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ABSTRACT

Extraordinarily fast transport of water in carbon nanotubes (CNTs) in recent experiments has been generally attributed to the smoothness of
the CNT surface. Using molecular dynamics simulations we investigate water flow in (16,16) CNTs and show that the enhanced flow rates over
Hagen−Poiseuille flow arise from a velocity “jump” in a depletion region at the water nanotube interface and that the water orientations and
hydrogen bonding at the interface significantly affect the flow rates. For nanotube with the same smooth wall structure but with more hydrophilic
Lennard-Jones (LJ) parameters of silicon, the enhancement is greatly reduced because it does not have “free” OH bonds pointing to the wall
as in CNTs that would reduce the number of hydrogen bonds in the depletion layer. Roughness in the tube walls causes strong hydrogen-
bonding network and no significant flow enhancement is attained in rough tubes.

Dramatic enhancement of pressure driven flows of water
through carbon nanotubes as compared to other porous
materials has gained considerable attention recently due to
its potential applications in drug delivery, biomimetic selec-
tive transport of ions, etc. Pressure driven flow velocities of
4 or 5 orders of magnitude higher than predicted from
Newtonian Flow using the Hagen-Poiseuille equation has
been observed in multiwalled carbon nanotube (MWNT)
membrane pores of 7 nm inner diameter by Majumder et
al.1 More recently, in double walled carbon nanotube
(DWNT) pores with an inner diameter of 1.6 nm the
measured water flow exceeds values calculated from con-
tinuum hydrodynamics models by more than 3 orders of
magnitude.2 Molecular dynamics (MD) studies of gases with
exceptionally high transport rates of methane and hydrogen
in nanotubes are shown to be a result of the inherent
smoothness of the nanotubes3 and low friction at the surface.4

A review of recent literature and a detailed discussion of
flow in nanotubes can be found in ref 5. Although water
structure in nanotubes has been studied extensively using
MD simulations,6-12 the emphasis has been mainly devoted
to small diameter tubes in which bulk properties of water
have not been attained at the tube center. For narrow (6,6)
tubes, large flow rates in carbon nanotubes have been
attributed to the single file water structure and the associated
hydrogen bonding.10 In narrow (8,8) tubes, long-lasting
hydrogen bonds are responsible for the fast diffusion of water
clusters.13 Though many MD studies have dealt with diffu-

sion and filling mechanism of water in carbon nanotubes,
relatively fewer studies have investigated velocity profiles
under an external driving force.14,15

Recent experiments have conclusively shown that water,
on meeting a hydrophobic solid, forms a thermodynamically
driven low-density depletion layer.16 In carbon nanotubes,
water structure in the interfacial depletion region and its
relation to the flow is not well understood. In this paper,
using MD simulations we relate the water structure in the
depletion layer such as water orientations and the hydrogen
bonding to the velocity “jumps” observed in the flow. The
main factors that influence the velocity “jumps” at the
interface are the local intermolecular interactions and the
surface roughness.17 To investigate the effect of these factors
on the flow rates, we chose three smooth tubes with water
accessible diameter of approximately 1.6 nm, the same as
that used in experimental studies2 but with different Lennard-
Jones (LJ) parameters and one tube with the same LJ
parameters and inner diameter as that of carbon nanotube
(CNT) but with wall roughness.

