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’ INTRODUCTION

In recent decades, nanoscale water in confined environments
has attracted considerable attention owing to its great impor-
tance in many systems of science, including biology, molecular
devices, nanofluidic devices, inorganic materials, electronic de-
vices, and geology. It has enormous promise in substantially
improving the performance and efficiency of many applications
such as biological/chemical systems,1�3 water purification
systems,4 and fuel cell devices.5 In addition, the spatial dimen-
sions of nanotubes are comparable to those of biological ion
channels providing a simple model environment to understand
the primary behavior of water in complex biological systems.

With the development of new experimental and computa-
tional facilities and technologies, the behavior of water molecules
at the nanoscale has been extensively investigated. For example,
water molecules have been filled into carbon nanotubes (CNTs)
experimentally, and the in situ high-resolution study of water
confined in a multiwalled CNT system has been reported.6,7

Neutron scattering experiments also show entry of water into an
open-ended single-walled nanotube and identified an ice-like
water structure.8

It is expected that water molecules confined in nanometer-
sized channels or pores have structural, transport, and thermo-
dynamics properties different from those of bulk liquid water due
to the influences of the water�wall interactions, the small
channel diameter, and hydrogen bonding between the water
molecules.9�16 Koga et al. found that, when confined inside a
single-walled carbon nanotube (SWCNT) under axial pressure,
water can exhibit a first-order freezing transition to hexagonal

and heptagonal ice nanotubes and a continuous phase transfor-
mation into solid-like square or pentagonal nanotubes.15 In 2006,
Holt and co-workers experimentally found that the water flow
rate through a CNT with a radius of 1�2 nm was more than 3
orders of magnitude faster than the conventional nonslip hydro-
dynamic flow.12 Hummer et al. also reported fast water transport
in CNTs using classical molecular dynamics (MD) simulations.9

For smaller diameter tubes (8.1 Å), they found that water
diffusion occurs as a burst-like mechanism, stemming from the
presence of single-file water chains capable of moving with little
resistance.

When water is confined in very narrow nanochannels with
appropriate radii, the water molecules form a hydrogen-bonded
single-file chain.9 The unique dynamic property of confined
water within CNT arises from the weak interaction between
the water molecules and the hydrophobic CNT and the hydro-
gen bonding in the single-file water chain.

Since CNTs possess extraordinary physical and chemical
properties, the behavior of the water molecules encapsulated
inside the CNT system has been extensively investigated.17

Recently, the study on the nanoscale water in confined environ-
ments has been extended to nanotube systems of other elements,
such as a boron nitride nanotube (BNNT). Won and Aluru
reported that the (5, 5) BNNT can conduct water owing to the
comparatively strong interactions between N atoms on the
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ABSTRACT: In the present work, water molecules confined
inside single-walled silicon carbide nanotubes (SiCNTs) are
studied using density functional theory calculations. A set of
periodic boundary condition models are established for seg-
ments of single-file water chains, infinite single-file water chains,
and infinite multifiled water networks encapsulated within the
periodic armchair and zigzag SiCNTs with (5,5), (6,6), (8,0),
(9,0), and (10,0) chiralities. Two hybrid density functionals
with and without dispersion correction, ωB97XD and B3LYP,
respectively, are employed in all calculations for structure,
interaction energy, and charge analysis. Although the silicon
carbide surface is essentially hydrophilic, water molecules within
SiCNTs have structures and properties that resemble those in
the hydrophobic single-walled carbon nanotube since both are controlled by the geometry confinement. It is necessary to include
dispersion corrections to describe the weak interactions between the water molecules and the SiCNT wall which arise mainly from
van der Waals interactions and a slight charge transfer from SiCNT to the enclosed water molecules.
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BNNT and water molecules, which makes BNNT a promising
alternative ion-channel candidate to CNT.18 A further study by
Won and Aluru based on first-principles density functional
theory (DFT) and molecular dynamics (MD) simulations
revealed that the wetting behavior of a (5,5) BNNT is improved
by the presence of partial charges.19 The water diffusion and
structure are also affected by the diameter of the particular
BNNT. Yuan and Zhao revealed that the charge redistribution
in a water-filled single-walled BNNT can generate a voltage of
several millivolts between the two ends of the tube, which make
the system a promising candidate for a synthetic nanoscale power
cell and as a practical nanopower harvesting device.20

More recently, SiCNT has been successfully synthesized by
several different groups.21�29 Similar to the BNNT, it has a large
band gap, possesses a reactive exterior surface that facilitates
sidewall decoration, and has stability at high temperature.30,31 As
a result, both BNNT and SiCNT have potential applications as a
replacement for CNTs in electronic devices operating under
harsh conditions of high temperature, power, and frequency.32

Given that SiCNTs may possess unique properties, it is of
interest to study the potential application of SiCNT to biological
science such as for molecular channels to transport water or ions.
Unlike the CNT and BNNT systems, there have been no studies
on the structures and properties of water confined inside SiCNT
systems. In contrast to the CNT’s hydrophobic surface, the SiC
surface is hydrophilic.33 It is reported that hydrophilic and
hydrophobic nanotubes may have different abilities to transport
water.34

In this paper, we examine the structures and properties of
water molecules confined in a variety of SiCNT systems. We first
present the computational methods and models in Section II,
and then the structures, energies, and electronic property are
analyzed in Section III. Finally, in Section IV, we list some of the
salient points uncovered from our computational studies.

