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Abstract
Using molecular dynamics simulations, we show that a Y-junction carbon
nanotube can be used to separate K+ and Cl− ions from a KCl solution. The
Y-junction nanotube is formed by connecting two smaller carbon nanotube
branches of sizes (5, 5) and (6, 6) to a larger (8, 8) carbon nanotube. While
uncharged (5, 5) and (6, 6) carbon nanotubes show close to zero occupancy
of K+ and Cl− ions, we show that a negatively charged (5, 5) carbon
nanotube and a positively charged (6, 6) carbon nanotube can be selective to
K+ and Cl− ions, respectively. By performing molecular dynamics
simulations on the entire system comprising the Y-junction carbon nanotube,
the KCl solution chamber, the push plate and the receiving chamber, we show
that as the electrolyte moves through the (8, 8) carbon nanotube the K+ and
the Cl− ions can be selectively transported through the (5, 5) and the (6, 6)
carbon nanotube, respectively. The formation of ion pairs can affect the
separation efficiency and we discuss the conditions under which perfect
separation can be obtained.

1. Introduction

Miniaturized chemical and biochemical analysis systems, also
referred to as ‘lab-on-a-chip’, have generated considerable
interest over the past decade because of their ability to
provide high accurate throughput from small amounts of
biological and chemical reagents used per assay [1–3]. In
chemical and biological analysis systems, ion separation is
an essential process which is conventionally performed by
capillary electrophoresis (CE) [4] or by nanofiltration (NF)
membranes [5]. Recently, an ion separation module for an
integrated microfluidic system has been proposed [2], and its
miniaturization for nanoscale applications is an area of active
research. Carbon nanotubes (CNTs) [6] have recently found
widespread applications as nanofluidic channels because of
their small pore size and high mechanical strength [7, 8].
In addition, Y-junction carbon nanotubes (YJCNTs) have
been fabricated [9, 10] and used as three-terminal nanoscale

4 Author to whom any correspondence should be addressed.

molecular electronic devices [11, 12]. YJCNTs could
potentially be used as fluidic components in complex fluid
networks and nanoscale lab-on-a-chip applications.

Prior research on fluid transport through nanotubes has
mainly dealt with single-CNT systems [13–18]. To our
knowledge, fluid transport through a YJCNT has not been
investigated even though the fluid transport in a YJCNT could
be markedly different from that of a single CNT because of
complex fluid–CNT interactions in the Y-junction region. In
this paper, using molecular dynamics (MD) simulations, we
demonstrate the use of YJCNT as a nanoscale ion separation
device. Specifically, using KCl as the electrolyte solution, we
separate K+ and Cl− ions through the two branches of the
YJCNT. An important aspect is to design the larger diameter
main branch and the two smaller diameter branches of the
YJCNT so that the desired ion separation can be achieved.
We performed extensive molecular dynamics calculations on
single-wall CNTs to determine the size and charge of the two
smaller diameter CNTs that are selective to K+ and Cl− ions.
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Figure 1. (a) Schematic and (b) snapshot of the system in molecular
dynamics. The green and blue balls represent K+ and Cl−,
respectively. Water molecules are not shown in the snapshot in (b).

We then connected the two branches to a larger diameter CNT
(which acts as the main branch) and thermally equilibrated
the whole system to obtain a geometrically optimized YJCNT
(see figure 1). Due to the geometrical constraints, the junction
area of the YJCNT has several nonhexagonal polygons such
as pentagons, heptagons, and octagons. The K+ and Cl− ions
are driven into the main branch by using a push plate and as
the ions enter into the Y-junction region they are separated out
through the corresponding branches because of the selectivity
of the CNTs.

2. Methods

Simulations were performed using a modified version of
GROMACS 3.2.1 [19]. For simulations on single CNTs with
bulk electrolyte on both ends, the system consisted of the CNT,
water, ions, and a slab [17]. A CNT of length 2.214 nm was
fixed within a slab membrane opening to a bulk of 1.06 M KCl
electrolyte at both ends. The dimensions of the simulation box
were 3.36 nm × 3.234 nm × 6.34 nm and periodic boundary
conditions were applied in all the three directions. The
slab consisted of pseudo-atoms mimicking the interior of a
hydrophobic phospholipid bilayer [17] and the CNT and slab
atoms were maintained at their original positions throughout
the simulation. The extended simple point charge (SPC/E)
model [20] was used for water and the ions were modelled
as charged Lennard-Jones atoms. When carbon atoms were
charged they were modelled as charged Lennard-Jones atoms.
The Lennard-Jones parameters are summarized in table 1. A
cut-off radius of 1.0 nm was used to compute the Lennard-
Jones potential. Electrostatic interactions were computed
by using the particle mesh Ewald (PME) method with a
10 Å real-space cut-off, a 1.5 Å reciprocal space gridding,
splines of order four, and a tolerance of 10−5. The SETTLE
algorithm [23] was used to maintain the water geometry
specified by the SPC/E model. The Berendsen thermostat [24]
with a time constant of 0.5 ps was used to maintain the
temperature at 300 K. The equations of motion were integrated
by using a leapfrog algorithm and the simulation time step was
2.0 fs.

