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Molecular dynamics 共MD兲 simulation and the potential of mean force 共PMF兲 analysis are used to
investigate the structural properties of water molecules near the end of nanotube for the whole
process from the initial water filling up to the configuration stabilization inside the carbon nanotubes
共CNTs兲. Numerical simulations showed that when a small-sized nanotube is immersed into the water
bath, the size constraint will induce a prevailing orientation for the water molecule to diffuse into
the tube and this effect can persist approximately 3.3 Å from the end of CNT. As the structure within
the CNTs stabilizes, the ambient structural properties can indirectly reflect their corresponding
properties inside the nanotube. Our results also showed that there exists a close correlation between
the PMF analysis and the results of MD simulations, and the properties at nanometer scale are
closely related to the size-constraint effect. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2883655兴
I. INTRODUCTION

The discovery of carbon nanotubes 共CNTs兲 by Iijima1
has led to widespread studies of this novel material, and
many of its properties have been revealed. Up to now, CNTs
can be fabricated in various sizes and shapes, with diameters
ranging from less than 1 nm to more than 100 nm. The CNTs
can be used as a mould or template for material
fabrication,2–5 serving as channels for transport of fluid
共nanofluidics兲,6–8 etc. Among the applications, the low reactivity of CNTs with a number of substances and their structural stability have prompted a number of investigations on
their suitability as artificial nanopores and ion channels
which are essential for living organisms ranging from bacteria to animals and plants.9
Many recent experimental and theoretical studies have
focused specifically on the structural and thermodynamic
properties in the vicinity or interior of CNTs.6,10–14 For example, despite the hydrophobic nature of CNTs, Hummer
et al.6 have reported that water molecules can spontaneously
and continuously fill into a nonpolar carbon nanotube with a
rather strong hydrophobic character and a one-dimensionally
ordered chain of water molecules will be shaped inside the
CNT. Studies of water transport through the simple idealized
pores of CNTs 共Ref. 6兲 may help understand aspects of molecular scale hydrodynamics and serve as models for transport in biological transmembrane channels. To understand
the underlying mechanisms, various kinds of models and
theories were devised to describe those diffusion processes
and condensation configuration of water inside pristine CNT,
such as the continuous-time, single-file random-walk
model,15 traditional molecular dynamics,16 and the coarse
molecular dynamics.17 When CNT was modified through
charged atoms, new distribution patterns and controllable
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transport of water can be realized.18–20 Other peculiar ice
structures11 and phase transitions21 never seen in bulk phase
can be also found within the narrow confines of carbon nanotubes, and the structure of the confined water strongly depends on the diameter of the nantubes.22,23 The water molecules adopt a single-file arrangement in the narrow
nanotubes, and as the diameter increases, they become more
disordered in a fashion similar to that of the bulk water.24
The investigation of these systems consisting of nanosized materials and other medium not only helps us understand the structural and dynamic properties of those medium
confined on the nanometer scale but also reveals some special characters of the nanosized materials, in particular, the
hydrophobic/hydrophilic
behavior.25–28
Hydrophilic/
hydrophobic effects on the nanometer scale play a key role in
many important physical or chemical phenomena, such as
self-assembly and controllable growth of nanosized materials, stabilization of protein structure, and function in solvent
共the famous hydrophobic interaction principle兲. Computational studies have been conducted for structural properties
of water molecules surrounding a CNT.29 The simulations
affirmed that 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 structure
of water droplets30 or clusters31 confined on the nanometer
scale and the capillary effects32 also have been explored.
To understand the underlying structure feature and the
structural evolution at nanometer scale, we resort to the potential of mean force 共PMF兲 analysis. The PMF is a Landau
free-energy profile along an order parameter, and it can be
determined from the equilibrium statistical distribution function of the system by systematically integrating out all degrees of freedom except the order parameter.33 The PMF is a
useful tool to understand various kinds of structural and dynamic information on reversible processes. However, there
exists some difficulties for the calculation of PMF. The first
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obstacle is on how to pick up a reasonable parameter as order
parameter for the question concerned when the structure of
system is complex, while the second one is that the standard
simulation methods do not adequately sample the region in
which the system reaches with low probability, leading to
inaccurate values for the PMF. To avoid the sampling problem, various methods have been proposed for calculating
PMF, for instance, the umbrella sampling and the steered
dynamics.34 Water molecules can spontaneously and continuously fill into a nonpolar carbon nanotube and a quasi-onedimensional 共Q1D兲 structure of water molecules will shape
inside the CNT.6,11,22–24,35 When only the stable structural
properties are concerned, the simple method for PMF calculation can be employed in these cases. In this paper, the PMF
is calculated through integrating the mean force as defined in
Refs. 36 and 37.
Much efforts have been paid to investigating the configurations and dynamic properties of water molecules surrounding or inside CNTs 共as mentioned above兲, but not in
vestibules at the openings of the CNTs. However, during the
processes of water filling into the CNTs, the environment in
the vestibules where water molecules rearrange their configurations and prepare to diffuse into the pores should deserve our attention. After the stabilization of water structure
inside CNTs, study of these transitional regions can also help
us understand the properties of water clusters inside pores on
the nanoscale. In this work, we present our molecular dynamics 共MD兲 simulations and PMF analysis on studying the
structural properties of water molecules in these important
ranges.

