
Chapter 1
Bioinspired Nanoscale Water Channel
and its Potential Applications

Haiping Fang, Chunlei Wang, Rongzheng Wan, Hangjun Lu, Yusong Tu,
and Peng Xiu

Abstract The dynamics of water molecules confined in nanochannels is of great
importance for designing novel molecular devices/machines/sensors, which have
wide applications in nanotechnology, such as water desalination, chemical sep-
aration, sensing. In this chapter, inspired by the aquaporins, which are proteins
embedded in the cell membrane that regulate the flow of water but stop the protons,
we will discuss the mechanism of water channel gating and water channel pumping,
where water molecules form single-filed structure. The single-filed water molecules
can also serve as molecular devices for signal transmission, conversion, and multi-
plication. Moreover, the water in the channel may have great potential applications
in designing the lab-in-tube to controllable manipulation of biomolecules.

1.1 Introduction

With the development of nanoscience and nanotechnologies, particularly the suc-
cessful fabrications of various nanochannels, the study of the water permeation
across the nanoscale channels has become conceivable. The understanding of the
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Fig. 1.1 (a) A water molecule, where the red and gray balls represent one oxygen atom and two
hydrogen atoms. (b) A water molecule together with four neighboring water molecules. The arrows
denote a hydrogen bond and the head and the end of an arrow shows the acceptor and the donor,
respectively

dynamics of water molecules confined in nanochannels is also of great importance in
designing novel molecular devices/machines/sensors, which have wide applications
in nanotechnology [1–19], including lab-on-a-chip technology [20]. In this decade,
the lack of clean water, particularly in developing countries, has become one of the
main challenges. The desalination of seawater and filtration of polluted water [5]
are regarded as two main methods to solve the clean water shortage. Considering
the difficulty in the existing techniques, the nanotechnologies based on the water
permeation across the nanochannels have become the most promising direction.

There have been many discussions on the water across the nanochannels [17,
21–28]. In 2001, Hummer et al., using molecular dynamics (MD) simulations,
showed that water confined in very narrow nanochannels with appropriate radii
displayed single-filed structure [21]. Later, Holt et al. [6] experimentally found
that the water flow rate through a carbon nanotube (CNT) with a radius of
1–2 nm, a comparable radius to the CNTs used by Hummer et al. in the numerical
simulations, was more than three orders of magnitude faster than the conventional
nonslip hydrodynamic flow.

Biological systems always inspire us with new idea. In 1980s, Peter Agre discov-
ered the aquaporins, which are proteins embedded in the cell membrane that regulate
the flow of water but stop the protons [29, 30]. Later, the structure, the function,
and the physics of aquaporins have been extensively studied both from experiments
and from numerical simulations [31–39]. In 2001, Groot and Grubmuller used
MD simulations to study the water permeation across the biological membrane
proteins: aquaporin-1 (AQP1) and Glpf [32]. They found that the water molecules
in those biological channels were single-filed. Later, Tajkhorshid et al. examined the
apparently paradoxical property, facilitation of efficient permeation of water while
excluding protons [34]. We note that people usually take the biological systems as
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Fig. 1.2 A snapshot of water confined in a (6,6) armchair single-walled carbon nanotube. The
red and gray balls represent the oxygen and hydrogen atoms, respectively. It can be seen clearly
that each oxygen atom is located in the right side of the two hydrogen atoms in the same water
molecule. The single-walled carbon nanotube is represented by gray lines

the most effective ones and can effectively shield the thermal noise and represent
the useful signal. In this chapter, we will review the recent progress obtained by
our group using MD simulations in the study of the water permeation across the
nanoscale channels inspired by the aquaporins.

Let us first review the basic properties of water in a classical view. As is shown
in Fig. 1.1, a water molecule is composed of one oxygen atom and two hydrogen
atoms with the angle between OHO of about 104.52o. The water molecule is polar
due to the residual charges on the oxygen atom and the hydrogen atoms. The most
important thing in the water molecules is the hydrogen bonds between neighboring
water molecules. Explicitly, an oxygen atom in one water molecule may have a
strong interaction with a hydrogen atom in another, which is called the existence of
a hydrogen bond. The strength of the hydrogen bonds, though much smaller than
that of the chemical bonds, can be more than tens of kBT. Thus, this bond usually
plays a very important role in the system full of thermal fluctuation. It is believed
that the anomalies of water mainly result from the existence of the hydrogen bonds.

1.1.1 Gating and Pumping of Nanoscale Channels

The water molecules are connected by one-dimensional hydrogen bonds as shown
in Fig. 1.2 when the water molecules exhibit single-filed structure in a nanochannel.
The motions of the water molecules are concerted transport through the channels.
Obviously, at least one hydrogen bond should be broken if we want to stop the water
flow across the nanotube. There are at least two methods to achieve this goal. One
is to deform the nanotube and the other is to use external electric field to attract the
water molecules.

As the model shown in Fig. 1.3, a single-walled carbon nanotube (SWNT)
13.4 Å in length and 8.1 Å in diameter is embedded in a graphite sheet as a water
channel. The SWNT and the graphite are solvated in a box (3 � 3 � 4 nm) with water
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Fig. 1.3 (a, b) A snapshot of the simulation system. The single-walled carbon nanotube and the
graphite sheet are solvated in a box (3 � 3 � 4 nm) with water molecules. The gap between the
graphite plane and the nanotube is too small for a water molecule to penetrate. An external force,
marked by “F,” acts on an atom of the carbon nanotube and a deformation can be clearly seen
(reprinted from [40]. Copyright 2005 American Chemical Society). (c) ı is the displacement of the
atom directly acted by the external force from its initial equilibrium position

molecules using TIP3P water model. The SWNT can be controllably deformed by
an external force F applied to one carbon atom (namely, the forced atom) in the right
side of the CNT while the carbon atoms in the left half of the CNT were fixed [40].
In reality, the force can be the active force to control the flow or the perturbations
from the other parts in the biological systems.

An additional acceleration of 0.1 nm ps�2 along the Cz direction is added at each
atom to mimic an osmotic pressure difference of 133 MPa between two ends of the
SWNT [23, 40]. The carbon atoms at the inlet, outlet, and where the external force
is exerted are fixed to prevent the SWNT from being swept away in the simulation.
The simulation is carried out at a constant pressure (1 bar) and temperature (300 K).

For each ı corresponding to an external force F, the time for the numerical
simulation is 232 ns. The last 216 ns of the simulation are collected for analysis.
Figure 1.4 displays the average number of water molecules inside the tube N,
together with the net water flux averaged each 18 ns, as a function of time for each
ı. For the unperturbed nanotube, the average number of water molecules inside the
tube is about 5. During the entire 216 ns simulation, 1955 and 726 water molecules
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Fig. 1.4 Number of water molecules inside the nanotube (N) and the water flux (which is defined
as the number of water molecules passing through the nanotube along z axis and the opposite
direction per nanosecond) as a function of time for each deformation ı. The time period for each
deformation ı is T, where T D 12 ns for N and 216 ns for the flux. The flux shown is averaged each
18 ns (reprinted from [40]. Copyright 2005 American Chemical Society)

Fig. 1.5 Average number of
N and the average net flux in
the whole period of T,
together with the force F
acting on the atom, as a
function of ı (reprinted from
[40]. Copyright 2005
American Chemical Society)

pass through the tube along z axis and the opposite direction, respectively, resulting
in a net water flux of 5.69 water molecules per nanosecond along z axis.

In macroscopy, as the force F(t) increases, the flow across the nanotube
decreases monotonically due to the increase in the deformation [40], which can
be characterized by a parameter ı, which is the displacement of the forced-atom
from its initial position in the pristine SWNT as shown in Fig. 1.3. However,
in this system, the water flux and occupancy N do not decrease as expected as
shown in Figs. 1.4 and 1.5 when ı increases from 0 to 2.0 Å. In the interval of
1.4 Å < ı < ıC � 2.0 Å, the water flux even increases a little. Please be noted that
the radius of a water molecule is only 1.4 Å. This shows that the water flux is
unexpectedly stable even when the deformation of the forced-atom is larger than the
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Fig. 1.6 Water distributions
along z axis together with the
positions of carbon atoms
(the open circles and the filled
circles). The arrow, marked
by P, is the position of
forced-atom. (a) ı D 0.0, 1.4,
1.8 Å (b) ı D 2.0, 2.4, 2.5 Å

radius of a water atom. Only when ı > ıC � 2.0 Å, the net flux and the occupancy
N decrease as ı further increases. When ı D 2.6 Å, the water flux through the tube
becomes a negligible value. In the total 216 ns simulation, no water molecules enter
the tube from one end or leave from the other, indicating that at ı D 2.6 Å, the
nanotube is functionally closed. It shows that a CNT can be completely closed from
an open state by moving the forced-atom by only 0.6 Å. Here, the CNT shows
excellent gating behavior corresponding to external mechanical signals. On one
hand, the water flux and occupancy of the CNT are extremely irrespective of external
signals (ı < 2.0 Å), for example, deformations due to noise. On the other hand, the
water flux and occupancy of the nanotube are sensitive to further deformations. An
additional increase of 0.6 Å for ı leads to an abrupt transition from an open state
(flux same as an unperturbed nanotube) to a closed state (no flux).