’MODELS AND COMPUTATIONAL METHODS

We focus on two chiralities of SiCNT systems, namely,
armchair and zigzag. For both chiralities, only type-1 arrange-
ments were considered. These systems have alternating Si and C
atoms with each Si atom having three C neighbors and vice versa
and are energetically preferred over alternative arrangements
containing C�C and Si�Si bonds.35,36 Also, only structures with
diameters large enough to contain water molecules were used,
i.e., (5, 5), (6, 6), (8, 0), (9, 0), and (10, 0). All SiCNTmodels are
built with a single supercell containing six hexagonal rings along
the length of the nanotube. With the exception of (6, 6) SiCNT,
six or seven water molecules were placed in each SiCNT with
random orientations. For SiCNT(6,6), with a much larger
diameter (over 10 Å), 17 water molecules were placed in it. This
number was chosen to give a number density comparable to that
of bulk water.

The structures of the various systems were initially opti-
mized by performing plane wave basis pseudopotential calcu-
lations using the CPMD package.37 The supercells in the
three-dimensional periodic boundary condition (PBC) model
were 15 Å in the x- and y-axis to leave enough vacuum space
between the real and image nanotubes, with the infinite
nanotubes lying along the z-axis. The geometry optimizations
were performed using the Limited-memory Broyden�Fletcher�
Goldfarb�Shanno (LBFGS) algorithm with a variable-cell vec-
tor. All calculations were conducted using the BLYP-type GGA

functional with norm-conserving Troullier�Martins pseudopo-
tentials in the Kleinman�Bylander separable form. The wave
functions were expanded using a plane-wave basis set with a
kinetic energy cutoff of 80 Ry.

On the basis of the optimized structures obtained from the
above first-principles plane wave pseudopotential calculations,
further geometry optimizations were conducted using DFT
calculations as implemented in the Gaussian 09 package.38 This
code uses a localized Gaussian basis that allows the study of one-
dimensional infinite nanotube structures without interactions
with imaging nanotubes. All optimization processes are per-
formed until the maximum/root-mean-square force on a single
atom converged to less than 0.00045/0.0003 au and maximum/
root-mean-square displacement converged to less than 0.0018/
0.0012 au.

It is well-known that both local density approximation (LDA)
and generalized gradient approximation (GGA) DFT cannot
accurately reproduce dispersive or van der Waals interactions.
These interactions are potentially significant for water in a
confined space. In an attempt to account for this, we performed
a series of benchmark calculations on the structure and binding
energy of water dimer using different DFT functionals. The
purpose of these calculations was to verify the accuracy of our
simulation setup and to provide information on the ability of
different functionals to account for the sort of intermolecular
interactions that are of importance. The benchmark calculations
include use of the BLYP GGA functional and the B3LYP hybrid
method. The PW91GGA functional was also considered as it has
been reported to be able to represent hydrogen bonding well.39

In addition, we also used the ωB97XD dispersion corrected
hydrid DFT method.40 Various sizes of split valence basis sets
with polarized and diffuse functions were employed, including
the 6-311 g**, 6-311+g**, and 6-311++g** sets as implemented in
Gaussian 09. Binding energy computations were performed
using the counterpoise method to correct for basis set super-
position errors (BSSE).

The distances between the two oxygen atoms, RO�O, and
the binding energies between the two water molecules in a
water dimer calculated using the various basis sets and DFT
methods are shown in Figure 1. These values are compared
with the reported values of 2.912 Å for the bond length

Figure 1. Optimized structure and binding energy of the global
minimum structure of water dimer.
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and �5.02 kcal/mol for the binding energy given by Klopper
et al. in their extensive computational study of water dimer.41

Error bars have been added to indicate values that are within a
range of 0.005 Å for the bond length and 0.7 kcal/mol for the
energy of the results of Klopper et al.

It is noted that the two GGA functionals, BLYP and PW91,
tend to overestimate or underestimate the RO�O distance and
the binding energy. The hybrid function B3LYP in conjunction
with the 6-311+g** or 6-311++g** basis sets can reproduce the
RO�O distance and the binding energy of Klopper et al.41 with
the smallest error. The ωB97XD results have shorter RO�O

distances and stronger binding energies than the B3LYP results
owing to the additional attractive contribution of the dispersion
correction.

The calculated hydrogen bond angle is 175.0� and 175.2� for the
B3LYP/6-311++g** and ωB97XD/6-311++g** calculations, re-
spectively; these lie within 0.5% of the reference value of 174.5�.41

The performance of the two hybrid DFT functionals was
examined further by considering the ten other stationary points
on the water dimer potential energy surface identified by
Anderson and Tschumper.42,43 Starting from each of these
structures, geometry optimizations were performed using the
B3LYP/6-311+g** andωB97XD/6-311+g** methods. For these
structures, the distances between the two oxygen atoms, RO�O,
and the energies of the optimized water dimer stationary
structures relative to the energy of the global minimum, ΔE,
are shown in Figure 2. For comparison, the reported values
obtained using the CCSD(T) and B3LYP methods in combina-
tion with a TZ2P(f,d)+diffusion basis are also shown.

