
Carbon nanotube screening effects on the water-ion channels
Yang Xu and N. R. Alurua�

Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign,
Urbana, Illinois 61801, USA

�Received 9 May 2008; accepted 3 July 2008; published online 31 July 2008�

A self-consistent tight-binding method is used to investigate the screening effects of semiconducting
and metallic single-wall carbon nanotubes �SWCNTs� when the water molecules and various
charged ions pass through the nanotubes. The trajectories of ions and water molecules are obtained
from molecular dynamics simulations. It is shown that metallic SWCNTs have much stronger
screening abilities than semiconducting SWCNTs. Our results indicate that it is possible to distinctly
identify different ions and also to differentiate between armchair and zig-zag nanotubes. © 2008
American Institute of Physics. �DOI: 10.1063/1.2963975�

Carbon nanotubes �CNTs� have many exquisite proper-
ties that can be exploited to develop next generation devices
with high sensitivity, fast response, low cost, and large vol-
ume production.1,2 Recently, CNT membranes have been
demonstrated as ultraefficient gas and liquid transporters.3

The flow of a liquid on single-walled CNT �SWCNT�
bundles has been shown to induce a voltage in the sample
along the direction of the flow.4 CNTs have been used for
various sensing applications-for example, as chemical sen-
sors for selective detection of nitrogen oxide �NO2� and am-
monia �NH3�.5 Molecular dynamics �MD� simulations reveal
that water and ions enter the hydrophobic interior of
SWCNTs with a radius as small as a few nanometers by
forming well-organized structures.6 Despite many successful
predictions by MD simulations, the nanotube models used in
existing MD simulations provide an incomplete description
of nanotube electrostatics as they ignore the nanotube
polarizability.7 SWCNTs can be semiconducting or metallic
depending upon the tube diameter and the chirality.8 Among
the general chiral �n ,m� CNTs with infinite lengths, all arm-
chair nanotubes and those with n−m=3j �j being a nonzero
integer� are metallic. All others are semiconductors with
band gap inversely related to the diameter of the nanotube.
Prior studies have investigated screening effects of CNTs
under uniform parallel and transverse electric fields.7–11

Semiconducting CNTs demonstrated significantly weaker
screening compared to metallic CNTs. Relatively less efforts
have been invested to study the polarizability and screening
effects of CNTs under general electric fields generated by
water dipoles and charged ions inside SWCNTs. In this pa-
per, we investigate screening abilities of metallic and semi-
conducting SWCNTs when they are filled with water and
various ions. The structure of water and ions inside the
SWCNTs is obtained by performing MD simulations. The
results from MD simulations are then used in tight-binding
�TB� simulations to investigate the screening effects of me-
tallic and semiconducting SWCNTs.

A schematic of the system is shown in Fig. 1. Positively
and negatively charged monovalent and divalent ions such as

Ca2+, K+, Cl−, SO4
2−, and NH4

+ together with water mol-
ecules, are transported from reservoir A to reservoir B
through the CNT. We considered 5.3 nm long hydrogen-
terminated �10,10� metallic and �16,0� semiconducting CNTs
attached to reservoirs at both ends �see Fig. 1�. Both the
CNTs have similar diameters �diameters of �16,0� CNT and
�10,10� CNT are 1.253 and 1.356 nm, respectively� but dif-
ferent electronic properties. Geometry and atomic partial
charges of the water molecules are assumed to be given by
the simple point charge/extended model.12 Partial charges of
NH4

+ and SO4
2− ions are given by q�N�=−0.3451e, q�H�

= +0.3363e, q�S�= +3.0637e, and q�O�=−1.2659e,
respectively.13,14 Small neutral molecules such as dimethyl
ether CH3OCH3 �q�CH3�= +0.094e, q�O�=−0.188e� �Ref.
14� were also considered. For simplicity, we assume that the
existence of CNT will not change the partial charges of the
ions and water molecules. As water molecules and ions move
from reservoir A to reservoir B under a concentration gradi-
ent or an electric field, the electrostatic potential is computed
at a point outside the CNT to understand the screening of the
electric field generated by the water molecules and ions in-
side the CNT. The electrostatic potential is measured at the
point located above the center of the CNT at a distance of
0.15 nm from the nanotube surface. Water dipoles can also
partially screen the electric field generated by the ions, how-
ever, when water and ions enter the hydrophobic interior of
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FIG. 1. �Color online� Schematic of the system. Water and ions are trans-
ported from reservoir A to reservoir B through the CNT. The potential varia-
tion is detected as the hydrated ions pass through the CNT. The system can
be used to detect the polarity of the ions as well as the rate of transport. The
measuring point is located above the center of the CNT at a distance of
0.15 nm from the nanotube surface. The size of the simulation box for the
�16, 0� CNT case is 3.20000�3.20000�8.69289 nm3 and for the �10, 10�
CNT case is 3.20000�3.20000�8.7682 nm3. These simulation boxes are
large enough to mimic a bulk water environment according to the work of
Hummer et al. �Ref. 3�.
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small diameter SWCNTs, water molecules form well-
organized structures which can dramatically reduce the over-
all screening ability of water molecules,7 which makes the
effective electronic potential generated by ions more compli-
cated.

