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We study the structural properties of water surrounding a carbon nanotube using molecular dynamics
simulations. The interaction potentials involve a description of the carbon nanotube using Morse, harmonic
bending, torsion, and Lennard-Jones potentials. The water is described by the flexible Simple Point Charge
(SPC) model by Teleman et al.,1 and the carbon-water interactions include a carbon-oxygen Lennard-Jones
potential, and an electrostatic quadrupole moment acting between the carbon atoms and the charge sites of
the water. Vibration of the breathing mode of the carbon nanotube in water is inferred from the oscillations
in carbon-carbon van der Waals energy, and the inverse proportionality between the radius of the carbon
nanotube and the breathing frequency is in good agreement with experimental values. The results indicate,
that under the present conditions, the presence of the water has a negligible influence on the breathing frequency.
The water at the carbon-water interface is found to have a HOH plane nearly tangential to the interface, and
the water radial density profile exhibits the characteristic layering also found in the graphite-water system.
The average number of hydrogen bonds decreases from a value of 3.73 in the bulk phase to a value of 2.89
at the carbon-water interface. The inclusion of the carbon quadrupole moment is found to have a negligible
influence on the structural properties of the water. Energy changes that occur by the process of introducing
a carbon nanotube in water are calculated. The creation of a cavity in the bulk water to accommodate the
nanotube constitutes the largest energy contribution. Results include an analysis of surface structure and
energy values for planar and for concave cylindrical surfaces of water.

1. Introduction
The unique mechanical and electrical properties of carbon
nanotubes (CNT)2 have prompted studies of their application
in a number of fields including biosensors,3 atomic force
microscopy,4-6 and fuel storage.7-10 A common aspect of these
applications is the interaction of the CNT with the surrounding
medium, and in particular the hydrophobic-hydrophilic behavior of the CNT. Since a single-wall carbon nanotube consists
of a graphene sheet rolled up to form a tube, we expect that the
properties of CNT-water interface to be similar to those of
the graphite-water interface to first order. The latter is known
to be strongly hydrophobic,11 and to exhibit a preferred
orientation of the water dipole moment tangential to the
interface.12-14 However, most of the modeling studies have been
conducted for idealized geometries and interaction potentials,
and for planar interfaces, but not for graphite-water interfaces
with convex geometries, such as those exterior to carbon
nanotubes.
The wetting properties of carbon nanotubes were found to
depend on the surface tension (γ) of the fluid, with a threshold
value of 100-200 mN/m indicating that water (γ ) 72 mN/m)
should wet carbon nanotubes.15,16
Nevertheless, carbon nanotubes are generally found to be
insoluble in most common solvents,17,18 including water.
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However, they can be made soluble with the aid of surfactants,19
by adding hydrophilic groups (aliphatic amines) to open ends
of the tubes,20,21 or by fluoridating their side walls.22
In the present study we examine the structural properties of
water surrounding a (16,0) carbon nanotube by performing
detailed, fully atomistic molecular dynamics simulations of a
12.52 Å diameter zigzag carbon nanotube in water. The carbon
nanotube is described by Morse stretch, harmonic bend, torsion,
and Lennard-Jones potentials, and the water by the flexible SPC
model of Teleman et al.1 The carbon-water interaction is
described by a carbon-oxygen van der Waals relation augmented with a carbon quadrupole moment-water partial charge
interaction, as suggested by Vernov and Steele,23 and by
Marković et al.24,25 In our study, we consider the structure of
the CNT-water interface including modification of the water
hydrogen bond structure as well as the energetics of the water
in the presence of the carbon nanotube.
The remainder of this paper is organized as follows: Section
2 describes the potentials and numerical method, Section 3
presents the results of the simulations, and a summary is
provided in Section 4.
2. Method of Calculation
The carbon nanotube-water system is modeled using classical molecular dynamics simulations in the microcanonical
(NVE) ensemble subject to periodic boundary conditions in all
spatial directions. Thus, in the present study the carbon nanotube
represents an infinitely long tube, and end-effects induced by
the caps are neglected. Due to their usually large length-to-
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ξij ) e- γ(rij - rC)

