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ABSTRACT

The electronic structure and dielectric screening of finite-length armchair carbon nanotubes are studied in view of their technical applications.

For this purpose, a self-consistent tight-binding method, which captures the periodic oscillation pattern of the finite band gap as a function

of tube length, is applied. We find the parallel screening constant € to grow nearly linearly with the length L and to show little dependence
on the band gap. In contrast, the perpendicular screening constant € is strongly related to the band gap and converges for L > 10R (radius)
to its bulk value. Our description is employed to study the wall polarization in a short (6,6) nanotube filled with six water molecules, a

situation that arises with technical uses of carbon nanotubes as channels.

Single-walled carbon nanotubes (SWNTSs) can be classified screening effects in semiconducting tubes are we¥ker.
as metallic, quasi-metallic, or semiconducting, depending on Neglecting the polarization of SWNTSs could be misleading
how they are wrapped up from graphene layeWhen because the filling and transport properties of water are
SWNTs are shortened, their energy levels become quantizedsensitive to the watetrSWNT interactior?. Therefore, knowl-
which makes them suitable for applications such as quantumedge of the dielectric response of finite-size SWNTSs is
dots and single-electron transistéishas also been proposed essential for an understanding of water/ion/polymer perme-
that the small size and stable structure make short SWNTsation and for designing efficient SWNT channels.

good candidates for artificial nanoscale channels for transport  |n recent studie® density functional theory (DFT)

of water?~® protons]®ions? or polymers'® Recent experi-  calculations have been carried out in MD simulations to take
ments using X-ray diffraction and neutron scatterityy  into account the electronic degrees of freedom. However,
provided insight into the properties of nanotube-confined the finjte-size effect on the dielectric response is not well
water. The observations revealed a chain of water moleculescharacterized in these studies, and further applications are
wrapped by a shell of water, all encapsulated inside SWNTS prohibited by the high computational cost. In this work, we
with diameter around 1.4 nfi.These experiments confirm  ,sed a self-consistent tight-binding (TB) method to study
an earlier prediction that water can enter the hydrophobic the electronic properties of finite-length armchair nanotubes
interior of narrow SWNTS:® and observed how the screening behavior evolves from 0D
From the modeling point of view, artificial SWNT to 1D as the tube length increases. We believe that our
channels have been studied by means of molecular dynamicsnethod can be efficiently combined with MD simulations
(MD) simulations, focusing on both filling and transport to investigate nanotube-based channels.
properties’® In the previous simulations, the interaction  ap infinitely long armchair nanotube is metallic, but a
between water and the SWNT was usually treated throughonmo (highest occupied molecular orbital)/LUMO (lowest
a short-range van der Waals potential, and little attention unoccupied molecular orbital) gap opens in finite-length
was pgid to the polarizable nature of_the SWNT_. Unlike many pes. First principle results from different grogfsisagree
biological channels, SWNTs are highly polarizable due to i, that the gap oscillates as a function of tube length with a
their delocalizeds-electrons, which respond strongly to period of three sections. Interestingly, the obtained gap
external fields. A study of screening effects of infinitely long 1 inima are nonzero, contrary to the prediction from TB

SWNTs to an external point charge impurity has revealed theory with only nearest neighbor interactions.
that metallic nanotubes can effectively screen out the long-

range Coulomb potential along the axial direction, while In the following we show that the period of oscillation

can be explained by imposing the quantum box boundary
. . . condition and that the nonzero band gap minima can be
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Figure 1. (a) Band gap variation of a (10,10) nanotube as a function of tube length. EHMO band gaps of a (6,6) and a (10,10) nanotube
are compared in the inset to demonstrate the curvature effect. (b) Schematic description of the HOMO and LUMO orbitals of armchair
nanotubes with 2 (left) and 5 (right) sections. The positive and negative phases of the wave function are denoted by solid and open circles,
whose size represents the magnitude of the phase. A bonding or antibonding state is characterized by a dark oval or a broken line.