Table 1. Lennard-Jones parameters.

Pair σ (nm) ε (kJ mol−1) Reference

C–C 0.3390 0.2897 [21]
S–Sa 0.3871 0.4909 [16]
H–H (SPC/E) 0 0 [20]
O–O (SPC/E) 0.3169 0.6502 [20]
K–K 0.3331 0.4148 [22]
Cl–Cl 0.4401 0.4148 [22]

a S: slab atom.

For ion separation simulations using the YJCNT, the
system consisted of a (20, 20) CNT chamber with 2.25 M
KCl, a push plate, the YJCNT, and a water reservoir (or upper
reservoir) to collect the separated ions (figure 1). The push
plate had 54 artificial heavy atoms. The atoms in the push
plate were constrained by using the SHAKE algorithm [25]
and their Lennard-Jones parameters were identical to those
of the slab atoms (see table 1). The pressure on the push
plate was maintained at around 100 MPa during the ion
separation process. Before the non-equilibrium simulation of
ion separation was started, both the upper reservoir and the
bottom container were equilibrated and then they were attached
to the YJCNT and the system was further equilibrated for
2.4 ns. The simulation time step for ion separation calculations
was 1.0 fs and periodic boundary conditions were imposed
along the x- and y-directions. Note that no periodic boundary
condition was used along the z-direction, which is the direction
along which ion separation occurs. The separated ions and the
water molecules that have traversed the YJCNT are collected
in the upper reservoir.

3. Results and discussion

3.1. Ion selectivities

In order to determine the two branches of the YJCNT, we
considered single-wall carbon nanotubes and investigated the
ion selectivities depending on the size of the nanotube and the
surface charge using MD simulations. The simulation results
are summarized in table 2. A (5, 5) carbon nanotube with a van
der Waals diameter of 0.34 nm (the van der Waals diameter of
a CNT is defined as the effective inner size of a CNT [16])
showed close to zero occupancy i.e. the occupancy of K+
(bare ion diameter is 0.266 nm [26]) and Cl− ions (bare ion
diameter is 0.362 nm [26]) is close to zero. Similarly, a (6, 6)
carbon nanotube with a van der Waals diameter of 0.47 nm
also showed close to zero occupancy for K+ and Cl− ions.
When the (5, 5) carbon nanotube was negatively charged with
a charge density of −0.097 C m−2, the tube was occupied by
two K+ ions over an 80 ns time period. This negative surface
charge density is equivalent to two electrons on the CNT
and the charge is assumed to be uniformly distributed on the
carbon atoms. A practical way of achieving this surface charge
density is to attach chemical groups with appropriate charges
on the side walls [27, 28]. The charge on each carbon atom
is calculated by dividing the total charge of 2e by the number
of carbon atoms in the CNT. When the (5, 5) carbon nanotube
was positively charged with a charge density of 0.097 C m−2,
no ions were found to enter the nanotube. When the (6, 6)
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Table 2. Cases considered for single CNT system.

vdW diameter σw No. of No. of No. of
CNT (nm) (C m−2) waters K+ ions Cl− ions Occupancy

(5, 5) 0.34 0 1310 25 25 ≈0
(5, 5) 0.34 −0.097 1310 28 25 Two K+
(5, 5) 0.34 +0.097 1310 25 28 ≈0
(6, 6) 0.47 0 1329 25 25 ≈0
(6, 6) 0.47 +0.093 1329 25 28 Two Cl−

(a) (b)

Figure 2. (a) Snapshot of water and K+ ions in a negatively charged
(5, 5) CNT and (b) snapshot of water and Cl− ions in a positively
charged (6, 6) CNT.

carbon nanotube was positively charged with a charge density
of 0.093 C m−2, the tube was occupied by two Cl− ions.