Figure 1. Schematic of the CNT-water system. R denotes the radius
of the carbon nanotube, D the water dipole moment, and k the plane
of the water molecule. (x′, y′) is the local coordinate system used in
the calculation of the quadrupole interactions. The orientation of the
water molecules is given in terms of the angles φ, ψ, and R. The dashed
box indicates the location of the periodic boundary.

diameter ratio, the error introduced by this approximation is
expected to be insignificant. The water is described by the
flexible SPC model1 featuring harmonic stretch and bend terms
between the oxygen and hydrogen atoms, that also hold the
partial charges.
The high-frequency oscillations encountered using flexible
water models are of the order of 3500 cm-1 which are somewhat
larger than the CNT vibrational modes of 1500 cm-1.26 Hence,
for this case, the use of the flexible water model imposes a
slightly more restrictive requirement for the choice of time step
size compared to rigid water models. A time step (δt) of 0.2 fs
proved sufficient for stability of the trajectory and conservation
of energy, and has been used throughout.
The water molecules are initially placed on a regular lattice
and the system is equilibrated to obtain the desired temperature
(T) of 300 K, and the water bulk density (F0) of 997 kg m-3.
Temperature control is achieved by velocity scaling imposed
every 0.1 ps, and the control is switched off after the equilibration phase at 4 ps. Since the initial placement of the atoms does
not allow an accurate predetermination of the bulk water density
in the vicinity of the nanotube, the volume of the computational
box is adjusted in the equilibration phase to match the target
bulk density of the water. The regulation of the volume is
performed by repositioning the periodic boundary in the x- and
y-planes (see Figure 1) while keeping the length of the box in
the z-direction fixed. This procedure prevents any deformation
of the carbon nanotube during the volume adjustment.
2.1. Potential Functions. 2.1.1. Carbon-Carbon Interactions. The carbon nanotube is modeled by terms describing
Morse bond, harmonic cosine of the bending angle, and a 2-fold
torsion potential as

U(rij,θijk,φijkl) ) KCr(ξij - 1)2 +
1
1
K (cos θijk - cos θC)2 + KCφ(1 - cos 2φijkl) (1)
2 Cθ
2
where

(2)

and θijk and φijkl represent all the possible bending and torsion
angles, and rij represents all the distances between bonded atoms.
KC, KCθ, and KCφ are the force constants of the stretch, bend,
and torsion potentials, respectively, and rC, θC, and φC the
corresponding reference geometry parameters for graphene. The
Morse stretch and angle bending parameters were first given
by Guo et al.27 and subsequently used by Tuzun et al.28 These
parameters, listed in Table 1, were originally derived to describe
the geometry and phonon structure of graphite and fullerene
crystals.
The torsion term is needed to provide a measure of the strain
due to curvature of the reference graphene sheet. This curvature
strain prevents collapse of the nanotube and imparts stiffness
with respect to bending deformations. To obtain a physically
reasonable torsion parameter, quantum chemistry calculations
were carried out for planar and curved tetracene (C18H12) which
consists of 4 hexagonal rings fused together in a strip like part
of the circumference of a zigzag carbon nanotube. The calculations were carried out using the Gaussian98 software package.29
Tetracene is planar with a 9.778 Å separation between the C-C
bonds on opposite ends of the molecule. If the tetracene
molecule were extracted from a (16, 0) nanotube and held rigid,
that end-to-end separation would be 8.795 Å. Quantum chemistry calculations were carried out using density functional theory
(DFT) with the hybrid nonlocal B3LYP functional30 as implemented in the Gaussian98 software package. For each amount
of curvature, the molecular geometry was completely optimized
except for the end-to-end distance constraint. The energy
difference between the curved and planar tetracene molecules
(∆Ecurv) was determined to be 71.11 kJ mol-1 using the standard
6-31G(d) contracted Gaussian atomic orbital basis set. The
curvatures considered were appropriate for (n, 0) nanotubes with
n ranging from 12 to 24. The torsion parameter KCφ was
determined from
84