it has been demonstrated that HOMO/LUMO gaps calculatedat j] = —1, thus|waJand |rg[Jbecome eigenstates, which
from the extended Htkel model (EHMO}Y® are close to implies that|xz[] |7*Oare also degenerate and, hence, the
those from DFT2 Therefore, we use the EHMO to test our band gap vanishes. The second-NN interactigninvolves
TB model. The first-, second-, and third-NN hopping atoms of the same sublattice, so it only shifts the on-site
integrals used in our study amg = — 2.97 eV,y; = energy of A and B by the same amount but does not eliminate
—0.073eV,y, = — 0.33 eV1’respectively, and the overlap the degeneracy. To lift the degeneracy, one needs to include
integrals are neglected. For the sake of simplicity, the also the third-NN interactiony,. The HOMO and LUMO
structure optimization effet4®is neglected, which can be states are depicted in Figure 1b foe= 2 andl = 5. An
incorporated later by adopting distance-dependent hoppingatom and its third-NN form a bonding state if the#orbitals
integrals. are parallel; they form an antibonding state if th@rbitals
Consider an armchair SWNT aligned along #urection. are antiparallel. Due to the finite length of the nanotube,
The electronic states of the nanotube are characterized byHOMO (LUMO) has more (less) bonding states than
the angular momentum quantum numben the x-y plane antibonding states. The gap minimg at —1 are described
and the axial wave vectdt. The quantum box boundary by
condition selects the quantized wave vectorspr/L, where

p=1,2,3;:;L=(+ 1)a/2is the length of the nanotube Eg“” = —2y,ls 1)
segment witha = 2.46 A being the lattice constant ahd
the number of sections. It is convenient to wikte= 3pke/(l The HOMO/LUMO gap decreases as a nanotube becomes

+ 1), whereks = 27/3a is the wave vector at the Fermi  |onger and vanishes at infinite length, consistent with the
point. Segments of all possible lengths can be categorizedcontinuum model. Band gaps from the third-NN TB model
into three subclasses characterized by3s + j, wherej = are also plotted in Figure 1a, successfully reproducing the
0, + 1 andsis a positive integer. Lek — ke[ be minimized  oscillation pattern and capturing well the gap minima. It is
at kmin. The offsets Ak = knin — kr, take values 0;-ke/(3s also found that forrg,n) nanotubes witm > 8, the HOMO
+ 1), andkd/(3s + 2) atj = —1, 0, 1, respectively. The and LUMO orbitals obtained in our third-NN TB model are
band gap is determined by the linear dispersion relationshipnearly identical to those from EHMO.
nearkg, Eq = 2ug|AK|, wherevg = («/§/Z)yoa is the Fermi When the tube becomes narrower, effects due to curvature
velocity?! It follows directly that the band gap oscillates with  emerge. The EHMO band gap patterns of (6,6) and (10,10)
a period of 3 inl. The tube length dependence of the band nanotubes are compared in the inset of Figure 1a (same as
gap from TB and EHMO is compared in Figure 1a. As one Figure 5 in ref 2). While the maxima of the (6,6) tube are
can see from both the nearest neighbor TB model andstill atj = 1, the minima change froin= —1 toj = 0 when
EHMO, the band gap oscillates with a period of 3. Similarly, s> 4. The change in gap minima results from a shift of the
within each period, there is a minimumjat — 1. However, real Fermi point fromke to k'r due to the curvature effeét.
the NN TB model does not reproduce the finite band gap in For armchair nanotubes, it can be proved that the relationship
EHMO, yielding a zero band gap instead for= —1. This holds
discrepancy could be detrimental for a proper description of
polarizabilities. W k= _T

The discrepancy can be understood as follows. Within the Ak =K~k zﬁnsz @
first-NN TB Hamiltonian, the HOMO and LUMO orbitals,
|zCand|z* [ can be constructed from the linear combination As Akg is negative and assuminkg is small compared to
of [maand|zgl) the degenerate standing wave statdg,at m/L, one concludes that the band gap increasgs=at-1,
of sublattices A and B of the SWNKmin coincides withkg and decreases by the same amoung at 0. Without
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@ T T T T T T T ;P. LUMO band gap comes from the specific symmetry of
g Mo ] armchair SWNTs, which forbids the direct transition from
[ m-mi-aen L=, ] the HOMO state to the LUMO state due to their opposite
] 6L - —2 | parities about the vertical mirror operati&rOnly transitions
i o™ M 1 between states with the same parities are allowed, and due
4 - to energy quantization, the lowest transition energy scales
; L ——— as AE ~ 1/. One also finds that at fixed length, the
e -t bt dielectric response becomes stronger as the radius of the
B R i ST LT I nanotube decreases, as a result of the increasing aspect ratio
£ ’_.E-a'?'ﬁ"ﬂ' | L/R.
3k = _ Shown in the inset of Figure 2a is the induced charge
i .f( ] distributionp™™® on a (10,10) SWNT with 24 sections. In the
Y Y Y U S B middle region,p™ is almost linearly distributed, while a
0 10 20 30 40 50 60