In order to further study the physics for such gating behavior, we show the
water distribution inside the CNT for different ı in Fig. 1.6. As is well known, the
density of water is constant along a macroscopic channel with a uniform radius.
However, for a CNT with 8.1 Å in diameter and 13.4 Å in length, the water
density distribution appears in wavelike pattern. Furthermore, the gating of the water
transportation through the CNT is found related to the wavelike pattern of water
density distribution.
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The water density distribution along the tube axis �(z) can be calculated by

�.z/ D N.z/

N�L
;

where �L is the bin length and N(z) is the number of water molecules appearing
at the bin at z for the total of N snapshots from simulation. In order to compute
the water density distribution near two openings of the CNT, we can extend the
CNT from each end to bulk by 11.3 Å to construct a virtual cylinder with 8.1 Å in
diameter. The whole cylinder was divided into 1,000 bins. In the case of ı D 0 Å, the
distribution has a wavelike structure with minimal values at the openings and five
peaks, which is consistent with the average value of the water occupancy N (N � 5
for ı D 0 Å from Fig. 1.5). For 0 � ı < 2.0 Å, the distribution changes gradually
and the peak move leftward as ı increases, but the values of the peaks do not
change much. This is conforming to the stable value of water occupancy N at the
range of 0 � ı < 2.0 Å in Fig. 1.5. The water distribution at P, the location facing
the forced-atom, decreases corresponding to the narrowing of the nanotube at P.
When ı � 2.0 Å, the distribution at P is smaller than that of the other dips, and
the wavelike pattern is considerably deformed; the values of the peaks decrease
obviously corresponding to the decrease in N in Fig. 1.5 at the same range of ı. The
distribution at P is very close to zero when ı D 2.5 Å. However, we still observe
that about one water molecule enters from one side and leaves from the other side
per nanosecond when ı D 2.5 Å. Further inspection of the data shows that water
molecules can pass the position of P very rapidly without staying.

The gating behavior can also be understood from the distance between the two
water molecules, one left to the forced-atom and the other right to the forced-
atom. As shown in Fig. 1.7, the distance almost keep the initial value without
the deformation of the SWNT of 2–2.8 Å for ı < 2.0 Å. Further increase in ı

makes the distance increases rapidly, breaking the connection (hydrogen bonding)
between those two water molecules. It is just the strong interaction of the hydrogen
bonds that keeps the distance almost as a constant when ı < 2.0 Å. Thus the water
transportation across the nanotube stops.

As we have mentioned before, the water molecules form hydrogen bonds with
neighboring water molecules, and the water molecules inside the CNT form a single
hydrogen-bondedchain. The dipoles of the water molecules are nearly aligned along
the nanotube axis. Due to the deformation of the nanotube, the total number of
hydrogen bonds inside the nanotube decreases as ı increases (Fig. 1.8). The average
number of the hydrogen bonds, denoted by NHbond, decreases very slowly in a
linear fashion as NHbond D 3.16–0.136 Å in the range of ı < 2.0 Å. In the range of
2.0 Å � ı < 2.5 Å, NHbond decreases sharply from 2.87 to 1.43. This sharp decrease
results from the decrease in the total water molecules inside the nanotube N as well
as the increase in the distance between those two water molecules neighbor to the
position P. The linear decrease in NHbond in the range of ı < 2.0 Å mainly results
from the increase in the distance between those two water molecules neighbor to the
position P, for the value of N keeps stable in this range. The effect of the increase
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Fig. 1.7 The distance
between the two water
molecules near the
forced-atom dWW and its
z-projection ZWW for different
ı (reprinted from [129].
Copyright 2008 American
Physical Society)

Fig. 1.8 (a) Average number of the hydrogen bonds inside the nanotube, the solid line, is a
linear fit when ı < 2.0 Å, and (b) the probability of the hydrogen bond formed by those two
water molecules neighboring the forced-atom for different ı (reprinted from [40]. Copyright 2005
American Chemical Society)

in distance between two water molecules near P can be shown by the probability of
the hydrogen bond formed by those two water molecules neighboring the forced-
atom (Fig. 1.8). In the range of ı < 2.0 Å, the deformation is not strong enough to
perturb the hydrogen bonds chain inside the CNT, and the dynamics of water inside
the CNT (e.g., occupancy and net flux) keeps stable in this range. When ı � 2.0 Å,
the deformation is strong enough to break the hydrogen bonds chain, resulting in a
sharp decrease in water occupancy and net flux.

To explore the flipping behavior of water dipoles inside the CNT and its
sensitivity to the deformation, we define � as the angle between a water dipole
and the nanotube axis, and N� as the average angle of all the water molecules inside
the tube. Some N� for different ı are shown in Fig. 1.9. For the unperturbed CNT, N�
falls in two ranges 15ı < N� < 50ı and 130ı < N� < 165ı most of the time, which is
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Fig. 1.9 N� for ı D 0.0, 2.0,
2.3, and 2.5 Å (reprinted from
[40]. Copyright 2005
American Chemical Society)

consistent with the observation that the water molecules in CNT are nearly aligned.
If we define a flip as N� passing through 90ı, we can calculate the number of flips
per nanosecond, denoted by the flipping frequency fflip.

The flipping frequency fflip is governed by the potential barrier against flipping.
And the increment of ı leads to two aspects of the potential change, decrease due
to the breakage of hydrogen bonds inside the nanotube and increase due to the
narrowing of the nanotube that confines water molecules to a smaller space. As
is shown in Fig. 1.8, NHbond decreases very slowly with respect to ı for ı � 1.4 Å.
The confinement of water molecules is the main reason for the slow decrease in fflip

in this range.
As ı further increases, fflip increases. The dependence of fflip on NHbond is shown

in Fig. 1.10. In the range of 2.0 Å � ı < 2.2 Å, the function

fflip / exp.�NHbondEHbond=kT /

can fit the data quite well, where EHbond is the average energy of a hydrogen bond in
the nanotube for ı D 2.0, 2.1, and 2.2 Å. Numerically, we find EHbond D 12.96 kT.
This exponential decay indicates that the change of the potential barrier mainly
results from the decrease in the number of hydrogen bonds inside the nanotube
in this parameter range. For even larger ı, say 2.5 Å, the water chain is frequently
ruptured (Fig. 1.11). Only for a small period of time, N� falls into the two parameter
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Fig. 1.10 Dependence of
flipping frequency fflip on the
number of hydrogen bonds
NHbond; the solid line is the
fits for the exponential decay
vs. NHbond (reprinted from
[40]. Copyright 2005
American Chemical Society)

Fig. 1.11 Dependence of
flipping frequency fflip on ı.
The solid line is the fit for the
exponential growth vs. ı

(reprinted from [40].
Copyright 2005 American
Chemical Society)

Fig. 1.12 Relative free
energy depends on water
occupancy,
ˇF.N / D � ln p.N /, for
ı D 0.0, 1.4, 2.0, and 2.5 Å
(reprinted from [40].
Copyright 2005 American
Chemical Society)

ranges, i.e., 15ı < N� < 50ı and 130ı < N� < 165ı. However, in the interval of
2.0 Å � ı < 2.5 Å, the exponential function fflip / exp.fıg=f�g/ with � D 0.107
can fit the data very well (Fig. 1.11).

In order to show the water occupancy fluctuations, the free energy depends on
water occupancy N as shown in Fig. 1.12. This relative free energy can be calculated
by ˇF.N / D � ln p.N /, where p(N) is the probability of finding exactly N water
molecules inside the nanotube. To obtain good statistics, data are collected every
0.25 ps in the calculation of p(N). An approximate Gaussian occupation fluctuation
is found for ı D 0. The free energies for ı D 1.4 Å and 2.0 Å are similar to those
for ı D 0. However, three events have been found with N D 7 for ı D 0 while none
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for ı D 1.4 Å and 2.0 Å. And for the case of N D 0, it occurs 11 and 388 times for
ı D 1.4 Å and 2.0 Å, but none for ı D 0. It seems that the effect of the deformation
for ı � 2.0 Å is considerable for the possibilities of the rare events although the
change of the average value of the water molecules inside is negligible.