II. SIMULATION MODEL AND COMPUTATIONAL
DETAILS

Our simulations were performed with the GROMACS molecular dynamics package.38,39 The water is described by the
flexible SPC/E model featuring harmonic stretch and bend
terms between the oxygen and hydrogen atoms at which the
partial charges are located, and the electrostatic interactions
are evaluated by the particle mesh Ewald method.40,41
We describe the carbon nanotubes using a Morse bond, a
harmonic cosine of the bending angle, a twofold torsion potential, and a Lennard–Jones 共LJ兲 12-6 term as
USWCNT共rij, ijk, ijkl兲
= KCr关e−␥共rij−rC兲 − 1兴2 + 21 KC共cos ijk − cos C兲2
+

1
2 KC共1

− cos 2ijkl兲 + 4CC

冋冉 冊 冉 冊 册
CC
rij

12

CC
−
rij

TABLE I. Parameters for interaction potentials needed in the simulations.
The parameters are taken from Ref. 29 unless otherwise indicated.
KCr = 478.9 kJ mol−1
KC = 562.2 kJ mol−1
KC = 25.12 kJ mol−1
KWra =3450 kJ mol−1 Å−2
KW = 383 kJ mol−1 rad2
qO = −0.8476e
CCa =0.4058 kJ mol−1
OOa =0.6503 kJ mol−1
COa =0.5137 kJ mol−1
a

Provided by the

GROMACS

rC = 1.418 Å
C = 120.00°
␥ = 2.1867 Å−1
rW = 1.0 Å
W = 109.47°
qH = 0.4238e
CCa =3.361 Å
OOa =3.166 Å
COa =3.262 Å

package.

Ucarbon-water共rij兲 = 4CO
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As to the quadrupolar interaction between the carbon atoms
and the partial charges on the water hydrogen and oxygen
atoms, Walther et al.29 have demonstrated that the quadrupolar moment has a negligible influence on the structural properties of the water, thus it is not included in our simulation.
All of the parameters involved in the simulations are summarized in Table I.
The single-walled carbon nanotube 共SWCNT兲-water
system is modeled using the canonical 共NVT兲 ensemble, and
the periodic boundary conditions are applied in all three spatial directions. However, enough space 共around 3.8 nm兲 is
left between the top of SWCNT and the bottom clamped
water layer along z direction to avoid unreasonable interaction. The temperature is maintained at 300 K using the Berendsen method. A time step of 1.0 fs is used. The cutoff
distances for Coulomb potential and LJ potential are 0.9 nm
and 1.0 nm, respectively. The SWCNTs were constructed
through rolling up single graphite sheets.42 The sizes of
SWCNTs used in our simulations are listed in Table II.
The simulation process was designed as follows: an uncapped SWCNT of about 4 nm in length and with various
diameters, ranging from 8.14 to 20.26 Å, is dipped into water surface as a function of cosine-type 共stage 1兲, then the
system holds and relaxes at the maximal dipping position
共stage 2兲. To realize this process, we first froze a layer of
water molecules at the bottom of the bath 共about 1 nm in
thickness兲 and the top part of the SWCNT 共about 1 nm in
length兲 as shown in Fig. 1. It takes about 100 ps for the
SWCNT to be fully immersed into a depth of about 2.0 nm
TABLE II. Size of SWCNTs used in the simulations. 共m , n兲 stands for the
tube chirality index, D the diameter of the tube in angstroms, and NC the
number of carbon atoms.

