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It is important to investigate how to enhance the flow rate of single-file water molecules across nanochannels. To our
knowledge, all the existing methods are based on pressure gradients, external point charges or uniform/graded electric fields.
Accordingly, these methods are all based on exogenous tools, and thus bring challenges for both energy-saving and
miniaturisation. In contrast, here we manage to reveal an endogenously determined mechanism of flow enhancement. On the
basis of molecular dynamics simulations, we investigate water permeation across a single-walled carbon nanotube (SWCNT
A) in the presence of another SWCNT (SWCNT B). We find that the flow rate of the single-file water molecules across
SWCNT A is enhanced for the case of unblocked SWCNT B compared with the rate for the case of blocked SWCNT B, and
that this flow rate is determined by the separation between the two SWCNTs and the diameter of SWCNT B.
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1. Introduction

The study on water flow across nanochannels or

microchannels exhibits great potential applications. For

example, it plays an important role in understanding

biological activities [1–4] and in designing nanodevices or

nanomachines.[5,6] Nowadays, it is widely accepted that

the ability to produce clean water is one of the key

technological, social and economical challenges. As a

consequence, there is a large interest in seeking for the

low-cost methods of obtaining clean water. Luckily, a

previous research has shown that the measured water flow

rate across nanotubes is higher than predicted.[7] Later,

this high fluid velocity is attributed to an almost

frictionless resistance.[8] Therefore, these nanodevices

are especially efficient in seawater desalination or water

purification.[9,10] Meanwhile, it is also found that the

properties of water molecules in a carbon nanotube, such

as single-file arrangement, wavelike density distribution,

wet-dry phase transition and gating, are similar in those

inside biological water channels.[11–14] As a result,

carbon nanotubes are often used to mimic the function of

nanochannels to explore some phenomena efficiently.

To our knowledge, many methods are approached to

control water permeation through membranes.[15,16]

However, these methods are mainly based on exogenous

tools such as pressure gradients, external point charges or

uniform/graded electric fields.[6,9,12,14,17–21] Thus, on

one hand, these methods usually cost much energy and

bring challenges for both energy-saving and miniaturisa-

tion. On the other hand, the systems discussed above are

mainly with only one nanochannel driven by exogenous

factors [6,12,14,17–19] and the systems with many

channels have not been fully understood. In practice, the

density of channels varies by several orders magnitude,

from hundreds of channels per square micrometers to areas

lack of channels.[22] For instance, the estimated density of

single Kþ channels is about 600 per cell.[23] The effect of

a nanochannel on the water permeation across another

nanochannel is still not very clear.

In order to explore some basic influence among the

water nanochannels and reveal an endogenously deter-

mined mechanism of flow enhancement, we design a

system containing only two single-walled carbon nano-

tubes (SWCNTs), A and B. Here, we use all atom

molecular dynamics simulations to investigate water

transport through SWCNT A under the influence of

SWCNT B. Amazingly, the water transfer rate is

determined by the separation between the two SWCNTs

and the diameter of SWCNT B. These findings show the

complex influence between water channel systems at the

nanoscale, which may have applications in biology.

2. Methodology and simulation details

The molecular dynamics package GROMACS version

3.3.1 is used in our article, which has also been used

widely for studying the properties of water dynamics in a

confined system (SWCNTs).[24–26] The simulation

framework with two parallel plates immersed in a water

box (4.652 nm £ 9.967 nm £ 4.880 nm) is shown in

Figure 1. The plates are joined perpendicularly by two

Z-directed, uncapped SWCNTs with a separation of

2.380 nm. For clarity and simplicity, the SWCNT with

upper Y direction is marked as SWCNTA, while the other
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SWCNT is marked as SWCNT B. The diameter of

SWCNT A is set to be 0.772 nm, while the diameter of

SWCNT B is set to be 0.772, 0.849, 0.926, 1.003, 1.081

and 1.158 nm in each case accordingly. Here, the

separation between SWCNT A and SWCNT B is defined

as the nearest surface distance, and marked as d (see

Figure 1) for simplicity. First, we test whether blocked or

unblocked SWCNT B will affect the water transfer

properties of SWCNT A. So, we design two different

systems with the same separation, d ¼ 0.4 nm. One system

with unblocked SWCNT B and the other system with

blocked SWCNT B are designed. For blocked SWCNT B,

each entrance of SWCNT B is blocked by one carbon

atom. Meanwhile, there are no water molecules in blocked

SWCNT B. Second, we change d from 0.6 to 2.3 nm.