Figure 2 shows a snapshot of the water structure around
the ions in a negatively charged (5, 5) and a positively charged
(6, 6) CNT. In the bulk, the coordination number (defined as the
number of oxygen atoms at a distance less than 3.5 Å from the
ion) of K+ and Cl− is between 5 and 6, but inside the tube there
are about two water molecules in the first hydration shell. For
larger (10,10) nanotubes it was shown in [29] that the number
of water molecules in the first solvation shell is practically
identical in the tube and in the bulk phase. Even in the smaller
diameter tubes considered in this study ions are hydrated inside
the tube, but due to larger confinement effects the number of
water molecules in the hydration shell is significantly lower
than that in the bulk.

The results on the ion-selectivity of a carbon nanotube
can be understood by examining the potential of mean force
(PMF) for an ion. The PMF for an ion i , denoted Wi(z),
is calculated by integrating the mean force 〈Fi (z)〉 acting
on ion i along the nanotube axis z, i.e. Wi (z) − Wi(z0) =∫ z

z0
〈Fi(z′)〉dz′, where the mean force 〈Fi(z)〉 is obtained by
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Figure 3. Comparison of PMF profiles for a K+ ion in a neutral
(σw = 0) and a negatively charged (σw = −0.097 C m−2) (5, 5)
CNT: (a) total PMF barrier; (b) non-electrostatic and electrostatic
components of PMF.

accounting for all the atoms in the system averaged over all
the configurations and z0 is the reference position (which is
taken as the end of the simulation box) at which the PMF
is zero [30]. The mean force distribution is obtained by
placing a target ion at various positions along the nanotube
axis and sampling the force experienced by the ion [31].
Figure 3(a) compares the total PMF profiles for a K+ ion in
a (5, 5) CNT before and after introducing the surface charge.
When the nanotube is functionalized with a negative charge of
σw = −0.097 C m−2, the PMF barrier is reduced to 7.65 kBT
from 84.6 kBT (typically an ion can overcome a few kBT
barrier to enter the nanotube; for example, a K+ ion passing
through a gramicidin ion channel can overcome a PMF barrier
of 12 kBT [30]). To further understand the origin of the
barrier, the total PMF was decomposed into electrostatic and
non-electrostatic components as shown in figure 3(b). The
electrostatic barrier for the neutral nanotube mainly originates
from the ion–water electrostatic interactions. However, for a
negatively charged (5, 5) CNT, the electrostatic barrier for a K+
ion is remarkably lower because the strong K+ ion–nanotube
attraction reduces the electrostatic barrier. As a result, K+ ions
enter the negatively charged (5, 5) CNT.

The Cl− ions do not enter a positively charged (5, 5) CNT
(σw = +0.097 C m−2) as the PMF barrier is still quite large
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Figure 4. PMF profiles (total, non-electrostatic, and electrostatic) for
a Cl− ion in a positively charged (5, 5) CNT (σw = +0.097 C m−2).
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Figure 5. Comparison of PMF profiles for a Cl− ion in a neutral and
a positively charged (σw = +0.093 C m−2) (6, 6) CNT: (a) total PMF
barrier; (b) non-electrostatic and electrostatic components.

(32.9 kBT ) as shown in figure 4. It is interesting to note that,
near the mouth region, the non-electrostatic interaction adds to
the barrier because of the steric effect between the nanotube
and the ion. To overcome the steric effect, we considered a
larger diameter (6, 6) CNT. As mentioned above, a (6, 6) CNT
with no charge also has a close to zero occupancy for both
K+ and Cl− ions because of the large PMF barriers. However,
when the (6, 6) CNT is functionalized with a positive charge of
σw = +0.093 C m−2, two Cl− ions are found in the nanotube
over an 80 ns time period. As shown in figure 5, the occupancy
of Cl− ions in a positively charged (6, 6) CNT is due to the
reduction in the PMF barrier because of the strong Cl− ion–
nanotube electrostatic interactions.

In summary, the negative (5, 5) and the positive (6, 6)
CNTs are selective to K+ and Cl− ions, respectively, and these
CNTs will be used as the two branches of the YJCNT. These
basic calculations indicate that ion selectivity can be achieved
with an appropriate surface charge for the chosen (5, 5) and
(6, 6) CNTs. The charges used in this section are representative

and increasing the magnitude of the surface charge would still
provide ion selectivity. As we show in the following section,
due to complex interactions in the Y-junction region, larger
surface charges than those presented in this section are required
on the branches of the YJCNT for perfect ion separation.