larger portion of positive and negative charges accumulates
at the ends due to the edge effect. In addition to the linear
Figure 2. Dieleptric screening consta_nt in the direction (a) parallel profile, the induced charges also oscillate along the axis with
or (b) perpendicular to the tube axis for a (10,10) SWNT as a a wavelength oft = 3a/2, corresponding to the length of
function of the number of sectionk The inset shows the : . '

corresponding induced charge distribution at 24 along the axis ~ t'fé€ sections. This can be understood from the energy
(summed over the circumference). spectrum of an infinitely long armchair SWNT, which has
degenerate states at the two Fermi poiht&r. Transition
between these two energetically equivalent states results in
an infinite response functiop(q) atq = 2k = 27/, which

n causes the short wavelength Friedel oscillatiop®f'® This

Number of Sections

considering the curvature effect, the band gap difference
between subclass¢s= —1 andj = 0 diminishes a$ gets
larger. Whenever this difference becomes smaller tha Riehi i
20| Akel, the minima of the band gap switch o= 0 as type qf OSCI|!atI0n is Iargely independent of models and was
seen in the inset of Figure 1a. seen in earlier calculatior?s.

The dielectric properties of SWNTs can be characterized ~Perpendicular Dielectric Responselt is predicted that
by defining a dielectric constart = Veu/Vio, relating the ~ for infinitely long SWNTs the perpendicular dielectric
external and total electrostatic potentak andVi, defined ~ constankn is about 5, almost independent of the radit.
on the SWNT surface. In Fourier space, the dielectric Figure 2b shows the length dependencee@f which is
function can be written as(q) = 1 + ¥m(Q)Gm(Q), Where always larger fol = 3s — 1, compared to the other two
the density response function,(q) and the electrostatic ~ subclasses. In this case, due to the conservation of angular
kernel Gy(q) are labeled by the axial wave vectqrand ~ Momentum, only coupling between states witim = +1 is
angular quantum numben = k,R. The electric potentials ~ allowed?* A smaller band gap corresponds to a smaller
imposed by uniform electric fields parallel and perpendicular transition energy and results in a larger dielectric constant.
to the axis correspond tm = 0, g — 0, andm= +1,q = Unlike the parallel dielectric responsg, quickly converges
0, respectively? To investigate the size effect on the 10 its bulk value when the length exceeds a value 10 times
dielectric behavior of SWNTs, we extract the average the radius. This is due to ligo G.1(q) — constant, leaving
screening constanf, andeg at the middle region of a short ~ the long wavelength contribution less important than in the
SWNT and compare the results with those for long SWNTs. Parallel case. A small increase én is observed when the

Parallel Dielectric Response.The parallel dielectric ~ nanotube becomes narrower.
function €,(q) depends on the type of SWNT; e.g., in the Dipole Screening.Figure 3 depicts the dielectric response
long wavelength limio(q) is a constant for metallic SWNTs ~ of a short (6,6) SWNT to an external dipglg, consisting
andy(q) O ? for semiconducting SWNTZ.In contrast to of two unit charges of opposite sign separated by a distance
bulk materials wher&(q) 0 g2, for quasi-1D materials such ~ @2 along the tube axisu is effectively screened by the
as nanotube$G(q) diverges as IrfR). Thus, an infinitely induced charges" on the SWNT when positioned near the
long armchair nanotube is predicted to completely screen SWNT center £ = 0), with the ratio|uuo| < 15% forl >
out parallel electric field$? since limy-o €°(q) O limg—o 12, whereu®® = uo + 3ip!"'z. The ratio approaches 1 as the
—In(gR) — «. However, since the screening mostly arises external dipolexo moves toward the tube edge until the
from contributions at smali's through InR), by limiting induced dipole flips its sign whepo, moves outside and
the length of the SWNTSs, we expect a drastic reduction of imposes an effective attraction to the external dipole. This
their screening ability, agmin ~ 1/L. In Figure 2a, we plot ~ feature may affect the entering probability of dipole mol-
the length dependence gffor a (10,10) SWNT calculated ~ ecules, e.g., water, into the SWNT channel.
by the self-consistent TB method. Heegincreases almost Figure 4 is a snapshot taken from a classical MD
linearly with the tube length and the three subclassels of simulation with the same parameters as used recéfihe
collapse almost independent of their band gaps, which maysimulated (6,6) nanotube is 13.4 A long and 8.2 A in
differ by a factor of 4 to 5. This seems to be in contrast to diameter. Due to the confinement of the tube interior, six
the case of infinitely long semiconducting SWNTs, where water molecules are arranged in single file. By forming
e”fvEgz.lg In this case, the independence of the HOMO/ hydrogen bonds, their dipole moments are preferably aligned
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to the interaction between the proton and its image charge.
The stabilization energy can be roughly estimated-@66