KCφ ) 2∆Ecurv(

∑i 1 - cos 2φi)-1

(3)

with the summation over the complete set of 84 torsion angles
in the optimized curved tetracene molecule (four for each C-C
bond). For all cases studied, KCφ was between 24.60 and 25.25
kJ mol-1. The value of 25.12 kJ mol-1 was selected for the
present study.
A Lennard-Jones term is added to the nanotube potential to
account for the steric and van der Waals carbon-carbon
interaction

U(rij) ) 4CC

[( ) ( ) ]
σCC
rij

12

-

σCC
rij

6

(4)

excluding 1-2 and 1-3 pairs, and the parameters CC and σCC
are taken from the so-called Universal Force Field (UFF),31 cf.
Table 1.
2.1.2. Model Potential for Water. The flexible SPC water
model by Teleman et al.1 is described by intramolecular
harmonic stretching and bending between the hydrogen and
oxygen atoms as

1
1
U(rij,θijk) ) KWr(rij - rW)2 + KWθ(θijk - θW)2 (5)
2
2
where KWr and KWθ are the parameters of the potential, and rW
and θW the reference bond length (1.0 Å) and angle (109.47°),
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TABLE 1: Parameters for the Carbon Interaction
Potentialsa (KCr, rC, and γ are the parameters of the Morse
potential, KCθ and θC the angle parameters, and KCO, is the
torsion parameter; ECC and σCC are the Lennard-Jones
parameters for the carbon-carbon interaction)
KCr ) 478.9 kJ mol-1 Å-2
KCφ ) 562.2 kJ mol-1
KCφb ) 25.12 kJ mol-1
CCc ) 0.4396 kJ mol-1
a

rC ) 1.418 Å
θC ) 120.00°
γ ) 2.1867 Å-1
σCCc ) 3.851 Å

Ref 27 unless otherwise indicated. b This work. c Ref 31.

TABLE 2: Parameters for the Flexible (SPC) Water
Modelaand the Carbon-Water Potentials
KWr ) 4637 kJ mol-1 Å-2
KWθ ) 383 kJ mol-1 rad2
OO ) 0.6502 kJ mol-1
qO ) -0.82 e
COb ) 0.3126 kJ mol-1
Θx′,x′c ) -3.03 × 10-40 C2
c

rW ) 1.0 Å
θW ) 109.47°
σOO ) 3.166 Å
qH ) -0.41 e
σCOb ) 3.19 Å

a Flexible water model, ref 1, unless otherwise indicated. b Ref 40.
Ref 52.

respectively. This model was found to predict the properties of
subcritical32 and supercritical33-36 water in resonable agreement
with experimental data.
Nonbonded interactions between the water molecules are
comprised of a Lennard-Jones term between the oxygen atoms,
cf. eq 4, and a Coulomb potential

U(rij) )

1 qiqj
4π0 rij

(6)

where 0 is the permittivity in a vacuum, and qi, qj are the partial
charges, qO ) - 0.82 and qH ) 0.41, respectively.1 The
Coulomb interaction is computed using a smooth truncation as

U(rij) )

(

1 qiqj
- Es(rij)
4π0 rij

)

(7)

where Es(rij) is a smoothing function

Es(rij) )

qiqj
qiqj
- (rij - rc) 2
rc
r

(8)

c

and rc the radius of truncation.37 The truncation of the Coulomb
potential has been shown to have little effect on the thermodynamic and structural properties of bulk water for cutoffs larger
than 6 Å,38 and in this study we employ a value of 9.50 Å (3σOO)
unless otherwise specified. The parameters of the potentials are
summarized in Table 2.
2.1.3. Carbon-Water Interaction. The carbon-water interaction consists of a Lennard-Jones term between the carbon and
oxygen atoms (eq 4) where the parameters of the potential, CO
and σCO are obtained from Bojan and Steele,40 and a quadrupole
interaction between the carbon atoms and the partial charges
on the water hydrogen and oxygen atoms