For ı D 2.5 Å, the function of free energy is somewhat flat between N D 2 and 4,
with a minimum at N D 2, due to the frequently rupture of the water chain. No
intermittent filling is found in the range of 0 � ı � 2.5 Å, consistent with that there is
not any minimum at N D 0. Although there are many cases with N D 0 for ı D 2.5 Å,
the durations for them are short. We have not found two successive data with N D 0,
indicating that the duration for each case with N D 0 is less than 0.25 ps.

In addition, in MD simulations, the update algorithm develops a very slow change
in the center of mass (COM) velocity, and thus in the total kinetic energy of the
system, especially when temperature coupling is used. For the systems with limited
friction, if such changes are not quenched, an appreciable COM motion will be
developed eventually in long runs. Thus, the method of center of mass motion
removal (CMMR) is necessary. During MD simulations, the CMMR method can
be applied at a certain frequency. But for the systems with pressure difference to
evoke a unidirectional transportation, for example, the gating system we discussed
before, the application of CMMR may reduce the effect of such equivalent pressure
difference.

It is clear that this excellent gating behavior results from the one-dimensional
hydrogen bonds between the neighboring water molecules, which shield the external
perturbations. Thus the water permeation across the bio-mimicked nanochannel
with single-filed water molecules inside the nanochannel is effectively resistant to
mechanical noises and sensitive to available mechanical signals.

Further, we consider the effect of CNT length on the behavior of water molecules
in the tube. The CNT we choose is 14.6 Å in length and 8.1 Å in diameter. Along
the z direction, it is embedded in the center of a graphite sheet, which is similar with
the system shown in Fig. 1.3. A force is also applied to one carbon atom, namely
the forced-atom. Note that the number of carbon rings along the nanotube is 5.5,
which is 0.5 ring longer than the CNT used in previous sections. Interestingly, our
simulation results indicate that the wavelike pattern of water density distribution
becomes much weaker when the length of the perfect CNT is increased to 14.6 Å
(see Fig. 1.13). Especially, the wavelike pattern is quite flat near the center of
the CNT for the unperturbed nanotube. Even near two openings of the CNT, the
wavelike pattern is less obvious than that of the CNT that is 13.4 Å. The height
between the first peak and the dip from the left opening of the CNT is only about
0.05 Å�1, which is much smaller than the average value of 0.12 Å�1 for the CNT of
13.4 Å.

The shape of the CNT plays a role in the structure of the water density
distribution along tube axis as well. Simulation results indicate that the weak
wavelike pattern of water density distribution becomes obvious and shifts slightly
when the CNT is deformed by external force. For ı < 1.5 Å, the amplitude of
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Fig. 1.13 (a) Water density distributions along z (carbon nanotube axis). (b) Water density
distributions inside the nanotube together with the positions of the carbon atoms. The red and black
filledcircles denote the positions of the carbon atoms. The arrow, marked by P, is the position of
the atom affected by an external force (reprinted from [129]. Copyright 2008 American Physical
Society)

wavelike pattern increases obviously, but the distances between crests and troughs
change very little, almost fixed. For 1:5 < ı 6 ıc � 2:0 Å, the amplitude of the
wavelike pattern increases sharply. From ı � 2:0 Å and up, the wavelike pattern
of the water density distribution was deformed and the density at P is smaller than
that of the other parts. For ı > 2:5 Å, the density distribution at P is very close to
zero. Outside the CNT, the water density distribution is not affected by the shape of
the CNT. There are two peaks near the two openings of the CNT due to the van der
Waals (VDW) attraction of two graphite sheets.

The average number of water molecules inside the CNT of 13.4 Å is about five.
For the CNT of 14.6 Å, the average number of water molecules inside the nanotube
is about 5.5. The number of water molecules inside the CNT fluctuates with respect
to time (see Fig. 1.14). There are two stable states with N D 5 and N D 6. The system
switches mainly between the two states. The average durations for the states with
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Fig. 1.14 Number of water molecules inside the carbon nanotube with respect to time in several
representative systems (reprinted from [129]. Copyright 2008 American Physical Society)

N D 5 and N D 6 are 0.96 and 0.90 ps, respectively, showing similar probabilities
for two states. When ı D 0 Å, the total probabilities of N D 5, 6 are about 52 and
48%, both close to 50%.

The free energy of occupancy fluctuations G(N) can be calculated by G.N / D
�kBT ln p.N /, where p(N) is the probability of N water molecules inside the
nanotube, kB is the Boltzmann constant, and T is the temperature.

Figure 1.15 shows that the free energy of N D 5 is close to the free energy of
N D 6 for ı 6 ıc � 2:0 Å. Profile of free energy of occupancy shows that two
states of N D 5 and N D 6 are steady for ı 6 ıc � 2:0 Å. The rapid transitions
between the two states in the water permeation across the CNT are similar to those
observed in the KcsA ion channel. However, for ı > ıc, free energy of N D 4 is
the minimum. The behavior of the single-filed water molecules inside the nanotube
becomes different.
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Fig. 1.15 Free energy of
occupancy fluctuation for
different ı (reprinted from
[129]. Copyright 2008
American Physical Society)

Now, we consider the question why the water density distribution is so flat for
the unperturbed nanochannel and the wavelike pattern becomes obvious as the CNT
is deformed by external force.

For the unperturbed CNT with 14.6 Å in length, there are two steady states of
N D 5 and N D 6. Their probabilities are both close to 50%. From Fig. 1.16, we can
see that the water probability densities of N D 5 and N D 6 show obvious wavelike
pattern. The average amplitude is about 0.32 Å�1. The distance between troughs
and crests of the waves is about 2.6 Å, close to the length of the hydrogen bonds
between water molecules. However, the wave profiles of N D 5 and N D 6 are not
in the same phase. The phase difference between them is about 1/2 period. Thus,
the total water probability density becomes flat from the superposition of those two
cases, especially in the middle region.

When the middle part of the CNT is pressed by the external force, the density
distribution pattern changes correspondingly. It is noted that the crest of the water
probability density of N D 5 just locates in the middle part of the CNT, while the
corresponding position is the trough of the water probability density of N D 6. Thus,
the wavelike pattern of N D 6 almost keeps the initial profile of ı D 0 Å, while the
amplitude of N D 5 becomes smaller. Thus, the flat profile of the total water density
distribution is broken, showing a new wavelike pattern.

In the case of ı D 2:4 Å, the middle portion of the CNT becomes narrower. There
are clear valleys in the middle portion for all the cases of N, resulting in a big valley
in the total water density distribution.

So now we know the reason why the total water density distribution in the middle
part is flat and becomes wavelike pattern when the middle portion of the nanotube is
narrowed. It results from the phase difference between the two states of N D 5 and
N D 6, and the deformed portion just locates in the middle. But the origins of the
wavelike pattern of water density distribution of N D 5 and N D 6 are still not clear.

First, we calculate the water–CNT interaction along the nanotube axis. The
results are shown in Fig. 1.17.

“U”-like profile of water–CNT shows that the more middle water molecule
locates in, the stronger the CNT attracts water molecules. When the middle portion
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Fig. 1.16 Water probability density along the nanotube axis. Black filledsquares indicate the water
probability density of N D 4, red filledcircles indicate the water probability density of N D 5, and
the open circles indicate the total water probability density (reprinted from [129]. Copyright 2008
American Physical Society)

of the CNT is narrowed by the external force, the water–CNT interaction of a water
molecule in the middle becomes positive. The profile changes from “U” shape to
“W” shape. The deformed portion interrupts the single-filed water molecules inside
the CNT.
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Fig. 1.17 Water–CNT interaction energy u(z) of a water molecule at z with the carbon nanotube.
The inset shows a water molecule locating in the center of the cross section at z of the carbon

nanotube. Water–CNT interaction, u(z), is calculated by u.z/ D 4"CO

iD156P

iD1

��
�CO
ri

�12 �
�

�CO
ri

�6
�

,

where ri is the distance between the water molecule and ith carbon atom. In the calculation, we
assume that the water molecule locates at the center of the cross section of the nanotube (reprinted
from [129]. Copyright 2008 American Physical Society)

Now, we present a theoretical model to understand the origin of the wavelike
pattern of water density along the nanotube axis. There are three assumptions:

1. Water molecules inside the nanotube form a single-filed chain.
2. The distance between any two neighboring water molecules inside the nanotube

along the z direction is fixed, which is denoted by d.
3. The change in free energy of the single-filed water inside the nanotube mainly

results from the change in water–CNT interaction energy u(z) when the CNT
is deformed by the external force. Water molecules inside the nanotube form a
single-filed chain.