Lastly, we change the diameters of SWCNT B from 0.849

to 1.158 nm. At the same time we keep the diameter of

SWCNT A as 0.772 nm and the centre distance between

SWCNT A and SWCNT B as a constant distance,

1.122 nm. Here, the diameter ratio, Ra, equals the diameter

of SWCNT B divided by the diameter of SWCNT A.

The Lennard-Jones diameter and well depth of carbon

atom are sCC ¼ 0.34 nm and 1CC ¼ 0.3612KJmol21.

These parameters of carbon atom are the same with the

model used in the previous work,[13] while the water

molecule model is the TIP3P water model.[27] The system

contains 3008 water molecules. In addition, we freeze all

the carbon atoms to their original lattices in the

simulations. The NVT ensemble is maintained at 300K

using the thermostat of Nosé –Hoover [28,29].

No additional pressure is applied in our system. Thus,

water molecules can transport across SWCNT A either

from right side to left side or from left side to right side.

Periodic boundary conditions are also applied to all three

directions of the simulations boxes. The time step is set to

2 fs, and the total simulation time is 50 ns (the first 5 ns is

used for system equilibration and the remaining 45 ns is

collected for statistics). Here, the transfer rate of water

molecules across SWCNTA, Vf, is calculated according to

the following equation:

V f ¼ NðtÞ
t

; ð1Þ

where t ¼ 5 ns and NðtÞ ¼ ð1=9ÞP9
k¼1NkðtÞ. Here, Nk (t) is

the number of water molecules transported across SWCNT

A either from right to left or from left to right within the

statistic time, t ¼ 5 ns. Because the total statistical time is

45 ns, Nk (t) have nine values. The method of particle-mesh

Ewald (PME) [30] is used for the long-range electrostatic

interaction and the cut-off distance for Lennard-Jones

forces is set to be 1.4 nm.

3. Results and discussion

Figure 2 shows the number of water molecules, Nf, flowing

across SWCNT A as a function of time for two different

conditions (SWCNT B is blocked or unblocked). Here, Nf

is the number of water molecules transported across

SWCNT A either from right to left or from left to right

within the time for statistics. In the system, the diameter of

either SWCNT A or SWCNT B is 0.772 nm, while the

surface distance between SWCNT A and SWCNT B is

0.4 nm. Surprisingly, the results show that the existence of

SWCNT B has an effect on the flowing properties of water

molecules in SWCNT A. Clearly, 201 water molecules

transfer across SWCNT A within 45 ns if the entrance of

SWCNT B is blocked. However, Nf, increases to 291 water

molecules within the same time if the entrance of SWCNT

B is unblocked. So, the flow rate of the single-file water

Figure 1. (Colour online) Snapshot of the simulation system with two Z-directed uncapped SWCNTs perpendicularly joining the centres
of two graphite sheets. The system is filled with water molecules (H2O), and the two SWCNTs are labelled as A and B, respectively. d is
the surface distance between SWCNT A and SWCNT B.
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molecules across the SWCNTA is enhanced up to 44.8%

within 45 ns for the case of unblocked SWCNT B

compared with the rate for the case of blocked SWCNT

B. Thus, we infer that the existence of unblocked SWCNT

B will increase the transfer rate of water molecules across

SWCNT A in the NVT ensemble.

Because the separation between two channels varies

greatly, it is still not clear how the separation affects water

permeation. The unexpected result shown in Figure 2

encourages us to engage more fully with the research.

Thus, we change the separation between SWCNT A and

SWCNT B from 0.6 to 2.3 nm. The results are shown in

Figure 3. The result shows that Vf tends to increase when d

decreases. Vf is 4.378 water molecules per nanosecond

when d reaches 2.3 nm, which is close to the water transfer

rate when SWCNT B is blocked (see the dotted-and-

dashed line in Figure 3). However, Vf increases to 7 water

molecules per nanosecond when d decreases to 0.6 nm,

which means Vf increases by 59.89%. Obviously, the

results indicate that SWCNT B almost has no effect on the

water transfer rate across SWCNT A if d is long enough,

while SWCNT B will increase the water transfer rate

across SWCNTA if d is appropriately short. According to

the simulation results, the tendency of water transfer

across SWCNT B is similar to water transfer across

SWCNT A.