U(r) )

1 q
3 4π0

ΘR,β
∑
R,β

3rRrβ - r2δRβ
r5

(9)

where R, β run over all Cartesian coordinates x, y, z, and r is
the distance between an O or H charge site and the quadrupole
carbon site. δRβ is the delta function, and ΘR,β is the quadrupole
moment tensor.39

TABLE 3: Simulation Cases for a Carbon Nanotube in
Water (CNT), Bulk (B), and Slab (S) Simulations of Water,
and Carbon Nanotubes in Vacuum (V) [(m, n) are CNT
indices; R the CNT radius; QP indicates inclusion of CNT
quadrupole moment term; NW and NC are number of water
molecules and carbon atoms, respectively; tm is the total
simulation time; and rc the long-range potential cutoff
distance.]
case

(m, n)

R (Å)

QP

NW

NC

tm (ps)

rc (Å)

type

1
2
3
4
5
6
7
8
9
10

(16,0)
(16,0)
(16,0)

6.26
6.26
6.26

no
yes
no

2088
2088
2088
729
729

(16,0)
(8,0)
(12,0)
(20,0)
(10,10)

6.26
3.15
4.71
7.83
6.76

832
832
832
0
0
832
416
624
1040
880

39
39
39
62
94
6
11
6
16
6

9.50
9.50
12.66
9.50
9.50
9.50
9.50
9.50
9.50
9.50

CNT
CNT
CNT
B
S
V
V
V
V
V

In the present study, we evaluate eq 9 in a local coordinate
system (x′, y′, z′) centered at the quadrupole site, cf. Figure 1.
Thus, letting x′ denote the wall normal direction, then

Θx′x′ ) -2Θy′y′ ) -2Θz′z′

(10)

with all other components equal to zero, cf. ref 39. The
quadrupole interaction is truncated at r ) rc, where rc is the
cutoff radius of the Lennard-Jones and Coulomb potentials.
Note, that the effect of the quadrupole moment is an attraction
of positive charge (hydrogen) toward the nanotube, and,
conversely, a repulsion of negative charge (oxygen). Though
the interaction was found to have only a minor effect on the
adsorption of oxygen on graphite,40 it can influence the
orientation of the water at the interface. The parameters for the
carbon-water potentials are summarized in Table 2.
3. Results
Molecular dynamics trajectories were computed for an infinite
zigzag (16,0) carbon nanotube with radius 6.26 Å in water.
Three cases were considered: case 1 without including the
carbon quadrupole moment term in the potential and using a
cutoff of 9.50 Å for the Coulomb and Lennard-Jones potentials
(3σOO); case 2 with the same long-range cutoff and including
the quadrupole moment term; and case 3 using a cutoff of 12.66
Å (4σOO) without including the quadrupole moment term. In
addition two water MD trajectories were computed: case 4 bulk
liquid water, and case 5 a liquid water slab with liquid-vapor
interfaces in the (x directions. Both water trajectories used a
long-range cutoff of 3σOO. Finally MD trajectories from 5
different nanotubes in a vacuum were also computed. The
characteristics of all the MD trajectories are given in Table 3.
The structure of the CNT-water interface is presented in
terms of the water radial density profile and the probability
density profiles of the orientation of the water dipole moment
(Pr(cosi φ)), the orientation of the OH bonds (Pr(cosi ψ)), and
the orientation of the HOH plane of the water (Pr(cosi R)) (see
Figure 1), where

Pr(cosi φ) )

〈cosi φ〉r + 1
2

Pr(cosi ψ) )

〈cosi ψ〉r + 1
2

(11)
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Figure 3. Snapshot of the atoms for the simulation of a carbon
nanotube in water. The interaction potentials include an electrostatic
quadrupole moment (case 2).