If we know the water–CNT interaction energy u(z) and the distance between
the two neighboring water molecules inside the CNT, according to the above
three assumptions, we can calculate the water probability density along the CNT.
Both the water–CNT interaction and the distance between the two neighboring
water molecules can be obtained without numerical simulations. u(z) is shown in
Fig. 1.17. The equilibrium distance between the two water molecules is about 2.8 Å.
Considering that the water molecules inside the channel are usually connected by
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hydrogen bonds and appear in zigzag structure instead of a line (see Fig. 1.7), the
distance between the two water molecules along the z direction is about 2.6 Å.

The total potential U(z) of water molecules inside the CNT is given by

U.z/ D
iDC1X

iD�1
u.z C id /f .zi /; (1.1)

where z is the coordinate of a water molecule (denoted by P0). i > 0 indicates that
the water molecule locates only in the right side of the P0, vice versa. f .zi / is a
truncation function, which is given by

f .zi / D
�

1ifzmin 6 zi 6 zmax;

0ifzi < zmin; zi > zmax;

where zmin and zmax are the z-coordinates of the left and right ends of the CNT,
respectively.

The probability density of finding water molecules at position z can be
assumed as

�.z/ D A expŒ�U.z/=kBT �; (1.2)

where kB is the Boltzmann constant, T is the temperature of the system, and A can
be determined by the average number of water molecules in the CNT,

<N>D
Z zmax

zmin

�.z/dz: (1.3)

According to (1.1) and (1.2), we can calculate the probability density of the
representative systems.

Comparing between the theoretical results and the simulation results for ı D 0 Å
(see Fig. 1.18), we can find that the main structure of water probability density
distribution is consistent. Similar to the simulation results, the curves of the
theoretical result in the case of N D 5, 6 have five and six troughs, respectively.
The peaks of the curves of the theoretical results are a little sharper than those of
the simulation results, mainly results from that in the above model, the distance
between water molecules inside the CNT is assumed to be a constant. In reality,
the distance between neighboring water molecules fluctuates according to the
interaction potential.

When the CNT is deformed by external force, the water–CNT interaction energy
will increase correspondingly (see Fig. 1.17). According to (1.2), the probability
of finding water molecules in the narrow portion of the CNT decreases. The
deformation greatly changes the water density distribution especially for N D 5,
while slightly for N D 6. The errors in the theoretical predictions increase with the
deformation of CNT. The main reason is that the distance between neighboring
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Fig. 1.18 The water probability density distributions along the nanotube axis for ı D 0 Å
(reprinted from [129]. Copyright 2008 American Physical Society)

water molecules located in the middle part of the nanotube increases. The distance
between water molecules is not a constant in this case. But in the above model, d
is assumed to be fixed. As ı further increases from ıc, the error of the theoretical
prediction increases very quickly (see Fig. 1.19).

From the theoretical model, we can understand the origin of the wavelike pattern
of water density distribution inside the CNT. The wavelike pattern mainly results
from the potential barriers at both ends of the nanotube together with the tight
hydrogen-bonding chain inside the tube that fixes the distance between neighboring
water molecules approximately.

We know, for molecular biological systems, that the external and internal
fluctuations are usually nonnegligible. In this section, we will discuss the effect of
the external fluctuation on water molecule transportation. Different from the above
where the forced-atom is fixed, if the forced carbon atom vibrates periodically,
the behavior of the single-filed water chain inside the CNT still keeps stable. The
simulation framework is similar to the simulation system in Fig. 1.3. In this system,
the forced-atom is forced to move according to the equation

x D x0 C A cos.!t C �/;
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Fig. 1.19 The water probability density distributions along the nanotube axis for ı D 2.1 Å
(reprinted from [129]. Copyright 2008 American Physical Society)

where x0 is the initial position of the vibrating carbon atom, A is the amplitude, !

is angular frequency, and � is the initial phase. The frequency is defined as !
2�

. It
is found that the vibrating frequency, f, plays a role in water transportation through
(6,6) CNT.

From the simulation result shown in Fig. 1.20, we can find that the water flow, net
flux, and <N> almost keep the value of the unperturbed system when the frequency
f < fc � 1; 333 GHz. The corresponding period time is 0.75 ps and the velocity of
the moving-atom under this frequency (fc) is about 200 m/s, about half the average
thermal velocity of water molecules (nearly 400 m/s) at room temperature. In real
systems, it is impossible for a carbon atom in CNT to vibrate at such a high velocity
and in such a large amplitude (2 Å). Thus, the permeation property of the water
molecules confined in the nanochannel can be effectively shielded from strong
noise.

From Fig. 1.21, we can find that the water density distribution maintains the
similar wavelike pattern for f < fc � 1; 333, which leads to the invariability of the
total number of water molecules inside the nanotube. The single-filed water chain
connected with hydrogen bonds can accommodate the fluctuation of the CNT due to
external force. For f > fc, the wavelike pattern of density distribution is destroyed.
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Fig. 1.20 Flux, flow, and
average number of water
molecules inside the CNT for
different vibrating
frequencies f (reprinted from
[130]. Copyright 2008
Chinese Physics Society)

Fig. 1.21 Water density
distribution along the
nanotube axis. The open and
filled circles denote the
locations of the carbon atoms.
The asterisk is the position of
the vibrating atom affected by
an external force (reprinted
from [130]. Copyright 2008
Chinese Physics Society)

Fluctuations of CNT induce the number of water molecules inside the nanotube to
decrease and the velocity of the transportation of water chain to increase.

Water molecules confined inside the (6,6) CNT form a single-filed chain
connected by hydrogen bonds. An important feature of the hydrogen bond is that
it possesses directionality (see Fig. 1.1). Molecular transport through the quasi-one-
dimensional CNT is highly collective, since motion of one water molecule requires
concomitant motion of all water molecules in the file. The chain rarely ruptures
because of the tight hydrogen bonds in the protective environment of the CNT.
Hydrogen bonds nearly align along the nanochannel axis and collectively flip in
their orientations. The orientation of water chain is defined by a characteristic angle
' [40]. There are two stable states 15ı < ' < 50ı and 130ı < ' < 165ı and '

switches between them (see Fig. 1.22). Here we define a flip as ' transforms from
one state to another state passing through ' D 90ı. During the flipping process,
under the transition state, a hydrogen bond defect along the water chain inside the
SWNT is formed. The flipping frequency fflip for different vibrating frequency is
shown in Fig. 1.23. Interestingly, the effect of the vibration of the CNT on the
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Fig. 1.22 Characteristic
angle, ', for different
vibrating frequency f
(reprinted from [130].
Copyright 2008 Chinese
Physics Society)

Fig. 1.23 Average number of the hydrogen bonds inside the nanotube and the flipping frequency
for different vibrating frequency f (reprinted from [130]. Copyright 2008 Chinese Physics Society)
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Fig. 1.24 Probabilities of
defects vs. vibration
frequency f and (inset) fflip

with respect to the
probabilities of defects
(reprinted from [130].
Copyright 2008 Chinese
Physics Society)

frequency of flip is limited for f < fc, which results from the stability of the
whole water chain confined inside the CNT. As f becomes larger than fc, the flipping
frequency increases sharply. The hydrogen bond near the middle part of water chain
is usually broken due to violently vibrating, which induces hydrogen bond defects
in the middle portion of the CNT, not only in the inlets of the nanotube.

The dipole flip of ordered water chain inside the CNT is the process that a
hydrogen-bonding defect moves through the tube. Figure 1.24 gives the probability
of defects (corresponding to transition states) with respect to the vibrating frequency
and the relationship between the dipole flipping frequency and the probability
of defects. Similar to the above results, for f < fc, the effect of the vibrating
fluctuation on the formation of defects is slight. As frequency grows above fc, the
probability of defects increases dramatically. Correspondingly, the dipole flipping
frequency increases sharply. From simulation results shown in the inset of Fig. 1.24,
we find that the function fflip D f 0

flip C A � P can fit the data quite well, where P is
the probability of defects in water chain, f 0

flip D �0:36ns�1, and A is 139.47 ns�1.
The above sections have discussed the effects of the geometrical shape on the

transportation of water molecules through the nanochannels by deforming the CNT.
Simulation results indicate that pressing the middle part of the CNT by external
force can control the transportation of water chain well. Now we focus on discussing
the effects of the position of the controllable region on water transportation.