From the above, it is clear that both the B3LYP/6-311+g** and
ωB97XD/6-311+g** methods can reproduce well the reported
energetic and structural ordering obtained using the B3LYP and
CCSD(T) methods and the large triple-ζ basis set.42,43 The
largest difference is for the distance between the oxygen atoms,
which is a bit shorter in the ωB97XD calculations due to the
additional dispersive contribution.

On the basis of the above analysis, the B3LYP methods were
employed in this work, and ωB97XD was used to evaluate the
effect of dispersion. As both the 6-311+g** and 6-311++g** basis
sets gave similar results, the former computationally cheaper
basis set was employed for the water molecules. This was
combined with a smaller 6-31g* basis on the Si and C atoms in
SiCNT. The validity of the SiCNT basis set is considered in the
next section.

To identify the interaction between the water and the SiCNT,
we define the coupling energy per water molecule using the
following formula

EC ¼ ðEcomplex � ESiCNT � EnH2OÞ=n ð1Þ

where Ecomplex is the total energy of the SiCNT complex with the
nH2O confined within it and ESiCNT and EnH2O are the energies
of the isolated SiCNT and nH2O systems using the same
geometries as in the complex.

To characterize the interwater interaction, we define the
binding energy per water molecule as follows

EB ¼ ðEcomplex � ESiCNT � ∑
i¼ 1, n

EiH2OÞ=n ð2Þ

where Ecomplex and ESiCNT have the same meaning as in eq 1,
while ∑i=1,nEH2O

i sums the total energy of each individual
water molecule. EB measures the average interaction between
a water molecule and its environment, including the contribu-
tions to EC and the hydrogen bonding from a water molecule.
As a result, the hydrogen bonding strength per water mole-
cule, EH�bond can be evaluated as the difference between EB
and EC, i.e.

EH�bond ¼ EB � EC ð3Þ

Figure 2. Relative binding energy ΔE and RO�O of different water
dimer stationary structures: 1, nonplanar open Cs (global minimum); 2,
open C1; 3, planar open Cs; 4, cyclic Ci; 5, cyclic C2; 6, doubly bifurcated
C2h; 7, triply hydrogen bonded Cs; 8, doubly bifurcated C2h; 9,
nonplanar bifurcated C2v; 10, planar bifurcated C2v. The two sets of
reference values of CCSD(T)/TZ2P(f,d)+dif and B3LYP/TZ2P(f,d)
+dif from refs 42 and 43, respectively.

Table 1. Calculated C�Si Bond Length, dC�Si, and Dia-
meters of SiCNTs Compared with Reference Values (in Å)

dC�Si diameter

chirality B3LYP ωB97XD B3LYP ωB97XD reference

(4,4) 1.794 1.785 6.890 6.853 7.02236

(5,5) 1.792 1.784 8.590 8.547 8.62044,30

8.64032

8.76036

(6,6) 1.792 1.783 10.293 10.244 10.245

10.346

10.45136

(7,7) 1.791 1.783 11.997 11.941 12.0347

12.0530

(8,0) 1.793 1.785 7.983 7.946 7.8747

7.9045

8.0046

8.0132

8.0644

8.07435

(9,0) 1.792 1.784 8.958 8.916 8.8947

9.0535

(10,0) 1.792 1.784 9.936 9.890 9.9530

10.04735
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’RESULTS AND DISCUSSION

SiCNT Systems. We first consider the equilibrium configura-
tions for the (4,4), (5,5), (6,6), (7,7), (8,0), (9,0), and (10,0)
series of SiCNTs and compare them with those reported
results.30,32,35,36,44�47

The C�Si bond length, dC�Si, and diameter of each SiCNT
are listed in Table 1. For all SiCNTs, the dC�Si values calculated
using B3LYP are approximately 1.79 Å and are in good agree-
ment with the reference value of 1.80 Å obtained from other ab
initio results.32 The value of dC�Si becomes slightly shorter with
increasing index for both armchair and zigzag chiralities. The
ωB97XD-type hybrid DFT gives a dC�Si distance of approxi-
mately 1.785 Å that is shorter compared to B3LYP. The diameter
of SiCNT is defined as the average diameter of the Si and C rings.
As a result of the slightly larger dC�Si, the average diameter is
slightly larger when using B3LYP compared to ωB97XD. All
diameters match well with those reported by a variety of other
theoretical studies as shown in Table 1.
For all optimized SiCNTs, the less electronegative Si atoms

locate closer to the tube axis than the C atoms. Such
reconstruction is reminiscent of that seen for group-III nitride
nanotubes where the more electronegative N atoms are
located outward relative to the group-III atoms.48 In this
paper, the radial buckling is calculated by subtracting the
mean Si radius from the mean C radius.
As shown in Figure 3(a), the buckling effect becomes weaker

with increasing tube diameter regardless of chirality. This agrees
well with other reported theoretical studies on SiCNT.32,36 The
amount of buckling is comparable between the two hybrid DFT

functionals. The same trend was found for BNNT, which has a
similar arrangement of alternating (B and N) atoms.49