Self-consistent TB calculations based on an sp3 orthogo-
nal model are employed to calculate the electrostatic poten-
tial distribution as ions/water molecules move through the
CNTs. Ab initio methods are typically more accurate to pre-
dict the electronic properties of nanostructures. However, the
high computational cost prevents their wide spread use for
large structures. An alternative is to use TB methods, which
are reasonably accurate but computationally more efficient
compared to ab initio methods. Denoting by � and � the
orbitals of the ith and jth atoms of CNT, respectively, the TB
Hamiltonian element is given by

Hi�,j� = ���i� + e��ri�� when i = j and � = � ,

H��
0 �rij� when i and j are neighbors,

0 otherwise,
�
�1�

where H��
0 �rij� are directly obtained from the table of Slater

and Koster,15 �i� is the onsite energy of � th orbital, ��ri�
=Ui

ext+�kUik
int, Ui

ext is the external Coulomb potential, and
Uik

int is the Coulomb potential on atom i generated by the
charge located at rk, which is expressed in a smoothed form
as Uik

int=q�rk���4��0�ri−rk��2+U0
2�−1/2. U0=14.6 eV is the on-

site Hubbard energy.16 The TB parameters for hydrogen and
carbon atoms are adopted from Refs. 17 and 18. In the self-
consistent approach, an initial potential generated by ions
and water dipoles is used to compute the total TB Hamil-
tonian from Eq. �1�. After the total Hamiltonian is computed,
the local density of states �LDOS� at atom r j, denoted by
N�r j ,E�, can be expressed as the imaginary part of the diag-
onal elements of Green’s function matrix �see, e.g., Refs. 19
and 20 for details�,

N�r j,E� = − �−1 lim
�→0+

Im Gj,j�E + i�� . �2�

The LDOS can be efficiently calculated from Green’s func-
tion by using Haydock’s recursion method,21 where the
Green’s function is expressed as a continued fraction based
on the local TB Hamiltonian.20 The LDOSs are then used to
compute the corresponding atomic charge on atom j, q�r j� by

q�r j� = − 	�
�



−�

�

N�r j,�,E�fe�E�dE − Zc� , �3�

where if atom j is a carbon atom, the ionic core charge is
Zc=4.0, and if atom j is a hydrogen atom, then Zc=1.0.16

fe�E� is the Fermi–Dirac distribution for electrons. Next, the
potential is updated by using the new charge distribution and
the process is repeated until a self-consistent solution is ob-
tained. In the MD simulations, the initial systems were
equilibrated for 100 ps under a constant pressure of 1 bar
and then switched to NVT ensemble. Nonequilibrium MD
simulations were performed for ion transport to obtain the
coordinates of water and the ions at intervals of 1 ps for TB
simulation. After obtaining the coordinates of the charged
molecules, the Coulomb potential ��r� in Eq. �1� is com-
puted to construct the TB Hamiltonian, then the TB equa-
tions �Eqs. �1�–�3�� are solved self-consistently to get the

new charge and potential distribution.20 In Fig. 2, three MD
snapshots are shown to illustrate the transport of SO4

2− in the
�16,0� semiconducting CNT from reservoir A to reservoir B.
To compute the potential shown in Fig. 3, we compute the
average potential at the measuring point as a reference po-
tential before the ion enters the CNT. Next, once the ion
enters the CNT, we denote the potential at the measuring
point as perturbed potential which is a function of the ion
position. The maximum potential difference between the per-
turbed and the reference potential for various ions with both
CNTs is shown in Fig. 3.

From the computed potential, the polarity and the va-
lence of the ions can also be determined. For example, Ca2+

ions generate positive potential in both �10,10� and �16,0�
CNTs. As the �10,10� CNT has much stronger screening abil-
ity compared to the �16,0� CNT, the potential computed with
the �10,10� CNT �see Fig. 4 for variation of the potential at
the measuring point with the position of the ion inside the
CNT� is much smaller compared to that measured with
�16,0� CNT �see Fig. 4 for variation of the potential with ion

FIG. 2. �Color online� Three MD snapshots show location of SO4
2− ion as it

traverses the �16,0� semiconducting CNT from reservoir A to reservoir B. In
the top snapshot, ion is located at the entrance of the CNT, in the middle
snapshot, ion is located in the central region of the CNT and in the bottom
snapshot, ion is located near the exit region of the CNT.

FIG. 3. �Color online� The maximum potential difference calculated at the
measurement point in Fig. 1 for different ions and molecules as they pass
through the CNT. Note that the �10,10� metallic CNT screens out the poten-
tial and a smaller potential is measured compared to the �16,0� semiconduct-
ing CNT. Neutral molecules generate much smaller potential than charged
ions. Error bars on the calculated potential are also shown. These error bars
arise because of the different MD trajectories.
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position inside the CNT�. Similarly, SO4
2− ions generate

negative potential in both CNTs. Ca2+ ions induce larger po-
tential than K+ ions in both CNTs as Ca2+ ions have higher
valency compared to the K+ ions. Neutral molecules induce
much smaller potential compared to the charged molecules,
as shown in Figs. 3 and 4. NH4

+ ion induces a slightly larger
potential than K+ ion as the water molecules can screen out
the field generated by K+ better than NH4

+ due to the smaller
effective volume of K+ compared to the NH4

+. The results
shown in Fig. 3 can also be used to ascertain whether the
CNTs are metallic or semiconducting as the metallic tube
screens out the potential and gives a substantially lower po-
tential compared to the semiconducting nanotubes. These re-
sults indicate that the response of CNTs to the electric field
generated by ions/molecules is sensitive to the detail of the
tube electronic structure. For the SWCNT, since the polar-
ization is mainly due to charge redistribution within the cy-
lindrical surface, this can be sensitive to the chirality. Finally,
the theoretical results presented in this paper could pave way
toward developing ultraefficient, next generation CNT based

nanofluidics devices that could detect ions, poisonous gases,
and sequence specific DNA.
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FIG. 4. �Color online� Potential calculated at the measuring point �see Fig.
1 for the location of the measuring point� when Ca2+, CH3OCH3, and SO4

2−

translocate through the �10,10� metallic CNT and �16,0� semiconducting
CNT.
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