Figure 2. Time history of the (a) potential energy of the carboncarbon Lennard-Jones interaction energy and (b) the radius of the CNT
(case 1) displaying the breathing mode of the carbon nanotube in water.

and 〈cosi φ〉r and 〈cosi ψ〉r denote the average values of the
cosine to the angle between the tangential plane of the CNT
and the water dipole moment (φ) and the OH bond (ψ) of the
ith bin at a radial position r. The planar symmetry of the water
allows

Pr(cosi R) ) 〈| cosi R|〉r

(12)

and R is the angle between the tangential plane and the plane
of a water molecule.
The hydrogen bond structure is given in terms of the average
number of hydrogen bonds per water molecule (nHB) and is
determined using a geometrical criterion.41 Thus two water
molecules are considered hydrogen-bonded if all the following
conditions are satisfied:
(1) The distance between the oxygen atoms of both molecules
is smaller than 3.6Å.
(2) The distance between the oxygen of the acceptor molecule
and the hydrogen of the donor is less than 2.4 Å.
(3) The bond angle between the oxygen-oxygen direction
and the molecular oxygen-hydrogen bond of the donor is less
than 30°.
The statistics are collected every 20 fs until 39 ps, with a
total of 1800 samples. The radial profiles are sampled in 60
bins of constant volume extending from the surface of the carbon
nanotube.
3.1. Properties of the Carbon Nanotube. The molecular
dynamics simulations of the carbon nanotube in water revealed
a persistent oscillation of the carbon-carbon Lennard-Jones
interaction energy (UCC, LJ) with a frequency of 173 cm-1, cf.
Figure 2a. As this value is close to the result of tight binding
calculations for the frequency of the first radial mode (the
“breathing mode”, A1g) of this carbon nanotube in a vacuum
(179 cm-1),26 additional simulations of nanotubes in a vacuum
were carried out (cases 6-10, cf. Table 3) to estimate the
accuracy of the present force field to simulate the dynamic
behavior of the CNT. In these simulations the first radial mode
was excited by assigning an initial radial velocity to the carbon
atoms corresponding to a kinetic energy of 0.07 kJ mol-1. The
radius of the carbon nanotube was found to oscillate with an
amplitude of approximately 1% of the mean radius, and with a

TABLE 4: Breathing Frequency (in cm-1) of Carbon
Nanotubes in Water (case 1) and in Vacuum (cases 6-9),
Compared with Tight-binding Molecular Dynamics
Simulations,26,42 Experimental Results,43 and First Principle
Calculations44,45
case

(m,n)

1
6
7
8
9
10

(16,0)
(16,0)
(8,0)
(12,0)
(20,0)
(10,10)

R (Å) present ref 26 ref 42
6.26
6.26
3.15
4.71
7.83
6.76

174
173
351
232
139
160

179
356
238
143
166

170

expt

refs 44, 45

≈173

188

≈165

150
175

226
157

frequency corresponding to that observed for the oscillation of
the carbon-carbon Lennard-Jones potential energy, cf. Figure
2b for the CNT in water.
The predicted breathing frequencies are compared with results
from tight-binding molecular dynamics simulations of Saito et
al.26 and Kahn and Lu,42 with the experimental results of
Duesberg et al.,43 and with the ab initio calculations of Kürti et
al.44 and Sánchez-Portal et al.,45 cf. Table 4. The well-known
inverse relationship between the radius of the CNT and the
breathing frequency is predicted to within 4% of these previous
studies with a calculated proportionality constant of 1120 cm-1
Å. The value of the predicted frequency is generally lower than
values from ab initio calculations, but in good agreement with
the experimental data.43,46 By comparing the breathing frequency
of the CNT in water (case 1) and vacuum (case 6) we conclude
that the influence of the water on the breathing mode is
negligible (Table 4).
3.2. Properties of the Water-Nanotube Interface. The
structural properties of the water-carbon nanotube interface are
studied by examination of the water radial density profile, water
orientation, and hydrogen bond profiles for cases 1-3. The
water molecules stand off from the nanotube by approximately
3.2 Å as seen in Figure 3. For comparison, the results of bulk
liquid water and water slab simulations, with planar liquid-vapor
interfaces, are used.
3.2.1. Water Density Profiles. The radial density profiles for
the hydrogen and oxygen atoms are shown in Figure 4a and b,
for the simulations of a carbon nanotube in water excluding
and including the quadrupole moment, respectively. The maxima
of the oxygen and hydrogen profiles at a radial distance r* t
r - R of 3.20 Å (corresponding to the value of σCO) nearly
coincide indicating that the plane of the water molecules is
approximately tangential to the cylindrical CNT-water interface. The thickness of the profiles as defined by the extent of
the density variations is 6-7 Å, comparable to the thickness of
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Figure 4. Water radial density profile. The arrows indicate the centers of the bins used in the water dipole moment distribution (Figure 6). (a)
Excluding the quadrupole moment; (b) including the quadrupole moment. - + -: oxygen density profile (FO/F0O); -×-: hydrogen density profile
(FH/FH0), where FO0 and FH0 are the bulk oxygen and hydrogen densities, respectively.