We have also performed Mulliken charge analysis for the
SiCNT systems as shown in Figure 3(b). All structures show
significant electron transfer from Si to C atoms owing to the
greater electronegativity of C atoms compared to Si atoms. The
amount of charge transfer increases slightly with increasing tube
diameter, which is consistent with other studies.36 The calculated
charge on the Si atoms lies around 0.55e and 0.65e when
evaluated using the B3LYP and ωB97XD functional, respec-
tively. These values agree well with another reported ab initio
result of 0.60e.50

With increasing tube diameter, the binding energy of SiCNT
increases slightly as shown in Figure 3(c). Again, this trend
agrees with other ab initio calculations.32,35,36 Also, as for BN,
AlN, and GaN nanotube systems, the binding energies for
SiCNT systems are relatively insensitive to the chirality of the
tube.51�53

The calculated band gap of both the armchair and zigzag
SiCNTs gets larger with increasing nanotube diameter as shown
in Figure 3(d). This is due to a lowering of the HOMO energy
that results from antiphase interactions in the SiCNT.54 A similar
dependence of the band gap on tube diameter has also been
reported in other first-principles computations.32 As expected,
the studied zigzag SiCNTs have a direct band gap, whereas the
armchair ones have an indirect band gap.
In summary, the DFT functionals and basis sets employed

in the present work appear to be able to give reliable struc-
tures, energies, and electronic properties for all the studied
SiCNTs. We now consider water molecules confined within
the SiCNTs.
Water-Confined SiCNT Systems. For the various SiCNT

systems considered here, three types of water configurations
were observed: (i) single-file water chain fragments which
occurred for the SiCNT(5,5) system with six and seven water

Figure 3. Diameter dependence of (a) buckling structure, (b) atomic
charge, (c) binding energy, and the (d) band gap in several armchair and
zigzag SiCNTs spanning (4, 4), (5, 5), (6, 6), (8, 0), (9, 0), and (10, 0) by
using B3LYP and ωB97XD functionals.

Figure 4. (H2O)6 chain confined within SiCNT(5,5) by using (a)
B3LYP and (b) ωB97XD functionals. The red, white, and blue spheres
represent oxygen, hydrogen-bonded, and non-hydrogen-bonded hydro-
gen atoms, respectively.
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molecules, (ii) infinite single-file water chains which occurred for
the SiCNT(8,0), (9,0), and (10,0) systems with six and seven
water molecules, and (iii) infinite multifiled water networks
which occurred for the 17 water molecule SiCNT(6,6) system.
These will now be considered in turn.
Water Chain Fragments in SiCNT(5,5). Starting from random

positions, six water molecules confined within SiCNT(5,5) tend
to form an ordered water chain fragment as shown in Figure 4 for
both B3LYP and ωB97XD functionals.
Each water molecule is hydrogen-bonded to one or two

neighboring water molecules to form a zigzag chain with a
roughly equal RO�O distance between neighboring oxygen
atoms. Similar chainlike encapsulated waters have been observed
in many other systems using a variety of simulation techniques.55

Using geometric criteria, a pair of water molecules can be
interpreted as being hydrogen bonded if the RO�O distance is
less than 3.6 Å, the RO�H distance between the acceptor oxygen
and the donor hydrogen atom is less than 2.4 Å, and the
hydrogen bonded O�H 3 3 3O angle is less than 30�.56,57 Using
these criteria, there are five hydrogen bonds in the (H2O)6 chain.
These aligned the chain with the nanotube axis, with alternate
hydrogen bonds flipping direction about the axis as shown by the
dotted lines in Figure 4. The average RO�O in the (H2O)6 chain
is 2.773 Å in the B3LYP calculations, which is less than that in a
gas-phase water dimer (2.91 Å) when using the same level of
theory. The water alignments for the ωB97XD functional (also
shown in Figure 4) are similar to those for the B3LYP functional,
as is the average value of RO�O at 2.771 Å.
There are seven non-hydrogen-bonded O�H covalent bonds in

the (H2O)6 chain pointing to the SiCNTwall (perpendicular to the
tube axis). These are indicated by the small blue spheres in Figure 4.
This includes the two hydrogen atoms on the right most water
molecule of the (H2O)6 chainwhere the two danglingO�Hbonds
point vertically. This is regarded as the energetically preferred
orientation for a single water molecule in a carbon nanotube.55

We also calculate the Mulliken charge on each H atom and
plot this together with the RO�H distance as a function of
position along the z-axis of the nanotube in Figure 5.
This figure shows that the hydrogen atoms can be classified

into two distinct groups. The hydrogen-bonded H atoms have

larger RO�H values of around 0.972�0.985 Å compared to the
non-hydrogen-bonded values of around 0.960�0.970 Å. The
average RO�H values for the non-hydrogen-bonded and hydro-
gen-bonded O�H bonds are 0.968 and 0.983 Å, respectively;
this is comparable to the RO�H values of 0.973 and 1.005 Å that
were obtained for an infinitely long water chain confined within
SWCNT(6,6) using first-principles molecular dynamics
methods.58 The hydrogen-bonded hydrogen atoms also have
larger charges (average at 0.467e) than the non-hydrogen-
bonded ones (average at 0.167e), indicating that the hydrogen
atoms becomemore ionic when hydrogen bonded. For the water
molecule on the far right of the chain, both the RO�H values and
the Mulliken charges indicate that neither H atom in this
molecule is hydrogen-bonded. This confirms that the (H2O)6
structure is a chain fragment. Finally, it is noted that there are
only slight differences in RO�H and charge values between the
B3LYP and ωB97XD functionals. Recalling that both DFT
functionals also give rise to very similar geometries for the
(H2O)6 chain (as shown in Figure 4), it can be concluded that
the equilibrium configuration and electronic structure of the
confined water chains are relatively insensitive to the selected
DFT functional. Thus, only structural and charge results ob-
tained using the ωB97XD functional will be presented below.
Similar to the previous system, seven water molecules en-

capsulated inside the SiCNT(5,5) also align into a 1D water
chain as shown in Figure 6(a). The average RO�O of the (H2O)7
chain is 2.722 Å, which is less than that of the six-water chain at
2.771 Å. This trend of decreasing RO�O distance with increasing