For the MD simulations, the different types of tubes
considered were (i) (16,16) CNT with a bond length of 0.142
nm, modeled as LJ atoms because the partial charges for
CNTs are significant only for finite tubes,18 (ii) (16,16) boron
nitride nanotube (BNNT) with a bond length of 0.144 nm,
(iii) (16,16) nanotube with the same smooth structure as CNT
but with much more atttractive LJ parameters of silicon,
and (iv) a rough tube whose six-ring unit cell comprises
of a three-ring (16,16) CNT and a three-ring (18,18) CNT.
The center to center distance for the (16,16) nanotube is
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2.17 nm and for the (18,18) tube is 2.44 nm. The LJ
parameters for carbon were taken from ref 18, boron and
nitrogen were taken from ref 19, and that for silicon was
taken from ref 20. It should be noted that the walls of a
silicon nanotube cannot have a planar sp2 structure like a
CNT, but to distinguish between the effects caused by
smoothness and an attractive LJ interaction we use an
artificial tube with the same geometry as a CNT but with
LJ parameters of silicon. MD simulations were performed
with Gromacs 3.3.1,20 using a time step of 2 fs. The flow
was simulated in infinitely long tubes with periodic boundary
conditions and box lengths of 7.87, 7.98, 7.87, and 8.21 nm,
respectively, in the axial direction. For gases, only in the
limit of low density at a pressure less than 1 bar does the
tube flexibility reduce the diffusion of methane in CNTs such
that rapid transport is not attained.21,22 Simulations of
nonequilibrium flow of water in CNTs have used rigid tubes
in the past.14,15For water, our preliminary simulations showed
that extraordinary enhancements are present with or without
flexible walls with flexibility increasing the mean velocity
by 10-20%. For the sake of simplicity, we used a rigid fixed
tube. Water was modeled by using the SPC/E model.23 The
temperature of the fluid was maintained at 300 K by using
a Nose-Hoover thermostat24,25 with a time constant of 0.2
ps. For calculating the temperature, the mean axial velocity
of water was subtracted from the axial component of the
velocity of each water molecule as implemented in ref 20.
The long-range electrostatic interactions were computed by
using a particle mesh ewald method20 (real space cutoff, 1.0
nm; FFT grid spacing, 0.12 nm, fourth-order interpolation).
The short-range interactions were computed using a cutoff
scheme (cutoff distance, 1.0 nm). Starting from a configu-
ration of a randomly solvated system with fixed slabs of size
3.2× 3.2 nm2 and baths of 3.2× 3.2× 1.5 nm3 attached at
both the ends of the CNT, each system was simulated for
1.0 ns by maintaining a pressure normal to the slab with a

Parrrinello-Rahman barostat26 of 1 bar (compressibility time
constant of 0.2 ps; compressibility of 4.5× 10-5 bar-1). The
water concentration at the ends of the bath was verified to
be within 1% of the bulk water concentration of 55 M after
1 ns of simulation. Then the baths were removed and a
production run of 10 ns was performed at constant volume
to gather the statistics of various quantities, for example, the
fluid velocity. A constant external acceleration,aext, applied
along the channel in theZ-direction was used to drive the
flow. A strong external acceleration (aext ) 0.002 nm/ps2)
was used in our simulations so that fluid velocity profile
could be retrieved with reasonable accuracy with minimal
fluctuations in the velocity profile due to thermal noise. The
driving force on each molecule is less than 18% of 0.1
(ε/σ), the driving force widely used in nanoporous simula-
tions27 and is equivalent to an effective pressure of 13.86
MPa (assuming a bulk density of 990 kg/m3). The statistics
were gathered after steady-state velocities are reached within
1-2 ns. To derive accurate velocity profiles, the velocities
and concentration profiles were sampled at intervals of 2 fs.

Figure 1 shows the water concentration and velocity
distribution across the various tubes considered. The con-
centrations and velocities are computed by averaging over
the axial length of the tube for all time frames after steady-
state velocity profiles have been reached. Apart from the
well-known layering of water near the channel wall, we also
observe that (1) there is a large velocity with a pluglike flow
profile with a velocity “jump” at the interfacial region for
all nanotubes except for the rough surface, (2) the magnitude
of the velocity “jump” decreases with increasing concentra-
tion of the first water layer for smooth surfaces. The velocity
profiles for the CNT, BNNT, and NT with Si LJ are similar
to the pluglike flow profiles observed in flow under external
forces.14,15 From the concentration and velocity profiles, a
net mass flow rate can be computed and compared with that
from continuum theory. The mass flow rate in a pipe