6

,
共1兲

where KCr, KC, and KC are the force constants for the
stretch, bend, and torsion potentials, respectively, and rC, C,
and C the corresponding reference geometry parameters for
graphene. The ijk and ijkl represent all the possible bending
and torsion angles and rij the distances between bonded atoms. CC and CC are the parameters for LJ term excluding
1-2 and 1-3 pairs. The CNT-water interaction is described by
a carbon-oxygen LJ potential6

Case

共m , n兲

D 共Å兲

NC

1
2
3
4
5
6
7
8

共6,6兲
共7,7兲
共8,8兲
共9,9兲
共10,10兲
共12,12兲
共14,14兲
共15,15兲

8.14
9.50
10.86
12.22
13.60
16.30
19.02
20.26

408
476
5.44
612
680
816
952
1020
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FIG. 1. A schematic of the MD simulation system and integrating regions
for PMF calculation. The horizontal hatched area corresponds to the vertical
integrating region, while the vertical hatched area corresponds to the radial
integrating region 共details in inset兲.

under water surface from its original position. The coordinates and other information were recorded every 0.2 ps. The
water box with a number of 12 258 molecules is prepared
separately, and the system is equilibrated to obtain the desired temperature 共T兲 of 300 K. The dimension of the water
box is approximately 8 ⫻ 8 ⫻ 6 nm3.
When a water molecule diffuses along radial direction
from the bulk toward the central axle in the mouth region of
SWCNT, as shown in Fig. 1, the work done is computed by
integrating the mean radial force acting on the water molecule contributed by all other atoms in the system.37
W共q兲 − W共q0兲 =

冕

q

具F共q⬘兲典dq⬘ ,

共3兲

FIG. 2. 共Color兲 Water column lengths within SWCNT 共a兲 and the column
length error estimations 共b兲 for systems with different diameters vs time.

q0

where q0 is the reference position where the PMF is zero.37
The mean force distributions along longitudinal axle direction and radial direction were calculated by sampling the
force experienced by the water molecules in a binwise
scheme, as shown in Fig. 1.
III. RESULTS AND DISCUSSION

As the SWCNT indents to its lowest position and holds,
the capillary effects induce a water column to enter into the
SWCNT and then growth process follows. When the growth
process finishes, the water columns will fully adjust their
structures to reach their stable states. The structural properties of water near the end of SWCNT during the growth
stage will show different characteristics from those in the
stage with stable structures. It can be seen from Fig. 2共a兲 that
the water columns inside most SWCNTs have finished their
growth stage at around 500 ps. Therefore, we will later on
refer the stage before 500 ps as the growth process for each
SWCNT. The simulations corresponding to the growth process were repeated 15 times for each system involved
SWCNT with various diameters and the results were averaged. The error distributions for the growing column lengths
inside SWCNTs are shown in Fig. 2共b兲. As shown in the
figure, the first dashed line near 200 ps corresponds to the
moment when the averaged water column height approxi-