Figure 5. RO�H and charge of H atoms of the (H2O)6 chain within
SiCNT(5,5).

Figure 6. Structure and R-C plot of the (H2O)7 chain within
SiCNT(5,5).
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water molecule number is also observed in other first-principles
calculations of water confined in the SWCNT(6,6) system.55

Since for the six-water system the RO�H values and charges were
found to be quite different between the hydrogen bonded and
non-hydrogen-bonded hydrogen atoms, we proposed an “R-C”
criteria that can be used to identify the two kinds of hydrogen
atoms. Figure 6(b) shows an R-C plot for the (H2O)7 chain in
the SiCNT(5,5) system. From this, it is clear that hydrogen-
bonded H atoms are all located in one group with larger RO�H

and charge values compared to the non-hydrogen-bonded H
atoms. The average RO�H and charge values are 0.978 Å and
0.467e for the hydrogen-bonded H atoms and 0.963 Å and
0.157e for the non-hydrogen-bonded ones; this is comparable to
those in the (H2O)6 chain. It is also easy to see from the figure
that there are six hydrogen-bonded H atoms and eight non-
hydrogen-bonded H atoms; these hydrogens have been colored
white and blue in Figure 6(a). Clearly, the (H2O)7 system is also
a chain fragment.
Single-Filed Infinite Water Chain in SiCNT(8,0), (9,0), and

(10,0). We place six and seven water molecules in SiCNT(8,0),
(9,0), and (10,0) to study water confined within zigzag SiCNT
systems. In all cases, the water molecules formed infinite single-
filed water chains as shown in Figure 7, Figure 8, and Figure 9.
It is noted that the O�H bond on the left end of the tube

forms a H-bond with the right side water molecule in the
neighboring supercell, giving rise to an infinite water chain. Each
water molecule serves as both acceptor and donor in the chain to
form two hydrogen bonds. The non-hydrogen-bonded O�H
bond points toward the nanotube wall.

The supercell size, number density of water, structure para-
meters, and charges on the H atoms in the (H2O)6 and (H2O)7
chains for the three zigzag SiCNTs systems are listed in Table 2.
Parameters for the water chain fragment confined in SiCNT(5,5)
are also listed for comparison. All studied zigzag SiCNTs have
similar supercell sizes of around 16.0 Å as listed in Table 2 but
have different radius as listed in Table 1. The SiCNT(5,5) has a
larger supercell size of around 18.54 Å. The number density of
water is calculated using the 3D space enclosed within the SiCNT
after subtracting the vdW radius of Si and C. In line with the
increasing radius when going from the (8,0) to (9,0) and (10,0)
systems, the number density of the (H2O)6 chain decreases from
0.028 to 0.013 Å�3. Not surprisingly, the number density of the
(H2O)7 chain is slightly larger than for the (H2O)6 chain in the
same SiCNT. Although the number density of (H2O)6 or
(H2O)7 in SiCNT(5,5) is comparable with those for SiCNT-
(9,0), i.e., 0.018 or 0.021 Å�3, the former can only form chain
fragments. This suggests that the formation of an infinite water
chain within the nanotube depends more on the length of the
supercell rather than the available volume.
The RO�O values for (H2O)7 are less than those of (H2O)6,

but both keep increasing when going from SiCNT(8,0) to
SiCNT(9,0) due to the larger available space. There is however
no further increment in RO�O in going from SiCNT(9,0) to
SiCNT(10,0). This is because the space in both SiCNTs is large
enough to contain an uncompressed one-dimensional water
chain, albeit puckered. This puckering is evident from the
increasing average distance between the oxygen atoms and the

Figure 7. Water chain structure confined in SiCNT(8,0). (a) Six-water
chain in SiCNT(8,0). (b) Seven-water chain in SiCNT(8,0).