3.2. Ion separation

Having determined the two branches of the YJCNT, a larger
diameter (8, 8) nanotube was selected as the main branch (or
the stem) of the YJCNT. MD simulations were carried out on
the entire system (see figure 1) consisting of the YJCNT, the
(20, 20) CNT solution chamber, the upper reservoir and the
push plate. Initially, the upper reservoir contained 1368 water
molecules and the solution chamber had 493 water molecules
and 20 K+ and 20 Cl− ions. When the push plate was given
a constant velocity of 0.5 m s−1, it forced the electrolyte to
pass through the main branch of the YJCNT. The effect of
the pressure from the plate on the Y-junction structure can be
considered to be negligible because the Young’s modulus of a
single-wall CNT is about 1 TPa [32]. When the surface charges
on the (5, 5) and (6, 6) nanotube branches were σw,(5,5) =
−0.168 C m−2 and σw,(6,6) = +0.131 C m−2, respectively, we
observed that some K+ ions also entered the (6, 6) nanotube.
Even though the (6, 6) CNT with the surface charge density
of σw,(6,6) = +0.131 C m−2 is selective only to the Cl− ions,
when the entire system comprising the YJCNT, the solution
chamber, and the push plate is simulated, the K+ ions entered
the (6, 6) nanotube because of (i) the formation of ion pairs,
(ii) the electric field at the mouth of the Y-junction, which is
different from the electric field at the mouth of a (6, 6) CNT
alone, and (iii) the large force exerted by the push plate on
the ion pairs. A perfect ion separation was observed when the
surface charge density of the (5, 5) and (6, 6) nanotubes was
increased to σw,(5,5) = −0.181 and σw,(6,6) = +0.143 C m−2,
respectively, and the junction area of the (8, 8) nanotube was
functionalized with the charges corresponding to those in the
smaller branches. Figure 6 illustrates the ion separation when
the separation is perfect. The ions enter the (8, 8) nanotube
usually in pairs/clusters (see the snapshots for t = 4.0, 4.2 ns
in figure 6), before being separated into the corresponding
branches (t = 4.4 ns). Occasionally, the ions also enter the
(8, 8) nanotube individually (see the t = 6.0 ns snapshot).
Due to the effect of confinement in the (8, 8) nanotube, the
ion pairs/clusters are formed easily and a successful break-
up of these ion pairs/clusters is required for separation. The
ion pairs are formed as a result of the movement of the push
plate, which causes the ion concentrations to be large enough
that the K+–Cl− electrostatic interaction energy exceeds the
hydration energy of the ions. The ion pairs are broken in the
separation zone (the region connecting the (8, 8) main branch
with the two smaller branches) by extending the charge on the
smaller branches to the (8, 8) main branch. Once the ions enter
the corresponding branches, the ions swiftly move from the
nanotube to the upper reservoir.

Figure 7 shows sequential snapshots of the successful
break-up of ion pairs/clusters in the perfect separation case
with σw,(5,5) = −0.181 C m−2 and σw,(6,6) = +0.143 C m−2

and the failure to break up an ion pair in the imperfect
separation case with σw,(5,5) = −0.168 C m−2 and σw,(6,6) =
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t = 4.0ns t = 6.0nst = 4.4nst = 4.2ns

Figure 6. Several snapshots from the perfect ion separation case. The green and blue balls represent K+ and Cl−, respectively. Water
molecules are not shown in the snapshots.

t = 4.28ns t = 4.304nst = 4.302nst = 4.30ns

t = 7.48ns t = 7.504nst = 7.502nst = 7.50ns

(a)

(b)

Figure 7. (a) Successful break-up of an ion pair/cluster in the perfect ion separation case; (b) failure to break up an ion pair leads to an
imperfect ion separation case. The green and blue balls represent K+ and Cl−, respectively.