Figure 1. Water concentration and axial velocity profiles as a function of the radial distance toward the wall from the center of the tube
at r ) 0 nm. Only one-half of each tube cross-section is shown. From the left to the right are (i) (16,16) CNT, (ii) (16,16) BNNT, (iii)
(16,16) NT with Si LJ, and (iv) rough tube with alternating sections of (16,16) and (18,18) tubes. For the first three cases, even though the
tubes have smooth surfaces, the magnitude of the flow velocities show marked differences. The bulk concentration is 55 M.
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according to continuum theory ism̆ ) πr4F2aext/8µ, wherer
is the radius of the tube,F is the density, andµ is the dynamic
viscosity. Using bulk values at 300 K forF and µ and an
inner diameter computed by subtracting twice the Lennard-
Jonesσ from the center-to-center diameter, the enhancement
of mass flow rates over that of continuum theory is 2052,
1142, 155, and 4.7 for CNT, BNNT, NT with Si LJ, and the
rough tube, respectively. The enhancement in CNTs is within
the range of the enhancement from 560 to 8400 observed in
experiments for tubes of inner diameter of 1.6 nm.2 In Figure
2, the radial velocity profiles are plotted along with the
concentration profiles. Radial velocity is positive in the
direction from the center to the wall. According to the
continuum theory, for pipe flow the radial velocity compo-
nents are zero. Here, we find a considerably large radial
velocity in the tube that is related to the layering of the
concentrations. A quasi-steady-state concentration gradient
can give rise to a steady-state flow. As the peaks of the
concentration profiles increase in magnitude from CNT to
NT with Si LJ, the magnitude of the radial velocity also
increases. In the interfacial region between the first peak and
the wall, the radial velocity is the largest.

In recent years, questions have been raised whether there
are nanobubbles or depletion layers at the interface of liquids
near hydrophobic surfaces where velocity “jumps” occur.
Recent X-ray reflectivity measurements of the interface
between water and smooth hydrophobic monolayers con-
clusively show a depletion layer with a substantially lower
density than the bulk water density with a thickness of one
water molecule that cannot be explained by nanobubbles.16

It is important to note that the location of the velocity “jump”
in our simulations is in a depletion region where the
concentration is less than 5% (2.8 M) of the bulk water
concentration of 55 M. The depletion regions in X-ray

measurements are based on one-dimensional (1D) electron
density profiles as a function of the wall normal distance,
which averages out the effects of the topography of the wall
structure. To understand how the water structure in the
depletion layer correlates to the underlying wall structure,
2D contours of the concentration profiles for oxygen atoms
and hydrogen atoms in water in the depletion region are
shown for CNT (Figure 3, top row) and NT with Si LJ
(Figure 3, bottom row). The 2D profiles are plotted in
cylindrical polar coordinates as a function of the axial
distancez and circumferential angleθ with concentrations
averaged over time for the entire length of the simulation
after reaching steady-state for a thickness∆r ) 0.028 nm at
the location of the velocity “jump” atr ) 0.821 nm for CNT
and r ) 0.807 nm for NT with Si LJ. Also shown are the
projection of the hexagonal arrangement of the wall atoms
beneath the water layer. For CNT, even though the concen-
tration is quite low compared to the bulk there is some
concentration of oxygen atoms above the centers of the
hexagonal rings of the carbon atoms, and the rest of the
interface is depleted (Figure 3, top left). The hydrogens are
spread throughout the surface but with no clearly distinguish-
able pattern (Figure 3, top right). On the other hand, for the
NT with Si LJ, even though the locations just above the wall
atoms are depleted of oxygens, there is a clear difference in
concentrations in the center of the hexagonal rings compared
to the rest of the surface with the concentrations at the center
of the rings being as high as 40 M (Figure 3, bottom left).
With hydrogens too, a clear pattern emerges where the
hydrogen atoms prefer to be in regions away from the centers
of the hexagonal rings. For the NT with Si LJ, the water
structure is such that the water forms a well-defined layer
to correspond to the underlying hexagonal pattern of the wall
atoms such that the oxygen atoms are in the center of the