Figure 8. Water chain structure confined in SiCNT(9,0). (a) Six-water
chain in SiCNT(9,0). (b) Seven-water chain in SiCNT(9,0).
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center of the tube, Radavg
O , when going from the (8,0) to (9,0) and

(10,0)SiCNT systems. Although the SiCNT(5,5) has a smaller
radius than the SiCNT(9,0), the water chain fragment in the
former tends to occupy a larger radius space than the latter as
shown by its larger Radavg

O .
In all cases, each water molecule forms two hydrogen bonds

(Nb = 2) no matter how many water molecules are involved. As
for the armchair SiCNTs, the hydrogen-bonded H atoms have
smaller RO�H and larger charges than for those of the non-
hydrogen-bonded H atoms. Between the (H2O)6 and (H2O)7
systems, the hydrogen-bonded RO�H values increase slightly
owing to the shorterRO�O distance and the induced stretching of
the O�H bond of the donor H atom. Between the different
SiCNT systems, these values show much less variation. For the
non-hydrogen-bonded H atoms, the RO�H values are relatively
insensitive to both the number of water molecules and to the
SiCNT system.
In comparison to the slight variations in the RO�H distance

that occur as a function of hydrogen type, the number of water
molecules, and the particular SiCNT system, the variation in the
Mulliken charge on the hydrogen atoms is much larger. Here we

see the charge on the hydrogen decreasing from the (8,0) to (9,0)
and (10,0) SiCNT systems for the hydrogen-bonded hydrogen
but increasing for the non-hydrogen-bonded hydrogen atom.
Structure of Multifiled Water Network in SiCNT(6,6). The

number density of (H2O)17 within SiCNT(6,6) is 0.028 Å�3,
which is large enough to form a infinite water network. Figure 10-
(a) and (b) shows an equilibrium systemwith 17watermolecules
confined in SiCNT(6,6).
A water molecule forms 2�4 hydrogen bonds in the (H2O)17

network. Specifically, for the system shown there are three water
molecules forming two hydrogen bonds (N2 = 3), nine water
molecules forming three hydrogen bonds (N3 = 9), and five
water molecules forming four hydrogen bonds (N4 = 5). The
average hydrogen bonds per water molecule, Nb, is 3.1. Both the
value of Nb and the position of the maximum in the hydrogen
bond distribution (atN3) are lower than for bulk water, whereNb

is 3.7 and most water molecules (58.2%) form four hydrogen
bonds.59 Interestingly, almost the same Nb value (around 3.0)
and the same maximum in the H-bond distribution at N3 were
observed in simulations of water in a variety of SWCNT systems
and rigid cylinders.60 In that work, the authors conclude that the
main variation inNb is due to confinement effects rather than the
particular type of interaction between the water and substrate
(hydrophilic or hydrophobic). As the same distribution of
hydrogen bonds and Nb value was obtained in this work and
given that the tubes have comparable diameters, we contend that
this conclusion probably also applies to SiCNT systems.

Figure 9. Water chain structure confined in zigzag SiCNT(10,0).
(a) Six-water chain in SiCNT(10,0). (b) Seven-water chain in
SiCNT(10,0).

Table 2. Structure Parameters and Charges of Water Chain
Confined in (8,0), (9,0), (10,0), and (5,5) SiCNTs

SiCNT (8,0) (9,0) (10,0) (5,5)

Cell Size (in Å)

(H2O)6 15.981 15.995 15.995 18.540

(H2O)7 15.989 15.989 16.010 18.546

Number Density of Water (in Å�3)

(H2O)6 0.028 0.018 0.013 0.018

(H2O)7 0.032 0.021 0.015 0.021

RO�O (in Å)

(H2O)6 2.775 2.862 2.856 2.771

(H2O)7 2.656 2.730 2.754 2.772

Radavg
O (in Å)

(H2O)6 0.445 0.651 0.945 0.751

(H2O)7 0.712 0.818 1.243 0.876

Hydrogen-Bonded RO�H (in Å)

(H2O)6 0.974 0.973 0.973 0.983

(H2O)7 0.983 0.980 0.977 0.978

Non-Hydrogen-Bonded RO�H (in Å)

(H2O)6 0.964 0.962 0.961 0.968

(H2O)7 0.963 0.961 0.960 0.963

Charge of Hydrogen-Bonded H

(H2O)6 0.501 0.478 0.462 0.467

(H2O)7 0.517 0.474 0.473 0.467

Charge of Non-Hydrogen-Bonded H

(H2O)6 0.124 0.180 0.205 0.167

(H2O)7 0.108 0.176 0.199 0.157
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It is noted that the H atoms in water molecules at both ends of
the supercell form hydrogen bonds with connecting water
molecules in the neighboring supercell. Thus, the 17 water
molecules in SiCNT(6,6) form an infinite multifiled network.
The average RO�O distance is 2.80 Å, which is larger than that for
the single-filed water chain fragment in the SiCNT(5,5) system
owing to the larger diameter of the nanotube and a weaker
confinement effect.
TheR�C plot of the (H2O)17 network is given in Figure 10(c).

RO�H values are overlapped between the non-hydrogen-bonded
and hydrogen-bonded H atoms owing to the complex hydrogen
bond distribution. This makes it hard to identify the two kinds of
H atoms according to structural information alone. Fortunately,
the charges on the H atoms are much more sensitive to hydrogen
bonding and combined with the RO�H distance enable the
hydrogens atoms to be classified into two groups as shown by
the R�C plot in Figure 10c. This shows that there are 7 non-
hydrogen-bonded and 27 hydrogen-bonded H atoms.