Figure 5. Water density profile (a) and orientation of the water dipole moment (b) for a slab of water. The density profiles (s: oxygen, and - -:
hydrogen) are collected in bins of width 0.154 Å. The arrows in (a) indicate the centers of the bin shown in (b) -0-: x ) - 15.31 Å; -*-: x
) - 12.85 Å; -×-: x ) - 11.62 Å; -+-: x ) - 10.39 Å.

Figure 6. Orientation of the water dipole moment at different radial distances from the carbon nanotube wall. (a) Quadrupole moment excluded;
(b) quadrupole moment included. -+-: r* ) 2.85 Å; -×-: r* ) 3.37 Å (first peak); -*-: r* ) 4.34 Å; -0-: r* ) 4.79 Å (first minimum);
-9-: r* ) 8.89 Å (bulk phase).

the planar liquid-vapor interface, cf. Figure 5, but in the
presence of the carbon nanotube the water density profile
displays a characteristic layering and distinct presence of
hydrogen atoms closer to the nanotube, i.e., for r* < 2.1 Å.
These density profiles are, in general, in good agreement with
the study of Wallqvist47 for polarizable water in contact with a
smooth wall, and with grand canonical Monte Carlo simulations
of water adsorption in graphite pores by Ulberg and Gubbins.12
The influence of the quadrupole moment on the density is clearly
small.
3.2.2. Orientation of Water Molecules. The orientation of the
water molecules at the CNT-water interface can be inferred
from the orientation of the water dipole moment, cf. Figure 6.
The water molecules in closest proximity to the CNT (at r* )
2.85-3.37 Å) display a preference for angles of φ ) 94°-95°
indicating that the dipole moment is nearly tangential to the
plane of the CNT. At a radial distance of 4.90 Å, corresponding
to the point of local minimum density, the dipole moment has

turned to an angle of 75°, thus pointing in the direction of the
bulk. The bulk properties are finally reached at r* g 9.00 Å.
These results are in good agreement with the study of water
between hydrophobic surfaces by Lee et al.,48 and with the work
of Wallqvist.47
To further study the orientation of the water molecules we
consider the orientation of the OH bonds as shown in Figure 7.
At a radial distance of 2.85 Å the OH bonds are nearly tangential
to the plane of the CNT, exhibiting an angle of ψ ) 92°-93°.
The point of maximum probability shifts from this nearly parallel
configuration to an orientation of 100°, 115°, 125°, and 135°
at a radial distance of 3.37, 4.34, 4.79, and 5.22 Å, respectively.
This corresponds to a rotation of the HOH plane toward the
perpendicular to the interface. This conclusion is confirmed by
considering the orientation of the HOH plane as shown in Figure
8. The HOH plane of the water has a slightly elevated
probability of 90° at r* ) 6.04 Å corresponding to the second
peak in the oxygen density profile. The OH profiles (see Figure
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Figure 7. Orientation of the OH bonds at different distances from the carbon nanotube wall. (a) Quadrupole moment excluded; (b) quadrupole
moment included. -+-: r* ) 2.85 Å; -×-: r* ) 3.37 Å (first peak); -/-: r* ) 4.34 Å; -0-: r* ) 4.79 Å (first minimum); -9-: r* )
5.22 Å; -O-: r* ) 6.04 Å (second peak); -b-: r* ) 8.89 Å (bulk phase).