For convenience, the diameters of SWCNT A and

SWCNT B we choose are the same in Figure 3. What will

happen if the diameters of SWCNT A and SWCNT B are

different? Thus, we change the diameter of SWCNT B

from 0.849 to 1.158 nm. Meanwhile, we keep the diameter

of SWCNT A as 0.772 nm and the centre distance between

SWCNT A and SWCNT B as a constant distance,

1.122 nm. As shown in Figure 4, we find that the water

transfer rate of SWCNT A, Vf, increases from 5.356 water

molecules per nanosecond to 8.171 water molecules per

nanosecond, namely a growth rate of 52.86 % when Ra

increases from 1.1 to 1.5. Notably, Vf is larger than the

water transfer rate when SWCNT B is blocked (see the

dotted-and-dashed line in Figure 4) as well.

We interest in why water molecules are more easily to

be transported across the SWCNT A when d is smaller or

250
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Figure 2. (Colour online) The number of water molecules, Nf,
flowing across SWCNT A without pressure difference as a
function of time, t. ‘B unblocked’ means SWCNT B is unblocked
(the black line), while ‘B blocked’ means SWCNT B is blocked
(the red line).

Figure 3. (Colour online) The transfer rate of water molecules flowing across SWCNT A, Vf, as a function of the distance between
SWCNTA and SWCNT B, d (the surface-to-surface distance). The red dotted-and-dashed line means the transfer rate of water molecules
across SWCNT A when SWCNT B is blocked and serves as a constant to the eye.
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Ra is larger. In order to understand those different

behaviours, as Li et al. [31] pointed out that the van der

Walls interaction is much stronger than the electrostatic

interaction energy. Thus, we calculate the interactions

potential of van der Waals between water molecules in

SWCNT A and the carbon atoms along the centre of

SWCNT A axes. The interaction potential, VLJ, is

calculated according to

VLJ ¼ 41ij
sij

rij

� �12

2
sij

rij

� �6
" #

: ð2Þ

Here, 1ij and sij are empirical parameters of the Lennard-

Jones potential for the interaction between atom i and atom

j with separation rij. The calculation results are shown in

Figure 5. Here, we find that the van der Waals interaction

between water molecules in SWCNTA and all the carbon

atoms varies with different d or Ra. For clarity and

simplicity, we just display two comparations, d ¼ 0.6 nm

and d ¼ 2.3 nm, Ra ¼ 1.1 and Ra ¼ 1.5. For d ¼ 0.6 nm,

we find that vLJ distribution inside SWCNT A are quite

inhomogeneous. Notably, compared with d ¼ 2.3 nm, VLJ

are always stronger when d ¼ 0.6 nm (see Figure 5(a)).

This explains the reason why water molecules can be

transported across SWCNT A faster when d decreases.

As Figure 5(b) shows, For Ra ¼ 1.1, we find that VLJ

distribution inside the SWCNT A are also quite

inhomogeneous. Compared with Ra ¼ 1.1, VLJ are always

stronger when Ra ¼ 1.5 (see Figure 5(b)). This explains

the reason why water molecules can be transported across

SWCNTA faster when Ra increases. It is worth noting that

the van der Waals interaction between water in SWCNTA

and all the carbon atoms is too weak to reduce the water

transfer rate of SWCNT A.

4. Conclusion

On the basis of molecular dynamics simulations, we have

investigated water permeation across an SWCNT A in the

presence of another SWCNT B. We find that the flow rate

of the single-file water molecules across SWCNT A is

enhanced up to 44.8% within 45 ns for the case of

unblocked SWCNT B compared with the rate for the case

of blocked SWCNT B, and that this flow rate is determined

by the separation between the two SWCNTs and the

diameter of SWCNT B. We observe the flow rate of water

molecules across SWCNT A is enhanced up to 59.89%

and 52.86% by changing the separation and diameter ratio,

respectively. The flow enhancement originates from the

stronger van der Waals interactions between water

molecules and the SWCNTs when the effective separation

between the two SWCNTs is closer. This work may help to

design high-flux nanochannels for transporting water

molecules, and also to understand the water flow through

nanochannels in biological membranes.
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Figure 4. (Colour online) The transfer rate of water molecules
flowing across SWCNT A, Vf, as a function of diameter ratio, Ra.
The red dotted-and-dashed line means the transfer rate of water
molecules across SWCNT A when SWCNT B is blocked and
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