+0.131 C m−2. The break-up of an ion pair/cluster is observed
when the water molecules penetrate into the ion pair/cluster as
shown in t = 4.28 and 4.30 ns snapshots (figure 7(a)). In the
imperfect separation case, water molecules only surround the
ion pair/cluster as shown in t = 7.50 and 7.502 ns snapshots
(figure 7(b)). These observations can be explained by the
PMF barriers shown in figure 8. The nanotube branches in
the perfect separation case have lower free energy barriers
compared to the free energies in the imperfect separation case.
For the negative (5, 5) branch, the PMF barrier for the K+
ion increases from 1.5 kBT to 4.3 kBT when the surface
charge density is changed from −0.181 to −0.168 C m−2.
Similarly, for the positive (6, 6) branch, the PMF barrier for
the Cl− ion increases from 9.5 kBT to 11.9 kBT when the
surface charge density is changed from 0.143 to 0.131 C m−2.
The increase in energy barrier reduces the ion flux through
the nanotube [33]. As the push plate moves upward, the
ion concentration in the separation zone increases. The ion

concentration in the separation zone is about twice as high
for the imperfect separation case as for the perfect separation
case. The average distance between K+ and Cl− is 0.7 nm
for the perfect separation case and 0.3 nm for the imperfect
separation case, and the corresponding K+–Cl− electrostatic
attraction energies are 79.7 kBT and 159.4 kBT , respectively.
As a result, the separation occurs easily when the surface
charge is higher, because the ion hydration energies (K+,
108.8 kBT ; Cl−, 149.0 kBT [34]) are larger than the K+–Cl−

electrostatic interaction energy (79.7 kBT ) and the distance
between K+ and Cl− is large enough for a water molecule (size
0.28 nm) to position itself in between the ions, breaking the ion
pair/cluster. In the imperfect separation case, the electrostatic
K+–Cl− interaction energy (159.4 kBT ) is stronger compared
to ion hydration energies. In addition, the distance between K+

and Cl− is too small for a water molecule to separate the ion
pair/cluster.
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Figure 8. Comparison of PMF profiles for ions depending on surface
charges. The perfect separation case has σw,(5,5) = −0.181 C m−2

and σw,(6,6) = +0.143 C m−2 and the imperfect separation case has
σw,(5,5) = −0.168 C m−2 and σw,(6,6) = +0.131 C m−2. (a) PMFs
for a K+ ion in a (5, 5) CNT; (b) PMFs for a Cl− ion in a (6, 6) CNT.

4. Conclusions

We have demonstrated ion separation using a Y-junction
carbon nanotube with potential applications in micro/nano total
analysis systems. A KCl electrolyte was separated into K+
and Cl− ions by using a Y-junction structure with an (8, 8)
nanotube as the main branch and a negatively charged (5, 5)
and a positively charged (6, 6) nanotube as the two smaller
branches connected to the main branch. The optimal sizes
of the nanotubes in the YJCNT were chosen by performing
simulations of single CNTs with different diameters and
surface charges. A perfect separation was observed when the
surface charge densities were σw,(5,5) = −0.181 C m−2 and
σw,(6,6) = +0.143 C m−2 whereas an imperfect separation
was observed for surface charge densities of σw,(5,5) =
−0.168 C m−2 and σw,(6,6) = +0.131 C m−2. The imperfect
separation resulted because of the transport of an ion pair
through one of the branches.

Acknowledgments

JHP would like to thank R Qiao, S Joseph, and C Y Won
for many helpful discussions and Jason Myers for the Y-
junction structure. This research was supported by the nano-
CEMMS centre at UIUC (NSF 0328162), the Network for
Computational Nanotechnology (NSF EEC 0228390), and a
grant from the NSF (0523453).

References

[1] Kuo T-C, Cannon D M Jr, Shannon M A, Bohn P W and
Sweedler J V 2003 Sensors Actuators A 102 223

[2] Kerby M B, Spaid M, Wu S, Parce J W and Chien R-L 2002
Anal. Chem. 74 5175

[3] Chatterjee A N and Aluru N R 2005 J. MEMS 14 81
[4] Monnig C A and Kennedy R T 1994 Anal. Chem. 66 280R
[5] Hollman A M and Bhattacharyya D 2004 Langmuir 20 5418
[6] Iijima S 1991 Nature 354 56
[7] Naguib N, Ye H, Gogotsi Y, Yazicioglu A G, Megaridis C M

and Yoshimura M 2004 Nano Lett. 4 2237
[8] Majumder M, Chopra N and Hinds B J 2005 J. Am. Chem. Soc.