Figure 8. Orientation of the HOH plane at different distances from the carbon nanotube wall. (a) Quadrupole moment excluded; (b) quadrupole
moment included. -+-: r* ) 2.85 Å; -×-: r* ) 3.37 Å; -*-: r* ) 4.34 Å; -0-: r* ) 4.79 Å; -9-: r* ) 6.04 Å; -O-: r* ) 8.89 Å.

Figure 9. Radial profiles of the hydrogen bond population, expressed
as the average number of hydrogen bonds per water molecule (nHB).
s: quadrupole moment excluded; - - -: quadrupole moment
included.

7) clearly indicate the presence of the second OH bond with
elevated probabilities for 25° and 75° (the OH bond pointing
toward the bulk) at a radial distance of 5.22 and 6.04 Å,
respectively. From Figures 7 and 8 we again observe a negligible
influence of the quadrupole moment.
Finally, we show the modification of the water hydrogen
bonds structure in the vicinity of the CNT in Figure 9. For both
simulations including and excluding the quadrupole moment
we find that the average number of hydrogen bonds decreases
from a bulk value of 3.75 to a value of 2.89 at the CNT-water
interface. The initial peak in the profiles at r* ) 2.2-2.3 is
caused by poor sampling. In addition we observe a small
decrease to a value of 3.64 around the second peak in the water
density profile (r* ) 6-7 Å). These profiles are in general in
good agreement with the study of Lee et al.48
The spherical truncation of long-range potentials in inhomogeneous systems can introduce errors due to a reduction of the
charge screening. An additional simulation (case 3) was

performed using a larger cutoff radius (12.66 Å) to investigate
this effect under the present conditions. The radial density profile
and the dipole moment are shown in Figure 10 for the two cases
(cases 1 and 3). The root-mean square difference between the
profiles are less than 2%, and 5% for the density and dipole
moment profiles, respectively. Thus, in the present case, a cutoff
value of 9.50 Å appears to be sufficient.
3.3. Energetics. The results of the CNT-water simulation
can be used to analyze the energetic aspects associated with
the process of introducing a CNT from the gas phase into
aqueous solution. The total energy change in this process,
denoted by ∆Egfw, has three main contributions:

∆Egfw ) ∆ECC + ∆ECW + ∆EWW

(13)

Here, ∆ECC represents the change in energy coming from
interactions among carbon atoms. This is primarily due to the
presence of water molecules surrounding the CNT that slightly
alters the C-C interactions. In general, this contribution is
expected to be small. ∆ECW is the energy arising from
interactions between the carbon atoms of the nanotube and the
surrounding water molecules. The ∆EWW part represents the
energy required to create a cavity in water to accommodate the
CNT. This contribution is due to interactions between water
molecules and is related to the surface energy which will be
analyzed below. For the system considered here, the energy
changes (in kJ mol-1 per length of the CNT in Å) are calculated
as: ∆ECC ) 0.59, ∆ECW ) - 17.33, and ∆EWW ) 45.40,
producing ∆Egfw ) 28.66 kJ mol-1. These results show that
the energy contribution coming from C-C interactions is
positive and quite small with respect to other contributions, as
expected. The interactions between carbon atoms and the
surrounding water molecules are attractive and fairly large.
However, the ∆EWW part has a positive value and it is the largest
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Figure 10. Water radial density profile (compare to Figure 4) (a) and the dipole moment (b) using the reference cutoff radius of 9.50 Å (s) and
a cutoff radius of 12.66 Å (+++), respectively. In (b), same number of bins are used as in Figure 6.