mately reaches the outside surface water level, except the
共7, 7兲 SWCNT, the region labeled between the two dashed
lines shows relatively large fluctuations, beyond around
350 ps, the fluctuations begin to diminish. At around 500 ps,
the fluctuations of water column length inside the SWCNT
with diameter larger than that of the 共8, 8兲 nanotube are
smaller than 2.0 Å. After 500 ps, the simulations would continue to run for about 10 ns.
To facilitate the discussions over structural properties for
the system, we further divide the process into a growth stage
and a postgrowth stage. Figure 3 shows the average dipole
moment angular distribution for water molecules near the
vicinity of the lower end of SWCNT along z direction during
the growth process. It is obvious that for the SWCNT with
diameter less than around 19.02 Å 共corresponding to the
共14, 14兲 SWCNT兲, there exists a transitional range extending
into the water bath by about 0.3 nm. When the water molecules diffuse into this region, a gradually increasing tendency to align with the SWCNT axle will be imposed on
these molecules by the size-constraint effects as the water
molecules approach the mouth of SWCNT. Moreover, this
tendency is retained across the mouth of the SWCNTs during
the whole growth process. As the diameter increases, the
orientation of water molecule induced by the size-constraint
effects gradually disappears. When the diameter reaches
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FIG. 3. Average-dipole moment angular distributions for water molecules in
region near the lower end of SWCNT along the z direction. The orientation
is characterized by the angle between the SWCNT axle and the water dipole
moment, and the distance is measured from the lower end of the SWCNT.
The negative value stands for statistics in the water bath in front of the lower
end of the SWCNT, while the positive value for statistics within SWCNT.

around 19.02 Å 关corresponding to the 共14, 14兲 SWCNT兴, the
water dipole alignment tendency is completely lost, as shown
in Fig. 3.
Figure 4 shows the density profiles of water molecules in
the vestibules of 1 nm length extending from the lower end
of SWCNT into the water bath, which is similar to those
found by Walther et al.29 The difference lies in that we calculate the distribution along z direction rather than the radial
density profile. In the restricted environment in front of the
carbon nanotube, the water density profile displays a characteristic layering feature, and the maxima of density profiles
at the extending distance of about 3.3 Å is close to the value
of CO 共3.262 Å兲, which is quite similar to the water radial
density profile calculated by Walther et al.29 This characteristic layering gradually weakens as the diameter increases.
For system involved the SWCNT with small diameter,
the dipole moment of water molecules in close proximity to
the lower end of SWCNT 共at ␦Z 艋 2.0 Å兲 displays a tendency of alignment to the SWCNT axle. In the same way,

FIG. 4. Water density profile along the z direction for systems with different
SWCNT diameters. The water density profile is calculated for vestibules
extending from the SWCNT’s lower end into the bulk water by 1.0 nm,
where 0 is the density of the bulk water. The arrows indicate the centers of
the bins used in the following water dipole moment distributions.
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FIG. 5. The water dipole moment distribution for a water slab in systems
with different SWCNT diameters. The slab has a thickness of 0.5 Å and a
radius equals that of the SWCNT. The distance from the slab to the lower
end of the SWCNT is 2.0 Å with its location indicated by label A in Fig. 4.

this alignment tendency weakens as the diameter increases,
as shown in Fig. 5. The other relatively weak peak corresponds to the appearance of dipole moment angles ⬎90°, as
shown in Fig. 5, and this peak tends to shift to the bigger
angle direction as the diameter increases.
The orientation distributions of water molecules for different SWCNT diameters and extending regions are shown
in Fig. 6. At the maximum of density profile, the water molecules have a tendency to form a profile which is approximately tangential to the lower end of SWCNT. However,
small deviations exist for different SWCNTs. The profile
maxima describing the orientation distributions of water
molecules tend to shift from the angles ⬍90° to the angles
⬎90° as the diameter increases, as shown in Fig. 6共a兲. These
deviations remind us that the size-constraint effects are still
in play in this location. At an extending distance of around
4.25 Å which corresponds to the point where local density
reaches minimum, the distribution of water dipole moment
along the SWCNT axle reaches maximum for angles ⬎90°.
The water molecules at the second peak in the density profile
show an unfavorable tendency to form a dipole moment profile tangential to the lower end of SWCNT. The behavior for
the second peak is different to the one for the first peak, and
the distribution discrepancy of dipole moments for the water
molecules diminishes as the extending distance increases, in
the mean time the bulk properties gradually prevail. If the
extending distance is larger than around 3.3 Å, the variations
of water dipole moment distributions along the SWCNT axle
show very similar behavior for SWCNTs with different diameters, as shown in Fig. 6.
As discussed above, the region strongly impacted by the
size-constraint effects is limited to the close vicinity near the
lower end of narrow SWCNT 共at ␦Z 艋 2.0 Å兲, and it seems
that an orientation adjustment occurs in this region since the
relative position of hydrogen atom has negligible effect on
the CNT-water interaction energy. The water molecules entering the region near the lower end of SWCNT tend to adopt
a special orientation before further entering into the pore
region of nanotube. Since the region near the lower end of
SWCNT is a source of water column growth inside the chan-
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FIG. 6. Orientation distributions of the
water dipole moments for systems
with different SWCNT diameters at
different extending distances. The distribution 共a兲 corresponds to the location labeled by B in Fig. 4, the distribution 共b兲 to location C, the
distribution 共c兲 to location D, and the
distribution 共d兲 to location E in Fig. 4.
The location B corresponds to the first
peak, the C to the first minimum, the
D to the second peak, and the E to the
bulk phase.