eV by considering a single positive charge at the center of
the nanotube in our model, which agrees with #H&60 eV
value from ab initio calculatioB.On the other hand, it has
been proposed to functionalize short SWNTs or apply
external electric fields to enhance the transport of water and/
or ions®° In these situations, the screening from the surface
charges on the SWNT is also important. Another factor that
could affect molecular transport is the edge effect. For
SWNTs saturated with hydrogen atoms at edges, DFT
calculation®® reveal a significant charge transfer between
Figure 3. Effective screening ratig*/uo of a dipole positioned o hyqgrogen and carbon atoms at zero external field. This

along the axis of a (6,6) SWNT. The location of the dipole relative N . L .
to the tube centeris scaled by tube lengthwith 6, 12, 24 sections, charge redistribution contributes significantly to the electric

respectively. The dashed line indicates the right end of the finite field near the tube edges.

SWNT. For the model system discussed above, six water molecules
confined in a short SWNT, full quantum mechanical simula-
tions are tractable today. However, approximate yet quali-
tatively correct quantum mechanics/molecular mechanics
methods need to be developed to properly characterize the
polarizability of SWNTs for even larger systems. For
example, to simulate nucleic acid transport through a carbon
nanotube channel as observed recetitlipne needs to
account for ions, several base pairs of DNA, more than one
thousand carbon atoms from the nanotube, and several
thousand water molecules in the unit cell. In this case, full
guantum mechanical calculations are too formidable, but the
scheme proposed here is very suitable. Work is in process
Figure 4. Background is a snapshot taken from a MD simulation to study the molecular transport in short polarizable SWNTs

of a 6-water-wire (ball-stick representation) inside a (6,6) nanotube by combining MD simulatiof with our computational
segment with 12 sections. Water molecules outside the nanotubegcheme.

are not shown for clarity. The overlaying curve plots the summed . . -

induced surface charges (in squares) of each section of the nanotube. We have studied the electronic structure of finite-length
This figure was produced with VMR armchair SWNTs within a TB description. By including the

third-nearest-neighbor interactions, we reproduce successfully

along the tube axis. During the 1 ns simulation, the total the DFT oscillation pattern of the band gap as a function of
dipole moment of the confined water molecules is 1348 tube length. As the tube length increases, the three subclasses
1.28 Debye, with an axial component ef11.57 + 1.31 of SWNTs exhibit similar responses for parallel fields and

Debye. For the given snapshot, the total water dipole is 12.23different responses for perpendicu!ar fields. The polarizqtion
Debye. The electrostatic field of the water dipoles polarizes ffect of short SWNTs was also illustrated by computing
the nanotube and induces a charge distribution on thethe induced charges of a water-filled SWNT. Substantial
nanotube surface (see Figure 4). The resulting effective SCeening of the dipole moment of the confined water
counter-dipole leads to a net dipole of 5.24 Debye, which is Molecules is found and the Coulomb interaction energy
much less than the original value. A similar strong screening Petween water and the image charges (abokiTg turns

effect has also been observed in an ab initio calculdtion. ©ut 1o be appreciable. The proper modeling of carbon

The polarization of SWNTSs is expected to affect the filling nanotube wall polarization provided by our ”_‘eth‘)d even for
of nanotubes. According to previous classical MD studies, large systems should advance further studies of molecular
filling of the hydrophobic (6,6) SWNT interior results from  ransport through carbon nanotube channels.

a delicate energy balance, which is subject to change under
external perturbations as small as a fley¥.® Provided that
the Coulomb energy between the confined water wire an
the image charges on the SWNT is aboutkgl, the

polarization effect is indeed not negligible, and the filled DURINT contract SIT 527826-08, and by DoE grant DE-
state is expected to be energetically more favorable than theFGOZ'OlER45932'
unfilled state. The polarization effect also plays a key role
in proton transport through a water-filled SWNT. Compared
with a neutral water wire, the energy of the wat&WNT @ Sfag@t'?-i ?\lfessf'gag& G, ?rgsﬁe'hag’s’ M?@‘S_Sica' Pfopigi;g
complex is lowered when a proton is introduced at the middle ‘F’eocﬁgf(‘;’{;, Ai”gaﬁaﬁugj ﬁ;‘?r;‘,; A?,OZ%; ;;?Shys'.ngﬂzzéﬁggg '
of the water wire. This enhanced stabilization is mainly due 103 641-646.
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