contribution. The net result, clearly indicates that the process
of introducing a CNT in an aqueous solution is energetically
unfavorable.
We analyze further the ∆EWW component, which is the most
important contribution to the CNT solvation energy, and reflects
surface characteristics and the surface energy associated with
the cavity creation in water. To compare present results with
experiments, we first calculate the energy for a flat surface of
water. The surface energy is determined from the difference
between the energies (per water molecule) calculated for bulk
and slab water simulation, cases 3 and 4 shown in Table 3.
The bulk water simulation contains 729 water molecules
confined in a three-dimensional periodic box. For the slab, the
periodic boundaries in one direction were removed, creating
two exposed surfaces. The bulk calculation yields an average
potential energy value of -41.90 ( 0.18 kJ mol-1. This
represents a bulk water environment corresponding to a density
of 997 kg m-3 at T ) 300 K and P ) 1 atm. For the slab system
with exposed surfaces (case 5) the average energy is determined
to be -40.28 ( 0.16 kJ mol-1. For this case, the exposed surface
area is 1582.6 Å2. This analysis for the bulk and slab water
models yields a surface energy value of 124 ( 25 dynes/cm.
There is a relatively large deviation from the mean value, but
this is not unexpected considering the small size of the system.
Nevertheless, this value of the average surface energy calculated
for pure water is in good agreement with the experimental
surface energy for pure water, 119.66dynes/cm,49,50 which was
obtained from the experimental surface tension of water and
its temperature dependence around 300 K.
Next, we consider the surface energy for the cavity accommodating the carbon nanotube. Here, the difference between
the energy of bulk water and ∆EWW reflects the surface energy
of the cavity. The radius of the cylindrical cavity is taken as
9.46 Å, the distance from the CNT axis to the first peak in the
water radial density shown in Figure 4a. This analysis yields
an average surface energy of 126.9dynes/cm for the cylindrical
cavity created in water. In this case also, the deviation from
the mean (≈(25 dynes/cm) is the same as found for the flat
surface indicated above. Thus, the surface energy calculated here
for the cylindrical surface is comparable to the surface energy
calculated for the planar surface.
Present results indicate that small configurational changes in
the water orientation do not affect the surface energy greatly.
Furthermore, the curved surface here represents a carbon
nanotube/water interface while the planar surfaces of water are
facing a vacuum. According to the present outcome, the surface
energy does not show any appreciable dependence of the nature
and geometry of the surface. The result agrees with earlier
studies concluding that curvature effects are operational only
at extremly small radii.51

4. Summary and Conclusions
We have presented molecular dynamics simulations of the
structure of water in the interface external to a carbon nanotube.
Using a detailed description of the carbon nanotube and classical
potentials for the carbon-water interaction including an electrostatic quadrupole moment acting between the carbon atoms
and the charge sites on the water, we find structural properties
of water similar to those found for water at an idealized graphite
surface. However, in the present case, the plane of the water
molecules is slightly inclined toward the CNT with an angle of
the dipole moment of 94°-95°. The quadrupole moment was
found to have a negligible influence of the structural properties
of the water.
The breathing mode of the CNT can be inferred from the
van der Waals carbon-carbon interaction energy and the
breathing frequency was found in good agreement with experimental data. The presence of the water was found to have a
negligible influence on the breathing frequency at the present
conditions.
Finally, we considered the process of introducing a CNT into
water. In this process, energy changes coming from carboncarbon, carbon-water, and water-water interactions were
calculated and analyzed separately. The water-water interactions which reflect the cavity creation energy are found to be
the most important contribution. Also, we investigated the
energetics calculated for a flat surface of water facing a vacuum,
and for the cylindrical cavity surface facing the CNT. In these
cases, the surface energies were found to be quite comparable,
despite some differences in the orientation of dipole moments.
Furthermore, the calculated energy for flat surfaces of water
agrees well with the experimental value.
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