Figure 2. Water concentration and radial velocity profiles as a function of the radial distance from the tube center. The radial velocity is
defined positive in the direction from the center toward the wall. Shown from the left to the right, are: (i) (16,16) CNT, (ii) (16,16) BNNT,
(iii) (16,16) NT with Si LJ, and (iv) rough tube with alternating sections of (16,16) and (18,18) tubes. The radial velocity in the depletion
region increases with increasing water concentration in the first water peak. The depletion region is denoted as DR.
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hexagonal ring where the wall Lennard-Jones interactions
are attractive, rather than in the repulsive region above the
wall atom. This is depicted in a snaphot shown in the inset
of Figure 3 (bottom right). Although not shown here, the
2D water structure in the depletion region of BNNTs shows
characteristics intermediate to that of CNT and NT with Si
LJ. For the rough CNT, the 1D concentration profile does
not show any depletion region (Figure 1) with the lowest
average water concentratons being 30 M in the regionr )
0.821 nm. This is consistent with the conclusions that there
are no depletion regions for rough hydrophobic surfaces.16

To further understand the water structure in the depletion
region, we investigate the water dipole and OH bond
orientations in the depletion region. The top rows in Figure
4 shows the distribution of the average water dipole
orientation with respect to the radial direction (0° is normal
to the wall, pointing toward the wall) at different radial
locations for the different wall structures considered. The
bottoms rows of Figure 4 depict the distributions of OH bond
vectors. The distributions are normalized so that the bulk
value is 1. The radial locations represent (i) the depletion
region (r ) 0.807 nm orr ) 0.821 nm depending on the
wall structure), (ii) the region of the first water peak (r )
0.764 nm orr ) 0.779 nm), and (iii) the region of the valley

of the first water peak (r ) 0.636 nm). For the rough tube,
an additional radial location in the cavity formed by the
roughness atr ) 0.879 is also considered. A schematic of
the water orientations inferred from the orientational distribu-
tions is shown in Figure 5. For the CNT, in the depletion
region the dipoles mainly lie in the region 55° < θ < 80°.
The OH bonds show peaks in the region 0° < θ < 15° and
95° < θ < 120°. This corresponds to the water molecule in
the depletion region with one OH bond pointing toward the
wall and the other pointing toward the waters in the peak
region. The water orientation in the depletion region is very
similar to the experimental measurements of orientational
distribution of water near hydrophobic surfaces that show
“free” OH bonds or “dangling bonds” at the interface that
protrudes into the organic molecules.28,29 In the region of
the first water peak, both the OH bond vectors and the dipoles
are mainly oriented at 90° to the radial direction such that
the water forms a planar structure that could induce hydrogen
bonding with each other. In the valley of the first peak, the
water orientation is such that one OH vector points toward
the center of the tube with an OH bond angle of 160-180°
and the other at an angle of 60-80°. For the NT with Si LJ,
unlike the CNT the orientations in the depletion region and
the first water peak are similar with majority of the waters

Figure 3. Time averaged 2D concentration contours of oxygens (top left) and hydrogens (top right) near the surface of a (16,16) CNT. The
θ- and z-axes denote circumferential and axial variations, respectively. The color scale on the right of each plot represents the molar
concentration. The/ symbol denotes the position of the underlying wall atoms. Also shown are the contours of oxygens (bottom left) and
hydrogens (bottom right) near the surface of a (16,16) nanotube with LJ parameters of Si. The snapshot of the depletion region in the
bottom right figure shows the oxygens predominantly congregating at the center of the hexagonal rings to form a hydrogen-bonded water
layer in the circumferential plane.
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orienting normal to the wall forming a planar layer even in
the depletion region. There is no substantial number of “free”
OH bonds or “dangling” OH bonds as compared to the CNT.
The orientations are similar to the CNT for the first water
peak and the valley of the first peak except that the
distributions are more sharply defined due to the sharper
layering of water in the NT with Si LJ. The water orientations
in the BNNT lie in between that of the orientations for the
CNT and the NT with Si LJ. In the rough tube, there is

practically no difference between the orientations atr )
0.821 nm andr ) 0.764 nm, the location of the first water
peak. The orientations in the cavity region atr ) 0.879 seem
to be almost at mirror image of that at the valley of the first
water peak (r ) 0.636 nm) showing a tightly integrated
network of water molecules.