nel, the orientation of water molecules in this region determines the arrangement of the molecules that first enter into
the SWCNT.
When the water molecules inside SWCNT were fully
relaxed and rearranged, the corresponding properties can be
determined by the structure formed inside the SWCNT, and
they can be quite different from those in the water column
growth stage. For example, in the close proximity to the
lower end of narrow SWCNT, the tendency of alignment to
the SWCNT axle for the dipole moment of water molecules
will disappear, and the originally weak peak in the two-peak
profile observed in Fig. 5 will be enhanced in the postgrowth
stage. In this postgrowth stage, for the very narrow carbon
nanotubes, the water molecules can form Q1D structures that
might constitute a new phases of ice, different from the 15
polymorphic phases of bulk ice identified experimentally
thus far.43,44 For the SWCNT with a diameter of around 8 Å,
a one-dimensionally ordered chain of water molecules will
replace the water column inside the SWCNT, as shown in
Fig. 7. The Collective flip 共the angle of water dipole moment
with the z axle changes from angle ⬍90° to angle ⬎90° or
vice versa兲 may occur for this type of chain structure inside
the SWCNT as the evolution time is long enough. As the
diameter of SWCNT grows, the Q1D chain structures evolve
with more complexity and can maintain for a long time.
When the diameter of SWCNT reaches around 9.5 Å, the
water molecule pairs begin to form, as shown in Fig. 7. In
this two-column structure, one chain is associated with upward dipole orientation and the other with a downward orientation. In the case of 共8, 8兲 and 共9, 9兲 SWCNTs, the Q1D
n-gonal structures similar to those observed in Refs. 11, 22,
and 24 begin to form. However, the perfectness of the hexagonal lattice formed inside 共9, 9兲 SWCNT is higher than
that of the tetragonal lattice inside 共8, 8兲 SWCNT, this phenomenon is in good conformance with the result reported by
Mashl et al.24 As the diameter of the SWCNT further in-

creases, the water molecules can easily diffuse into the interior of the tubelike structure formed by water molecules, and
these configurations will gradually approach the liquidlike
phase. These convince us that the phase diagram for the water confined in the nanosized structure is different from the
one for the bulk.45–47 When the diameter is larger than
around 10.86 Å 关for 共8, 8兲 SWCNT兴, the average angle between the dipole moment and SWCNT’s axle for water molecules inside the SWCNT is over 90°, which is different
from those for water molecules near the lower end of
SWCNT in the growth stage.
To understand the structural evolution observed in the
simulations, we resort to the PMF calculations along the tube

FIG. 7. 共Color兲 Top and lateral views of representative simulation snapshots
for water molecules inside SWCNTs. From left to right figures are for water
inside 共6, 6兲, 共7, 7兲, 共8, 8兲, 共9, 9兲, 共10, 10兲, 共12, 12兲, 共14, 14兲, and 共15, 15兲
SWCNTs. The red spheres represent oxygen atoms and white spheres represent hydrogen atoms.
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FIG. 8. 共Color兲 The PMF of water along the axle direction of SWCNT with
different diameters.