Recent X-ray reflectivity measurements of the interface be-
tween water and the smooth hydrophobic monolayer conclu-
sively show a water depletion layer with a substantially lower
density than the bulk water density with a thickness of one water
molecule.61 In this work, all seven non-hydrogen-bonded O�H
bonds point toward the nanotube wall as shown in Figure 10(a).
Such dangling or “free” O�H bonds tend to reduce the number
of hydrogen bonds in the water depletion region which can
contribute to large flow rates in SWCNTs.62 The similarity of the
water structure in the depletion region between SiCNT and
SWCNT may arise from the fact that water flow through both
nanotubes is controlled by the confinement effect, and both
nanotubes have a smooth surface.
Comparison of Binding Energies and Charge Transfer Across

All Water Confined SiCNT Systems. Table 3 summarizes the
coupling energy EC and binding energy EB per water molecule
as defined in eq 1 and eq 3, respectively, and as obtained from
both B3LYP and ωB97XD functionals. The superscript
“BSSE” represents the term with basis set superposition error
corrections.
The BSSE corrections reduce EC to the extent that in

several cases EC
BSSE values are positive for the B3LYP func-

tional. This is not the case when using the dispersion
corrected ωB97XD functional, where all results remain
negative after BSSE correction.
Although the BSSE correction decreases the values of EC, the

fact that the values of EC
BSSE remain negative in allωB97XD cases

suggests that dispersion makes a significant contribution to the
interaction between the water chain and the nanotube wall and
cannot be neglected in such kinds of weakly bound systems. This
need to account for dispersion has been clearly interpreted by
performing both B3LYP and ωB97XD calculations in the pre-
sent work and has also been shown for water-confined SWCNT
systems.63 Therefore, we will focus on the results from the
ωB97XD calculations in the rest of this paper. It is worth noting
that the dispersion effect could not only enhance EC as listed in
Table 3 but also enhance the hydrogen bondings as shown in
Figure 1. As a result, the B3LYP and ωB97XD functionals
obtained similar water structures confined within the SiCNT
since they depend on the relative values of EC and hydrogen
bonding energy.
The very small EC

BSSE values reflect the relatively weak inter-
action between the water molecules and the outer nanotube and
suggest that the water molecules can flow through the nanotube
almost “frictionless” with very high flow velocities. As the BSSE
correction itself is sensitive to structural variations and is of a
comparable size to the coupling energy, a slight structural
variation between the water chain and the SiCNT can alter the
coupling energy significantly. A notable trend is that the EC

BSSE

values in SiCNT(5,5) are stronger than for all studied zigzag
SiCNTs, i.e., (8,0), (9,0), and (10,0). The stronger EC

BSSE values
tend to prevent the water molecules from flipping within the
SiCNT. As a result, the six or seven water molecules within
SiCNT(5,5) form water segments rather than the infinite water
chains observed in zigzag SiCNTs despite the fact that both have
very similar linear densities of water.
The BSSE corrected binding energies, EB

BSSE, locate within
0.3�0.4 eV which are much larger than EC

BSSE (less than 0.1 eV)
for all studied systems as listed in Table 3. Both terms are
comparable with those obtained in other first-principles studies
of SWCNTs.55,63 For example, the EB and EC of (H2O)5 within
SWCNT(6,6) are 0.347 and 0.100 eV, respectively, obtained

Figure 10. Structure and R�C plot of the (H2O)17 network within
SiCNT(6,6). (a) Radial view of the (H2O)17 network within SiCNT-
(6,6). (b) Axial view of the (H2O)17 network within SiCNT(6,6). (c)
R�C plot for the 17-water network within SiCNT(6,6).

Table 3. Coupling Energy EC, Binding Energy EB, and
H-Bond Strength EH�bond from Both B3LYP and ωB97XD
Functionals with and Without BSSE Corrections (in eV)

B3LYP ωB97XD

systems EC EC
BSSE EC EC

BSSE EB
BSSE EH�bond

BSSE

Single-Filed Water Chain Fragments

(5,5)+(H2O)6 �0.098 �0.015 �0.168 �0.078 �0.305 �0.227

(5,5)+(H2O)7 �0.066 0.009 �0.164 �0.068 �0.388 �0.320

Single-Filed Infinite Water Chain

(8,0)+(H2O)6 �0.076 0.046 �0.265 �0.014 �0.331 �0.317

(8,0)+(H2O)7 �0.056 0.068 �0.151 �0.022 �0.320 �0.298

(9,0)+(H2O)6 �0.078 �0.001 �0.136 �0.054 �0.357 �0.303

(9,0)+(H2O)7 �0.077 0.004 �0.140 �0.054 �0.364 �0.310

(10,0)+(H2O)6 �0.058 �0.006 �0.101 �0.041 �0.343 �0.302

(10,0)+(H2O)7 �0.057 �0.002 �0.103 �0.039 �0.358 �0.319

Water Network

(6,6)+(H2O)17 �0.067 �0.003 �0.116 �0.047 �0.403 �0.356
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from the GGA-PW91 calculations.55 The EC of an infinite water
dimer chain within the SWCNT(6,6) are 0.159 eV by using
GGA-PBE calculations.63

The hydrogen-bond strengths per water molecule, EH�bond
BSSE ,

calculated as the difference between EC
BSSE and EB

BSSE are also
listed in Table 3. For the water chain fragments confined in
SiCNT(5,5), EH�bond