The simulation framework is shown in Fig. 1.25. In order to explore the effect of
the position of the narrow region on water transportation, one carbon atom (the
forced-atom) is pushed away from its initial position, resulting in 2.2 Å radial
displacement in each simulation system. Seven different systems are considered by
choosing different forced-atoms (spheres of the nanotube shown in Fig. 1.25). For
the convenience of analysis, the middle carbon atom is taken as the origin point of
the z axis, and the distance between the forced-atoms and origin point is denoted by
d. The positions of forced-atoms indexed from 1 to 7 are �7.4, �4.9, �2.5, 0, 2.5,
4.9 and 7.4Å, respectively.
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Fig. 1.25 Simulation framework. The spheres of the nanotube denote the possible forced-atoms
and d is the z coordinate of the possible forced-atom (reprinted from [131]. Copyright 2011
American Physical Society)

Fig. 1.26 The water flux
across the carbon nanotube
for different deformation
positions d (reprinted from
[131]. Copyright 2011
American Physical Society)

Our first observation is that the net water flux is sensitive to the position of the
deformation (see Fig. 1.26). For the unperturbed CNT, the net water flux is about
14.8 ns�1. The W-type profile shows that the water flux peaks at 12.5 ns�1 when the
deformation exists in the middle region (d D 0 Å) of the SWNT. And it decreases
sharply as long as the deformation position moves away from the middle region.
Note that if the deformation position moves from d D 0 Å to d D �4.9 Å (�2.5 Å
distance from the end of the nanotube), the net water flux reaches the minimum. One
readily sees that the net water flux decreases dramatically when the deformation
position occurs near the end of the SWNT. The flux for d D �4.9 Å falls to only
approximately one quarter of the flux for d D 0 Å. In other words, the nozzle effect
is very important for water permeation. Furthermore, simulation results indicate that
the W-type profile is not fully symmetrical, even though the deformation positions
are symmetrical at approximately d D 0 Å (see Figs. 1.25 and 1.26). For example,
the net water flux for d D �4.9 Å (3.5 ns�1) is obviously smaller than that for
d D 4.9 Å (5.1 ns�1). Meanwhile, the net water fluxes for d D �7.4 and 7.4 Å also
exhibit similar behavior and their values are 6.4 and 7.0 ns�1, respectively.
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We now come to exploit the question why the location of the narrow portion
plays a key role in water transportation through the nanotube. We have known that
the transportation behavior of water molecules is mainly determined by the profile
of the total interaction potential (it is denoted by the symbol P in this chapter). In
this section, potential includes two parts: one is the water–water interactions (the
interaction energies of the water molecule at position z inside the SWNT with its
neighboring water molecules), denoted by PWW, and the other part is the water–
SWNT interactions (the interactions of the confined water at position z with the
carbon atoms of SWNT), denoted by PWC. It is consistent with the results shown
in Fig. 1.17 that the potential energy curve of PWC for the unperturbed SWNT
has a symmetrical “U-like” shape, and the lowest is located in the middle of the
SWNT (the position of z D 0 Å). When the SWNT is narrowed at d, the potential
barrier appears at z D d. The profile of the curve of PWC changes from a “U-like”
shape into a “W-like” shape. As the location of the narrow portion moves to the
ends of the nanotube, the peak of PWC moves to the openings of the nanotube
correspondingly, and the height of the peak increases due to a “U-like” shape of
PWC for the unperturbed SWNT.

Water molecules inside the CNT are connected by hydrogen bond. The strength
of the energy is about 10 kBT. For jd j 6 2:5 Å, the hydrogen-bonding chain
structure inside the SWNT is still perfect because the water–SWNT interaction
potential PWC is negligible compared to the strength of the hydrogen bond.
However, if the location of the deformation moves out from the middle region,
the water–SWNT interaction energy increases obviously. Thus, for jd j > 4:9 Å,
the possibility of producing defects by breaking the hydrogen bond increases
dramatically. Figure 1.27 shows that PWW for d D �4.9 Å peaks at z D �2.1 Å,
which is �2.8 Å (about the size of a water molecule) away from the deformed
position of z D d D �4.9 Å, indicating that the hydrogen bond that connects between
the water molecule at z D �2.1 Å and its left one (the water molecule at z D �4.9 Å)
usually is violated. Correspondingly, for d D �4.9 Å, the value of PWW (z D �4.9 Å)
is lower than that of PWW (z D �2.1 Å). In fact, it results mainly from that the
possibility of the water molecule located in z D �2.1 Å is larger than that in
z D �4.9 Å due to PWC (z D �4.9 Å) > PWC (�2.1 Å). Certainly, the average number
of the hydrogen bonds of the water molecule at z D �2.1 Å is larger than that of
the water molecule at z D �4.9 Å. In other words, when there is a water molecule
near z D �4.9 Å, usually there exist water molecules in two sides of it (near
z D �2.1 Å and z D �7.7 Å), rather than vice versa. PWW (z < �4.9 Å) is lower
than PWW (z > �4.9 Å) because the water molecules in the region of z < �4.9 Å
are closer to the bulk water than those in the region of z > �4.9 Å. The same
mechanism (water molecules near z D �7.9 Å are closer to the bulk water than
those near z D �4.9 Å) makes the height of the peak of PWW for d D �7.4 Å
lower than that for d D �4.9 Å. The total interaction potential P(z) is given by
P(z) D PWC(z) C PWW(z). For d D �7.4, �4.9, 4.9, and 7.4 Å, the distributions of
P(z) are lifted up. The higher the total interaction potential is, the less the water flux
through the CNT is. In the case of d D 0 Å, the average interaction potential is lower
than that in the others, which results in the largest net flux. In the cases of d D �4.9
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Fig. 1.27 The average water–SWNT interaction energy, water–water interaction energy, and the
total interaction energy along z for different d (reprinted from [131]. Copyright 2011 American
Physical Society)

and 4.9 Å, the average interaction potentials are large. Correspondingly, the net
water flux in these two systems is small. The net water flux is mainly regulated by
the water–water interaction and water–carbon interaction. The different position of
the narrow region results in a change of the total interaction potential, meanwhile
the net water flux changes.
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Fig. 1.28 The water flux j for different �P and (inset) �P for different d. In this figure, �P

is the difference between the maximum and the minimum of the interaction potential, which is
usually used to characterize the potential profiles (reprinted from [131]. Copyright 2011 American
Physical Society)

From Fig. 1.28, we can find the M-type profile of �P , showing that �P

approaches to the minimum as the narrow portion moves to the middle of the SWNT.
The corresponding value of �P is �7.7 kJ mol�1, only half of the �P for d D �4.9
or 4.9 Å. Consequently, the flux for d D 0 Å approaches to the maximum. From the
simulation results shown in Fig. 1.28, we can find that the water flux decreases
almost linearly with increasing �P . The data can be well fitted by the following
formula:

j D j0.1 � �P="/;

where " � 18.1 kJ mol�1 and j0 D 21.7 ns�1. According to the above fitted formula,
the net water flux would decrease to zero when �P D " � 18:1kJ mol�1. To
check the validity of the prediction, a system of depth D 2.3 Å and d D �4.9 Å
was simulated, and then the simulation result shows that the net water flux is still
�0.6 ns�1 and the matching �P is �22 kJ mol�1, implying that the fitted linear
law is a good fit only for �P < 16kJmol�1.

From the above simulation results and discussions, it is concluded that the water
flux is not only sensitive to the strength of the deformation but also significantly
influenced by the location of the deformation. When the deformation is just located
in the middle of the nanotube, forming an hourglass-shaped region, the water flux
across the nanotube reaches a maximum. Simulation results furthermore indicate
that the hourglass shape is more convenient for water molecules to pass through the
nanotube than a funnel shape.
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Fig. 1.29 (a) Averaged water flow (black) and net flux (red) through the channel with respect to
ı, together with those for the system without an external charge (dashed lines). ı is the distance
of the imposed charge to the centerline minus the radius of the single-walled carbon nanotube. (b)
Values of P C

WC and P C
WW, with respect to ı. P C

WC is the electrostatic potential between the water
molecule in the middle of the nanotube with the imposed charge, and P C

WW is the average value of
the electrostatic potential between the water molecule and one of its neighboring water molecule
(reprinted from [22]. Copyright 2007 National Academy of Science, USA)

Electrical field can also be used to control the channels. Electrical field can be
initiated by an external charge. As is shown in Fig. 1.29, we have introduced a
positive charge of quantity 1.0e on the plane of the graphite that divides the full
space into two parts [22]. Similar to the case under the deformation of the SWNT,
the average flow and net flux across the channel are approximately equal to those
in the system without any charge until a value of ıC D 0.85 Å. Here, the distance of
the imposed charge to the centerline minus the radius of the SWNT is also denoted
by ı. Both the average flow and net flux decrease monotonically and sharply as ı

further decreases. At ı D 0, the channel is almost closed with the average flow below
1.0 ns�1.