axle and the radial direction in the close vicinity near the
lower end of SWCNTs. Figure 8 shows the PMF curves
along the tube axle with various SWCNT diameters. The
profiles show that except the 共9, 9兲 SWCNT, the smaller the
diameter of SWCNT is, the higher the energy barrier for
encapsulating a water molecule into the interior of SWCNT,
and the larger the energy fluctuation experienced by the water molecules inside the SWCNT. When the diameter reaches
around 19.02 Å 关corresponding to the 共14, 14兲 SWCNT configuration兴, the energy barrier and energy fluctuation are
small enough for the water molecules to easily diffuse into
the pore region of SWCNT. The PMF curve along the tube
axle for the 共9, 9兲 SWCNT is an exception for its highly
cyclicity inside the tube. This could be the reason for the
highly ordered structure formed inside the 共9, 9兲 SWCNT. As
is known, the PMF calculated here is a measure of the reversible work for pulling a water molecule from a location to
another one in the postgrowth stage. The configurations in
the growth stage, which obviously deviate from those stable
ones in the postgrowth stage, cannot be effectively sampled
in the calculations. Therefore, the PMF results calculated in
our simulations cannot be directly used to analyze those dynamical properties in the growth stage or water filling process; however, the calculations can provide an estimation
over the relative energy barriers for the water molecules entering into the channels when comparing different SWCNT
sizes. As a result, the structural information of water clusters
in the postgrowth stage can be reflected though the PMF
calculations.
Other structural features can be explained by employing
the PMF analysis along the radial direction. For example, for
the 共9, 9兲 SWCNT, the distance between the two neighboring
minima of the PMF curve along the radial direction in the
mouth region of SWCNT is around 0.3 nm, as shown in Fig.
9, which is less than the correlation length of water molecules OO 共3.17 Å兲, it is obvious that there is not enough
room to accommodate the water molecules in the central
minima region. As a result, a tubelike structure of water molecules is formed in the mouth region of the SWCNT and this
type of structure is maintained also within the SWCNT, as

FIG. 9. The PMF of water along the radial direction for SWCNTs of 共9, 9兲
and 共10, 10兲. The D is the distance between the two outer maxima, which
should equal to the diameter of SWCNT in an ideal situation.

shown in Fig. 7. Therefore, it is more favorable for the water
molecules to form the solidlike phase within the pore region
when the diameter of SWCNT is smaller than that of the
共9, 9兲 SWCNT because of the spatial constraint. As the diameter of SWCNT increases, the minima distance of the
PMF also increases, for example, the minima distance is
around 0.36 nm for the 共10, 10兲 SWCNT as shown in Fig. 9,
as compared to 0.3 nm for the 共9, 9兲 SWCNT, this distance is
larger than the correlation length of water molecules, thus the
water molecules can easily diffuse into the interior of the
tubelike structure formed by water molecules, finally, these
configurations will gradually approach the liquidlike phase.
The behavior of water molecules in the extending region
near the ends of SWCNT can give some hints to those dynamic and structural properties of water confined within the
SWCNT.
IV. CONCLUSION

In our simulations, we did not try to avoid the stage in
which the water is filling into the SWCNTs even though the
structures in the interior are far away from their stable points.
On the contrary, the structural properties of water near the
end of SWCNT in this stage have been studied. The angle
between dipole moment of water and the axle of SWCNT
can be considered as a quantitative description for structural
rearrangement of water molecules in the region where the
water molecules are preparing to enter into the pore region of
SWCNT since the symmetry is broken along the axle of
SWCNT.
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In the growth stage, we found that the region near the
lower end of SWCNT with small diameters is a transitional
zone which facilitates the water molecules to enter into the
pore region of SWCNT from the bulk. In this region, the
water molecule needs to rearrange its orientation to further
adapt to the constraint environment. As the diameter of
SWCNT increases, owing to the gradual weakening of size
constraint, the orientation constraint of the water molecules
in the transitional region also gradually weakens. When the
extending distance is larger than 3.3 Å, the distribution and
orientation properties of water molecules are similar to those
near the graphite-water interface or in radial direction,29 and
the size constraint effect will be drastically reduced.
The water molecules will relax and rearrange to their
stable configurations as the filling stage ends. These steady
states are similar to those reported previously. The structural
properties of water molecules in the vestibules at the openings of the SWCNTs with various diameters have also been
studied by using the PMF analysis. We have demonstrated
that these ambient structural properties can indirectly reflect
their properties inside the nanotube, and the properties at
nanometer scale are closely related to the size-constraint effect. Simulation results showed that there exists a close correlation between the PMF analysis and our results of MD
simulations.
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