Because the water molecules in the depletion region for
CNT have much more “free” OH bonds than the NT with
Si LJ, we would expect the hydrogen bonding in the

Figure 4. Dipole orientations (top) and OH bond orientations (bottom row) at various radial locations that represent, in the increasing
order ofr, (i) the valley of the water concentrations between the second and the first peak, (ii) the first water peak, and (iii) the depletion
region. Note that for the CNT, the OH bond orientation is such that there is a “free” OH bond pointing to the wall.

Figure 5. Schematic of water dipole orientations near the wall along with the concentrations. The velocity profiles are also shown to
indicate the position of the depletion region and the water molecules in those regions. Water molecule in the depletion region of the CNT
has a “free” OH bond, which is not found in NT with Si LJ.
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depletion region to be different for both cases. We investi-
gated the average number of hydrogen bonds per water
molecule as a function of the radial distance. A geometric
definition of the hydrogen bond was used such that two water
molecules are hydrogen-bonded ifrO-O < 0.35 nm and
∠O...O-H < 30°. Figure 6 (left) shows the distributions of
the hydrogen bonds per water molecule in the interfacial
region for the water molecules. In the center of the tube, the
number of H bonds is 3.7, the same as that in the bulk. In
the depletion region, the number of hydrogen bonds follows
the order CNT< BNNT < NT with Si LJ < rough NT.
Figure 6 (right) shows the hydrogen bonds from the donor
hydrogens per water. In the depletion region, for CNT the
number of donor hydrogen bonds is 1.17, and for NT with
Si LJ the number of donor hydrogen bonds is 1.5. The “free”
OH bonds in the depletion region do not contribute to the
hydrogen bonding in the CNT. This is consistent with the
experimental finding that hydrogen bonding between adjacent
water molecules at hydrophobic interfaces is weak due to
the presence of “free” OH bonds.29 The number of hydrogen
bonds we obtained in the interfacial region for the (16,16)
CNT is very similar to that reported previously for water
inside a (12,12) CNT7 and water outside a (16,0) CNT.8 The
phenomena of velocity “jump” in cases with layered water
concentrations that approach bulk values in the center, as in
(16,16) tubes, are governed by the water structure in the
depletion region. But as the tube diameter decreases and
water approaches a single file profile, the water orientations
and hydrogen bonding are radically different from that shown
here. In a smaller diameter (6,6) tube with a single file water,
the average number of hydrogen bonds is less than 2 because
each water molecule can make an H bond only with the water
molecules in front of it or behind it.6,7,9 In such cases, the
flow rates could be influenced by factors other than that
discussed here and is a topic of further study.

Another important point to note is that the flow rates are
highly sensitive to the interatomic distances. The simulations

of BNNT presented here had a B-N bond length of 0.144
nm, which is slightly more than 0.142 nm (the bond length
for CNT). For a BNNT tube with a bond length of 0.142
nm, the same as C-C bond length, the water velocity
obtained was 42% higher than shown in Figure 1. Even a
small increase in the bond length can make the region in
the center of the hexagonal ring more attractive to LJ
interactions that increase the oxygen concentrations and
decreases the velocity “jump”.

To summarize, we have shown that the water structure
such as the OH bond orientations and the hydrogen bonding
in the depletion region where the water concentration is less
than 5% of the bulk value has a direct effect on the
enhancement of flow rates. A unique combination of features
such as hexagonal structure, interatomic distances of 0.142
nm, and water orientations with “free” OH bonds pointing
to the wall and the decreased hydrogen bonding in the
depletion region contribute to large flow rates in CNTs in
contrast to other materials such as polymer membranes with
significant wall roughness.
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