These behaviors result from the competitions between the water–charge interac-
tion and the water–water interaction (mainly from the hydrogen bonds). As is shown
in Fig. 1.2, all the water molecules inside the channel have orientation concerted,
along or opposite to the nanotube. This orientation distribution is not easy to be
changed by an external charge outside the nanotube due to the strong hydrogen
bonds between the neighboring bonds. Only when the charge is close enough so
that the interaction of the water and the charge is comparable to a hydrogen bond,
the water chain inside the nanotube shows considerable change. In Fig. 1.29, we
show the average value of the electrostatic potential between the water molecule
in the middle of the nanotube with the imposed charge, P C

WC, together with the
average value of the electrostatic potential between the water molecule and one of
its neighboring water molecule. It is clear that at ı � ıC, P C

WW D P C
WC. Further

approach of the charge makes the interaction between the water and the charge
stronger, and the orientation of the water molecule facing the charge changes its
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direction, becoming to point to the external charge, which makes the interaction
between the water and the charge even stronger. This will result in more difficulties
when water molecules move along the nanotube, thus the net flux across the
nanochannel decreases.

It seems that the water permeation across the bio-mimicked nanochannel with
single-filed water molecules inside the nanochannel is also effectively resistant to
charge noises and sensitive to available charge signals.

Now we have come to the structure of aquaporins again. The structure of
aquaporins is appropriate that the water molecules inside the pore are single filed.
Moreover, compared to the CNT, aquaporins are much more complex while the
functions of most of the structures are unknown. There are two impressive parts in
those complex structures: the two highly conserved fingerprint Asp–Pro–Ala (NPA)
motifs in the pore center are proposed to determine the selectivity of permeation for
the channel, and the ar/R region near extracellular side, formed by the aromatic side
chains of Phe and His, and Arg, is proposed to function as a proton filter [32]. We
note that there are some important charged parts on these regions: the Arg residue on
ar/R region is positively charged (C1e); the two Asn residues on NPA motifs can be
considered to be carrying an effective charge of C0.5e on each residue, since they
are at the ends of two ’-helixes (it is known that an ’-helix has a net dipole moment
whose magnitude corresponds to a charge of 0.5–0.7e at each end of the helix [41]).
With further steps to understand the functions of those parts in the aquaporins and
trying to design nanochannels inspired by aquaporins, we assign the charges on
those parts near a CNT, as shown in Fig. 1.30.

Explicitly, an SWNT 23 Å in length and 8.1 Å in diameter is embedded along
the vertical direction between two graphite sheets, and three positive charges with
charge magnitudes of 1.0e, 0.5e, and 0.5e are positioned at z D �d, �0.7 Å, and
0.7 Å, respectively, where z D 0 corresponds to the center of the channel. All of
the positive charges are at the same radial distance, ı, from the carbon atoms.
Numerically, they have found that when ı � 0.5 Å, there is a considerable net flux
from top to bottom.

1.1.2 Manipulating Biomolecules with Aqueous Liquids
Confined Within Nanoscale Channels

One thing we are inspired from this molecular water pump is that there is a
strong interaction between the charge outside the nanotube and the water molecules
inside the nanotube. This is because of the ordered dipole orientations of the water
molecules inside the nanotube when there is a charge outside the nanotube. It is
the ordering of the water dipole orientations that makes the interaction between the
charge and the water molecules strong. In Fig. 1.31, we have shown the averaged
dipole orientation <	> of water molecules when there is a charge outside the
nanotube (see inset in Fig. 1.32), where r is the distance of a water molecule inside
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Fig. 1.30 Structure of AQP1 together with a scheme of the molecular water pump. (a) Ribbon
diagram of the structure of AQP1. Two NPA regions are in green tube form. The ar/R region
is around the Arg residue. The Arg and Asn residues are in licorice form. The Arg residue has
a C e net charge, and the two Asn residues on NPA motifs can be considered to carry an effective
charge of C0.5e on each residue (see text for details). The X-ray structure of AQP1 is obtained
from Protein Data Bank (PDB) (reprinted from [18]. Copyright 2008 Institute of Physics, UK) (b)
snapshot of the system, side view. The green spheres are the carbon atoms of the nanotube and
the graphite sheets. The blue points are the positive charges. The figure is not drawn to scale that
the sizes of water molecules and charges are enlarged (reprinted from [43]. Copyright 2007 Nature
Publishing Group)

the nanotube and the external charge, 	 , is defined as the angle between the dipole
orientation of the water molecule and the line connecting the oxygen of the water
molecule and the external charge. It is clear that <	> approaches 90o when r is
large enough, and the departure of <	> from 90o shows the ordering of the water
orientations. We can even predict the electrostatic interaction energy of the external
charge with a water molecule at r, denoted by Etheory, from this <	> distribution
with the dipole moment for each water molecule (0.489e Å in the TIP3P water
model). As is shown in the figure (red symbols •-•), Etheory agrees well with the
simulation result Esimulation (the black symbols �-�).

With this observation, we can manipulate a drop of water in the nanotube by a
charge outside the nanotube. When there is a biomolecule in the water drop, we
can even manipulate its position. As the charge moves along, the water–peptide
mixture will follow it inside the nanotube. As the example shown in Fig. 1.32,
we have shown the x-coordinate of the COM of the peptide and the peptide–water
mixture as a function of time together with the x-coordinate of the external charge.
We can see that the peptide–water mixture shows controllable movement by the
manipulation of external charge [42]. As we know, encapsulating the molecules into
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Fig. 1.31 Water–charge electrostatic interaction energy (Etheoryand Esimulation) together with the
averaged dipole orientation of water molecules <	> (green and right Y-axis) with respect to the
distance between a water molecule and the external charge for q D 0.5e. Etheory (red symbols) is
computed from the <	> distribution and Esimulation (black symbols) is determined directly from
numerical simulations (reprinted from [42]. Copyright 2009 American Chemical Society)

Fig. 1.32 X-coordinate of the center of mass of the peptide and the peptide–water mixture as a
function of time, together with the x-coordinate of the external charge for the effective charge
q D 0.5e. Inset: a water droplet with the peptide (GNNQQNY) in a single-walled carbon nanotube
(SWNT) together with a charge (big redsphere) outside the tube. The light bluespheres represent
the SWNT. Some carbon atoms of SWNT are not shown or drawn transparent for demonstration.
The other colored spheres in the middle of SWNT are the atoms of the peptide
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Fig. 1.33 The electrostatic
forces by the external charge
exerting on the peptide–water
mixture along the x-axis for
the case of System I when
q D C0.5e. The positive
direction of the force is the
positive direction of the
x-axis, and a 5 pN force
interval is used (reprinted
from [42]. Copyright 2009
American Chemical Society)

nanoscale pores can lead to interesting properties and behaviors that significantly
differ from those of bulk systems [6, 21, 22, 32, 40, 43–59], including the enhanced
catalysis [44, 45] and enhanced stability of the native structure of proteins [47],
new folding mechanisms of proteins [49, 50], ordered water structure [52–54],
extrafast motion of water molecules [6, 21, 46], non-Fickian-type diffusion [55],
and excellent on–off gating behavior [22, 40]. Furthermore, it has been found
that when the molecules are confined in nanosized water droplets [60, 61], their
structures, hydrophobic and ionic interactions differ from those in bulk water [62,
63]. Manipulating the positions of the molecules encapsulated in the nanopores with
respect to time is important in controlling the interactions or chemical reactions
of the inner molecules. In recent years, there have been considerable efforts
[14, 64–70] devoted to the study of the translocation/permeation of molecules
along/through the nanochannels. Yeh and Hummer used an electric field to drive
the charged macromolecules through nanopores [64]. Longhurst and Quirke made
use of capillary force to draw decane molecules into an SWNT and temperature
difference to drive their transport through the SWNT [67]. Zhao et al. demonstrated
experimentally that a water flow can be driven by the applied current of the SWNT
[14]. Král used laser to excitate an electric current in the CNT, thus resulting in a
net force on ions absorbed in the nanotube [70].