127 9062
[9] Li J, Papadopoulos C and Xu J M 1999 Nature 402 253

[10] Gothard N, Daraio C, Gaillard J, Zidan R, Jin S and Rao A M
2004 Nano Lett. 4 213

[11] Andriotis A N, Menon M, Srivastava D and
Chernozatonskii L 2001 Phys. Rev. Lett. 87 066802

[12] Bandaru P R, Daraio C, Jin S and Rao A M 2005 Nat. Mater.
4 663

[13] Hummer G, Rasaiah J C and Noworyta J P 2001 Nature
414 188

[14] Waghe A, Rasaiah J C and Hummer G 2002 J. Chem. Phys.
117 10789

[15] Vaitheeswaran S, Rasaiah J C and Hummer G 2004 J. Chem.
Phys. 121 7955

[16] Mashl R J, Joseph S, Aluru N R and Jakobsson E 2003 Nano
Lett. 3 589

[17] Joseph S, Mashl R J, Jakobsson E and Aluru N R 2003 Nano
Lett. 3 1399

[18] Qiao R and Aluru N R 2003 Nano Lett. 3 1013
[19] Lindahl E, Hess B and van der Spoel D 2001 J. Mol. Model. 7

306
[20] Berendsen H J C, Grigera J R and Straatsma T P 1987

J. Chem. Phys. 91 6269
[21] Chen G, Guo Y, Karasawa N and Goddard W A III 1993 Phys.

Rev. B 48 13959
[22] Koneshan S, Rasaiah J C, Lynden-Bell R M and Lee S H 1998

J. Phys. Chem. B 102 4193
[23] Mayamoto S and Kollman P A 1992 J. Comput. Chem. 13 952
[24] Berendsen H J C, Postma J P M, DiNola A and Haak J R 1984

J. Chem. Phys. 81 3684
[25] Ryckaert J P, Ciccotti G and Berendsen H J C 1977 J. Comput.

Phys. 23 327
[26] Israelachvili J 1992 Intermolecular and Surface Forces 2nd edn

(London: Academic)
[27] Holzinger M, Vostrowsky O, Hirsh A, Hennrich F, Kappes M,

Weiss R and Jellen F 2001 Angew. Chem. Int. Edn 40 4002
[28] Balasubramanian K and Burghard M 2005 Small 1 180
[29] Peter C and Hummer G 2005 Biophys. J. 89 2222
[30] Allen T W, Anderson O S and Roux B 2004 Proc. Natl Acad.

Sci. 101 117
[31] Kjellander R and Greberg H 1998 J. Electroanal. Chem.

450 233
[32] Saito R, Dresselhaus G and Dresselhaus M S 1998 Physical

Properties of Carbon Nanotubes (London: Imperial College
Press)

[33] de Groot B L and Grubmüller H 2005 Curr. Opin. Struct. Biol.
15 176

[34] Hummer G, Pratt L R and Garcia A E 1996 J. Phys. Chem.
100 1206

900

http://dx.doi.org/10.1016/S0924-4247(02)00394-1
http://dx.doi.org/10.1021/ac0258103
http://dx.doi.org/10.1021/ac00084a013
http://dx.doi.org/10.1021/la049688+
http://dx.doi.org/10.1038/354056a0
http://dx.doi.org/10.1021/nl0484907
http://dx.doi.org/10.1021/ja043013b
http://dx.doi.org/10.1021/nl0349294
http://dx.doi.org/10.1103/PhysRevLett.87.066802
http://dx.doi.org/10.1038/nmat1450
http://dx.doi.org/10.1038/35102535
http://dx.doi.org/10.1063/1.1519861
http://dx.doi.org/10.1063/1.1796271
http://dx.doi.org/10.1021/nl0340226
http://dx.doi.org/10.1021/nl0346326
http://dx.doi.org/10.1021/nl034236n
http://dx.doi.org/10.1021/j100308a038
http://dx.doi.org/10.1103/PhysRevB.48.13959
http://dx.doi.org/10.1021/jp980642x
http://dx.doi.org/10.1002/jcc.540130805
http://dx.doi.org/10.1063/1.448118
http://dx.doi.org/10.1016/0021-9991(77)90098-5
http://dx.doi.org/10.1002/1521-3773(20011105)40:21<4002::AID-ANIE4002>3.0.CO;2-8
http://dx.doi.org/10.1002/smll.200400118
http://dx.doi.org/10.1529/biophysj.105.065946
http://dx.doi.org/10.1073/pnas.2635314100
http://dx.doi.org/10.1016/S0022-0728(97)00641-4
http://dx.doi.org/10.1016/j.sbi.2005.02.003
http://dx.doi.org/10.1021/jp951011v

	1. Introduction
	2. Methods
	3. Results and discussion
	3.1. Ion selectivities
	3.2. Ion separation

	4. Conclusions
	Acknowledgments
	References