BSSE gets stronger in going from (H2O)6 to
(H2O)7, i.e., from �0.227 to �0.320 eV. This is due to a larger
average number of hydrogen bonds per water molecule (Nb) that
approaches the value obtained for an infinite water molecule
chain confined in the zigzag SiCNTs. A similar dependence of the
coupling energy on the number of water molecules is also
observed in another first-principles study of SWCNTs.55 For a
single-filed infinite water chain within zigzag SiCNTs, values of
EH�bond
BSSE are almost independent of the number of water mol-

ecules owing to their fixed Nb value of 2. For the multifiled water
network, i.e., (H2O)17 in SiCNT(6,6),Nb has a value of 3.1 which
gives rise to a stronger EH�bond

BSSE compared to any of the infinite
single-filed water chains.
In Table 4, we present the variation of the average charge for

each type of atom that occurs when placing the water chain into
the SiCNTs together with the charge transfer that happens
between the water chain and the SiCNT wall.
For all studied systems, the confinement of water gives rise

to an increase in the ionic characteristic of the Si�C bonds,
with C and Si becoming more negative and positive, respec-
tively. This will give rise to a dipole�dipole interaction
between the SiCNT and the molecules in the water chain.
In addition, a slight charge transfer from SiCNT to the
confined water molecules is observed in all cases, resulting
in more negative charge on both the O and H atoms. Such
charge transfer occurs locally from each water molecule to its
nearest-neighbor Si�C pairs. With increasing diameter of the
SiCNTs, the charge transfer becomes weaker. This is evident
from the results for the infinite single-file water chain in the
zigzag SiCNTs. However, there is no variation between cases
with a different number of water molecules per supercell. Such
charge transfer gives rise to extra bonding between the water
chain and the SiCNTs in addition to those resulting from the
vdW interactions.

The water transport process through a nanotube is com-
posed of two consecutive steps: (a) entering the nanotube
from the bulk and (b) flowing through the nanotube. Use of
PBC models means that the focus of this paper has been on
step (b). Although the SiC surface is hydrophilic, water
molecules in SiCNT have structures and properties very
similar to those of hydrophobic SWCNT systems, notably
weak interactions between the water chain and nanotube wall,
hydrogen bonding strength, and number distribution, consis-
tent dependence of coupling energy and binding energy on the
number of water molecules, etc. This implies that the behavior
of water molecules encapsuled in SiCNTs is mainly affected by
confinement effects rather than chemical effects, thus they are
independent of the hydrophobicity of the nanotube. As
hydrogen bonding governs the diffusion of water inside a
nanotube, it is expected that water diffusion will be similar for
both SiCNT and SWCNT.
Step (a) of water transport through a nanotube is controlled

mainly by the pore-entrance effect, in which water molecules
break hydrogen bonds between themselves to enable them to
enter the nanotube. This is driven by the concentration gradient
and thermal fluctuations. The pore-entrance effect is especially
important for the transport of single-file water chains through
narrow nanotubes as the energy barrier of water entering the
pore increases with decreasing diameter of the nanotube. In
addition, it is reported that the energy expense of breaking the
network of hydrogen bonds in the bulk can be greatly compen-
sated by attractive interactions between the fluid molecules and
the hydrophilic entrance.34 Considering the hydrophilic char-
acteristic of the SiC surface, SiCNTs may be a promising
artificial biological channel.

’CONCLUSIONS

Using two hybrid DFT functionals, we have studied the
structures and properties of water molecules confined in both
armchair and zigzag SiCNTs. For all studied systems, ordered
single-file water chains or multifiled water networks are
formed. R�C criteria are proposed to distinguish the hydro-
gen-bonded and non-hydrogen-bonded H atoms. According
to this criteria, the former have longer O�H distance and
larger charges than the latter. Including dispersion effects was
found to be necessary to evaluate correctly the weak interac-
tion between water and SiCNTs. We also found evidence for
slight charge transfer from water to the SiCNT. For water
within the SiCNT, the H-bond strength relates closely to the
average H-bond number and increases from a single-filed
water chain segment, to an infinite water chain, to a multifiled
water network. Water molecules within the SiCNT have
structures and properties similar to those encapsulated in
hydrophobic SWCNTs since both are controlled by confine-
ment effects. This makes SiCNT systems good potential
candidates for artificial biological ion channels.
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Table 4. Average Charge Variation Per Atom upon theWater
Chain Confined in SiCNTs for C, Si, O, and H Atoms
Together with the Charge Transfer Per Water Molecule
between the Water Chain and the SiCNT Wall, T

C Si O H T

Single-Filed Water Chain Fragments

(5,5)+(H2O)6 �0.012 0.022 �0.005 �0.047 �0.098

(5,5)+(H2O)7 �0.013 0.026 �0.011 �0.050 �0.112

Single-Filed Infinite Water Chain

(8,0)+(H2O)6 �0.016 0.033 �0.033 �0.052 �0.137

(8,0)+(H2O)7 �0.017 0.037 �0.026 �0.057 �0.139

(9,0)+(H2O)6 �0.011 0.020 �0.020 �0.029 �0.078

(9,0)+(H2O)7 �0.014 0.024 �0.018 �0.030 �0.078

(10,0)+(H2O)6 �0.007 0.012 �0.012 �0.023 �0.057

(10,0)+(H2O)7 �0.009 0.016 �0.009 �0.024 �0.058

Water Network

(6,6)+(H2O)17 �0.017 0.034 �0.009 �0.034 �0.076
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