We have also calculated the electrostatic force that the external charge exerts on
the peptide–water mixture along the x-axis. The electrostatic forces dominatively
range from �40 to C40 pN (see Fig. 1.33), which fall within the working ranges
of many existing techniques such as STM and AFM. This result suggests that
the AFM/STM tip carrying charge(s) may be able to manipulate the peptide with
aqueous liquids according to the method described here.

Furthermore, on the basis of the above design, we can controllably move two
biomolecule–water mixtures together conveniently for the interaction of the two
biomolecules, as demonstrated in Fig. 1.34. Here, we use the same peptides used
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Fig. 1.34 Controllable moving of two biomolecule–water mixtures together. The light greenlines
(linked hexagons) represent the SWNT. The colored spheres inside SWNT are the atoms of the
peptide. The white spheres outside the SWNT are the external charges (each has a value of C0.5e)
and the red–white dots are the water molecules

in the text (Ace–GNNQQNY–NMe) for demonstration. Each external charge has a
value of C0.5e. The counterion with a value of �1e is constrained at the edge of
the box.

There are many factors affecting the manipulation. First, let us discuss the
influence of the quantity of the external charge on the manipulation. Thermal
fluctuation will sometimes make the manipulation unsuccessful, but for q D ˙1.0e,
this is a rare event. When q D ˙0.5e, we have observed that the peptide–water
mixture follows the external charge in 8 of the 11 simulations for the same systems
with different initial conditions. In the cases where q D ˙0.33e and ˙0.25e, the
peptide–water mixture has low probabilities to follow the external charge.

Second, we have found that the speed of the external charge has a remarkable
influence on the manipulation. When the speed of the external charge increases
from 1 to 10 m/s, only one successful manipulation is observed in ten simulations
with different initial conditions. We expect that as the speed of the external charge
decreases, the probabilities for these unsuccessful cases decrease. Usually, the speed
of the AFM/STM tip is within the magnitudes from 1 nm/s to 1 
m/s. Considering
that the speed of the external charge in our simulation is up to 1 m/s, the rate
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Fig. 1.35 The electrostatic
interaction energies between
the external charge and the
water molecules with respect
to the distance of the external
charge from the tube wall
(defined by ı) for the case of
System I when q D C1e. The
error bars show the
fluctuations due to thermal
noise (reprinted from [42].
Copyright 2009 American
Chemical Society)

for a successful manipulation may even be higher for a much lower speed under
experimental conditions. When the peptide is substituted by a larger molecule
such as a protein, the effective value of the external charge required for successful
manipulation should be larger. We note that in the case where the probability of the
successful manipulations by a single charge is low, we can use a series of charges,
which can greatly enhance the successful probabilities.

Third, the distance of the external charge from the tube wall (defined by ı) also
influences the manipulation. For System I, as is shown in Fig. 1.35, the electrostatic
interaction energy between the external charge with the effective value of q D C1e
and the water molecules in the peptide–water mixture increases gradually as ı

increases. Numerically, our simulation shows that even when ı is up to 6.5 Å, the
peptide–water mixture can also follow the external charge well. When q D C0.5e,
we have observed two of the three cases with different initial conditions that the
peptide–water mixture follows the external charge in 12 ns simulation when the
distance is 5.5 Å, with an electrostatic interaction energy between the external
charge and the water molecules of �10.5 ˙ 6.3 kJ/mol, obtained from the successful
manipulation cases.

Finally, since our simulations are based on the stochastic dynamics, the damping
coefficient used will influence the manipulation. For System I, when the damping
coefficient � D 0.01 ps�1, according to the Langevin equation, the force due to
Langevin damping is fdamping D M�v D 0.153 pN, in which M is the mass of peptide–
water mixture, if we assume that the peptide–water mixture follows the external
charge extremely well with the same velocity v D 1 m/s. This value of fdamping is
much smaller than the electrostatic force that the external charge exerts on the water
molecules. We find that some modifications of the value of � do not change the
results much in this chapter. Our calculation shows that when � D 0.1 ps�1, the
electrostatic interaction energy is �17.0 ˙ 8.5 kJ/mol (q D C0.5e), which is very
close to the value of �18.5 ˙ 7.9 kJ/mol for � D 0.01 ps�1 case; moreover, the
peptide–water mixture still follows the external charge well in the 12 ns simulation
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Fig. 1.36 The influence of
larger damping coefficient �

(� D 0.1 ps�1) on the
manipulation. X-coordinate of
the center of mass of the
GNNQQNY peptide (in red)
and the peptide–water
mixture (in green) vs. time,
together with the x-coordinate
of the external charge (in
black) for the case of System
I when q D C0.5e. As a
comparison, Fig. 1.9 shows
the manipulation when
� D 0.01 ps�1

time (see Fig. 1.36). We note that, in this case, the peptide or peptide–water mixture
gets behind the external charge in most of time due to the larger Langevin damping
force; in contrast, in the case of � D 0.01 ps�1, the peptide or peptide–water mixture
usually goes ahead of the external charge due to thermal fluctuation. Moreover,
we have also carried conventional MD simulation: the controllable manipulation
abilities are consistent with the results presented here.

The aforementioned design can be regarded as an “indirect” approach, which
manipulates the position of biomolecule through manipulating the position of
water molecules surrounding it. We also propose a “direct” approach, which can
manipulate the position of biomolecule with charged residue(s) inside a water-filled
nanotube directly. To demonstrate this design, we have built another system, namely,
System II. It contains a peptide called Aˇ16–22 [71] (Ace–KLVFFAE–NMe) inside a
(29, 0) zigzag SWNT with dimensions of 8.33 nm in length and 2.24 nm in diameter
(see Fig. 1.37). This peptide is an Alzheimer’s disease-related peptide, having a
lysine (K) residue with one positive charge (C1e) at one end and a glutamic acid
(E) residue with one negative charge (�1e) at the other. The other space in SWNT
is fully filled with water. The SWNT is aligned along the x-axis in a periodic box of
8.4 � 12 � 12 nm3. A group of external charges that contained 12 charges forming a
3 � 4 array is allocated 3.5 Å from the SWNT wall and initially above the glutamic
acid residue of the peptide. The distance between the nearest adjacent charges is
2.88 Å. This charge pattern is very similar to the Au (100) crystal face. We note
that other patterns of the external charge group do not change much the conclusion
we have obtained here provided that the external charges are densely packed in two
dimensions. The quantity of each charge is also denoted by q. The corresponding
counterions are constrained at the right edge of the box to make the system neutral.

For the case of System II, Fig. 1.38 shows a typical example of the x-coordinate
of the COM of the peptide as a function of time, together with the x-coordinate of
the geometrical center of the external charges for q D C0.5e per atom. The peptide
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Fig. 1.37 The simulated system (System II). (a) Initial framework of System II. The SWNT (light
bluespheres) is fully filled with water molecules (red-white pillars). Some carbon atoms of SWNT
are omitted for clarity. The other colored spheres in the middle of SWNT are the atoms of the
Aˇ16–22 peptide. The yellow spheres outside the nanotube stand for the external charges (reprinted
from [42]. Copyright 2009 American Chemical Society) (b) initial structure of Aˇ16–22 peptide
(Ace–KLVFFAE–NMe). It contains a lysine (K) residue with one positive charge (C1e) at one end
and a glutamic acid (E) residue with one negative charge (�1e) at the other. (c) Structure of the
lattice of external charges, which contains 12 charges forming a 3 � 4 array. The distance between
the nearest adjacent charges is 2.88 Å

follows the external charges very well. In the six simulations we have performed
with different initial conditions, only in one simulation the peptide does not follow
the external charges.

We have computed the electrostatic interaction energy of the external charges
with the peptide vs. time, shown in Fig. 1.39. The average electrostatic interaction
energy (averaged over five successful manipulation cases) is �704 ˙ 142 kJ/mol. In
all simulations, the distances between the COM of the peptide and the geometrical
center of the external charges range from 1.2 to 2.6 nm with an average value of
1.6 nm. We have noted that the deprotonated carboxyl group (COO) on the glutamic
acid residue of the peptide carries most (�0.9e) of the negative charge of the
whole residue (�1e). Since the external charges are positive, the interaction between
the peptide and the external charges is dominated by the interaction between the
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Fig. 1.38 Manipulating the
peptide with charged residues
inside a water-filled nanotube
(i.e., System II). The
x-coordinate of the center of
mass of the Aˇ16–22 peptide
(red line) as a function of
time, together with the
x-coordinate of the
geometrical center of the
external charges (black line)
(reprinted from [42].
Copyright 2009 American
Chemical Society)

Fig. 1.39 Electrostatic
interaction energy of the
external charges with the
Aˇ16–22 peptide and with the
deprotonated carboxyl group
(COO) as a function of
simulation time

COO group and the external charges. Numerically, we have found that the average
electrostatic interaction energy of the external charges with the COO group is
�973 ˙ 143 kJ/mol, quite close to the electrostatic interaction energy of the external
charges with the peptide (see also Fig. 1.39). Likewise, the distances between the
COM of the COO group and the geometrical center of the external charge range
from 0.6 to 2.2 nm with an average value of 0.8 nm. These distances are smaller
than the distances between the COM of the peptide and the geometrical center of
the external charges. Consequently, the manipulation of the peptide mainly results
from the tight trapping of the COO group by the external charges.

