt transport

evaluated experimentally with the Arrhenius relationship

have been reported in the range of 2.3–12.9 kcal mol�1.34–37

Conventionally, selectivity in nanofiltration is evaluated using

retention. The general ordering of the retention of these salts is

fluoride 4 chloride 4 nitrate 4 nitrite.37–42

To better understand the origin and magnitude of the

energy barriers and confirm that the barriers obtained are

due to dehydration, the coordination numbers of each ion for

each pore size are plotted. Fig. 2A shows average coordination

number in the center of the pore versus effective pore radii. For

the smallest pore sizes, where energy barriers are the highest,

fluoride and chloride have a single chain of water molecules on

either side, making the coordination number limited to two

inside the pore. As the pore size increases, more water

molecules are able to fit inside the pore with the ions in all

cases. At pore sizes larger than the hydrated radii of the ion,

the coordination number does not change as the maximum

number of water molecules are associated with the ion,

independent of being in the bulk water or in the pore.

Fig. 2B shows the direct link between the energy barriers

and the dehydration required for each ion to enter the pore. At

the smallest pore sizes, where the most dehydration is

required, the ratio of the coordination number in the pore to

coordination number in bulk is the lowest, and consequentially

the energy barrier is the highest. The steeper increase in barrier

as the coordination number pore to bulk ratio decreases is

because the ion holds on to the last remaining water molecules

more strongly. This is the case for all ions evaluated, although

the actual values of course depend on the ion properties. The

close relationship between the energy barrier and degree of

dehydration confirms that the energy barriers obtained are due

to varying degrees of dehydration.

A plot of the average interaction energy of each ion with the

water molecules within its first hydration shell further confirms

that barriers are due to dehydration (Fig. 2C). As pore size

increases, the magnitude of the attractive (negative) interaction

increases as more water surrounds each ion. The interaction

energies reach approximately the same value as in bulk at

different pore sizes according to the ion properties. Importantly,

the interaction of the ion with water alone for different pore

sizes follows the same trend as the total free energy change, with

the magnitude being similar to the hydration free energies. As

these results are average interaction energies, they do not include

entropic contributions and thus cannot be directly compared

Fig. 2 Relating energy barriers to ion hydration. (A) Ion coordination

numbers in pore center versus effective pore radius (Reff); (B) Maximum

energy barrier versus normalized coordination number (average coordi-

nation number in pore divided by average coordination number in

bulk); (C) Average interaction energy of each ion with its first hydration

shell when located in pore center (dashed line indicates interaction

energy in bulk). The standard deviation of average interaction energy in

bulk (n = 11) is determined to be for fluoride �0.8%; chloride �0.6%;

nitrite �1.9%; nitrate �3.2%.
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to the free energy barriers (free energy barriers include both

enthalpic and entropic contributions), however, they do

support that dehydration is the major cause of the free energy

barriers. Further, a comparison with partial dehydration

energies for chloride previously reported43 shows a similar

trend and magnitude to the results obtained here, again

supporting the claim that the obtained energy barriers are

due to partial dehydration.

Finally, the effect of partial ion dehydration is demonstrated

visually using a probability density function of water within

the hydrated radius around each ion in the center of the pore

(Fig. 3). Each of the regimes can be seen here. The first regime

is shown in Fig. 3A where the water surrounds the chloride ion

in the pore. The second regime is shown for chloride and

nitrate (Fig. 3B and C, respectively), where the ion must be

partially dehydrated to enter the pore (e.g. Rion o Reff o Rhyd)

and water forms a single file chain on either side of the ion.

The final regime, where it is difficult for the bare ion to fit, is

shown in Fig. 3D. Here the area that the water in the pore

fills is smaller than the bare nitrate ion, highlighting the

unfavorable nature of this regime.

Conclusions

In conclusion, by calculating the energetics of transport of a

number of anions through narrow, cylindrical, un-charged,

non-polar pores, we have shown that energy barriers for ion

permeation are a function of ion type and pore size. Energy

barriers show three regimes with respect to pore size. These

regimes describe regimes in which (1) an ion fits in a pore with

its complete hydration shell; (2) the pore size is between the

bare and hydrated ion such that partial dehydration is required;

(3) the bare ion is too large to fit in the pore. Because each

regime occurs at different pore sizes for the different ions, the

ordering of barrier heights (selectivity sequence) changes with

pore size. While a narrow pore hinders the large ions most

strongly due to direct discrimination based upon size, inter-

mediate pores block the most strongly hydrated ions, and the

larger pores again can hinder the larger ions as the smaller ions

can pass with a complete hydration shell. The models

described here involve simplified non-polar pores with limited

interactions between the ion and the pore walls. In these

circumstances the energy barriers seen by ions as they pass

through the pores are largely due to the cost of dehydrating

the ion. It is of interest in future work to evaluate dehydration

barriers to multi-charged and/or more chemically advanced

drinking water contaminants, such as sulfates and boron, and

to systematically adjust pore properties. The inclusion of polar

groups in the pore walls will lead to additional interactions

that can add to or compensate for the dehydration affects

described here. Nanofiltration membranes, for example, are

often made of polyamide materials with polar groups that can

interact with the ion which may reduce the barriers to ion

transport. These results described here are significant because

they improve the understanding of the mechanistic role of

hydration as an important factor in determining anion transport

in narrow pores. Careful tailoring of the pore properties may

enable these dehydration barriers to be harnessed to improve the

rejection of anionic contaminants in nanofiltration and thus can

contribute to future membrane models and design. Comparison

of the results obtained here with the atomic resolution structures

of biological anion channels may also allow for an explanation

of ion selectivity in these narrow non-polar pores.
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(B) chloride at Reff = 3.3 Å (Regime 2); (C) nitrate at Reff = 3.3 Å
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F. Quéméneur, Transfer of monovalent anions and nitrates especially
through nanofiltration membranes in brackish water conditions,
Sep. Purif. Technol., 2004, 40, 237–242.

40 L. Paugam, S. Taha, G. Dorange, P. Jaouen and F. Quéméneur,
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