We have also calculated the electrostatic forces that the peptide and water inside
the nanochannel exert on the external charges along the x-axis. The forces range
from �600 to C600 pN (see Fig. 1.40), which also fall within the working ranges
of many existing techniques such as STM and AFM.

The number of the charges in the externally charged group is important for the
manipulation. We have found only one successful case in five simulations with
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Fig. 1.40 The electrostatic
forces that the peptide and
water inside the nanochannel
exert on the external charges
along the x-axis for the case
of System II. The positive
direction of the force is the
positive direction of the
x-axis, and a 50 pN force
interval is used

Fig. 1.41 Manipulating the peptide with charged residues inside a water-filled nanotube when the
number of external charges reduces to nine (in a 3 � 3 array with q D 0.5e per atom). Red and black
lines represent the x-coordinate of the center of mass of the Aˇ16–22 peptide and the geometrical
center of the external charges, respectively, as a function of time. Only one successful case is
observed (a) in five simulations. (b) A typical unsuccessful manipulating case

different initial conditions when there are only nine charges in a 3 � 3 array with
q D 0.5e per atom (see Fig. 1.41). When the group of external charges is substituted
by one externally charged atom, the minimal value of the external charge required
for manipulation is around C3e. It seems that the manipulation of the peptide inside
a water-filled SWNT is much more difficult than the manipulation of the peptide in
a drop of peptide–water mixture inside an empty SWNT.

The peptide used here has only one negatively and one positively charged residue
and is neutral as a whole. It should be noted that many biomolecules with highly
charged fragments may not be neutral. For example, the peptide LDTGADDTVLE
[72], which is the fragment 24–34 of the protease of the human immunodeficiency
virus type 1, has a total of �4e charges because of the presence of three aspartic acid
(D) residues and one glutamic acid (E) residue, all of which are negatively charged,
and the absence of positively charged residue. It could be expected that for this kind
of biomolecules, the manipulation becomes more effective.
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Finally, we note that we have not considered the possible metal semiconductor
property of the nanotube. For those nanotubes, the screening effect should be
considered, and the charges used here should be regarded as effective charges. It
is interesting to note that even for the metallic nanotube, the interaction between
a charge outside the single-walled nanotube and the charges inside the nanotube
is still quite strong. However, insulator nanochannels may be much better in the
application, which is expected to be fabricated in the future. Considering that
the external charges required for these manipulations are quite small, which are
still available after taking into account the screen effect of many nanotubes, our
designs may serve as lab-in-nanotube for the interactions and chemical reactions
of molecules especially biomolecules and hence may have wide applications in
nanotechnology and biotechnology.

1.1.3 Signal Transmission, Conversion, and Multiplication
with Polar Molecules Confined in Nanochannels

Another thing we are inspired from the one-dimensional hydrogen bonds chain
as shown in Fig. 1.2 is that the highly stable chain can be used in the signal
transmission, conversion, and multiplication at nanoscale and/or molecular scale.
Nanoscale structures or molecules have been utilized as the elements in electronic
devices [73–76], such as nanowires, switches, rectifiers, and logic circuits, and
the integration of these molecular-based devices and other nanoscale structures
has led to a number of demonstrations of new and useful applications [77, 78].
Particularly, electrical transportation [79], electrical and partity switching [73–
76], and chemical and biomolecular sensors [80, 81] have been developed based
on nanowires or nanotubes. Biosensors for DNA diagnostics, gene analysis, fast
detection of warfare agents, and forensic applications have also been achieved by
electrochemical method14 and microarrays17 together with the particular behavior
of biomolecules in nanoscale [82].

In biology, signal representations are often related to electrical changes. For
example, in central nerve systems, the most common mechanism for signaling
between neurons is the neurotransmitter-releasing chemical synapse, but faster and
simpler signaling can be achieved with electrical synapses, specialized junctions
(gap junctions) that mediate electrical coupling between neurons [83–86]. Electrical
coupling mediated by electrical synapses is an important feature of local inhibitory
circuits and plays a fundamental role in the detection and promotion of synchronous
activity (firing pattern) within the neocortex [87–89]. In fact, weak coupling may
lead to antiphasic or asynchronous firing [83, 84, 90].

On the other hand, although it has been of great interest to study the mechanism
of signal transmission, conversion, and multiplication at molecular level, molecular
details in these systems remain largely unknown due to the intrinsic complexity in
these molecular systems and the significant noises arising from thermal fluctuations
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Fig. 1.42 Curves for
function F(r, n) D An (r/r0)�n

for r0 D 1 Å and n D 1, 3, 6,
and An D 1 (reprinted from
[132]. Copyright 2010 Royal
Society of Chemistry)

as well as interferences between branch signals. For example, we note that the signal
transmission along intercellular and intracellular pathways and between the exterior
and the interior of a cell may be mediated by protein allostery [91–93], which may
lead to the redistribution of the charges and the reorientations of the charge dipoles
in the proteins, but the exact molecular mechanism is still unclear.

As we have known, thermal noises usually hold important interference in
signal transmission, conversion, and multiplication. Particularly at the nanoscale,
thermal noises often significantly reduce the signal strength during the transmission,
conversion, and multiplication.

More critically, it should be noted that the interferences between signals can be
very strong if the signals are transmitted by charges. In terms of Coulomb’s law,
the interaction potential between two charges decreases with respect to r�1, where
r is the distance between those two charges. At the nanoscale, this slow decay will
result in strong interaction between two charges (signals). Therefore, within one
nanometer’s distance, although the VDW interaction almost decreases to zero with
respect to r�6, extremely faster than r�1, the interaction cannot be neglected between
two atoms yet. As a comparison in Fig. 1.42, we show a diagram of the function F(r,
n) D An (r/r0)�n with respect to r for r0 D 1 Å and n D 1, 3, 6, where An is set as a
constant 1. Therein, the dipole–dipole interaction potential just has a form of r�3,
decaying much faster than the charge–charge interaction (r�1) with distance.

It is much worthwhile making an attempt to use the dipole to transmit a signal,
due to the much faster decay of the interaction between different dipole signals.
Several decades ago, one began to study the properties of electric dipoles and the
applications on them. The most notable one is the Ising model [94, 95]. Recently,
the behavior of one-dimensional dipole chains has been discussed, including the
energy transfer in a dipole chain [96], the design of a logical AND port using dipole
chains with a junction [97], and the initiation of the orientation of one-dimensional
dipole chains by a local field [98].
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Here, we find water, as the most important matter in the world, can be designed
to become an excellent medium for the transmission of signals. Water molecules
confined within nanoscale channels exhibit structures and dynamics that are very
different from bulk [6, 15, 17, 22, 32, 34, 43, 52, 99–103]. Particularly, in nanochan-
nels with suitable radii, water molecules are confined to form one-dimensional
chains linked by hydrogen bonding with the “concerted” water dipole orientations
[21, 22, 43, 104], which provide an excellent example for the transmission of signals
due to water dipole interactions. Note that the stable water molecular chain is a
prerequisite for signal transmission as a medium.

Fortunately, the reorientation of this water dipole chain has its characteristic time
estimated to be in the range of 2–3 ns for CNTs with a length of 1.34 nm [21]. More
remarkably, the water molecule chains in a nanotube can remain dipole-ordered up
to macroscopic lengths of 0.1 mm, with durations up to 0.1 s [104].

As an example, Fig. 1.43 shows the “concerted” orientations of water molecules
(water dipoles are ordered cooperatively inside the CNT) [21, 22, 40, 43, 59, 104]. If
we can “tune” the orientation of one water molecule using a single charge at one end,
we might be able to control the orientations of other water molecules in the same
channel or other connected channels. In other words, we have a molecular level
“signal transmission,” i.e., converting a charge signal to water dipole orientation
signal (at one end) and then transmitting the water dipole orientation signal to other
ends, which might be converted back to a charge signal again. Furthermore, if we
use Y-shaped nanochannels, i.e., three nanochannels connected with each other to
form a Y-junction, we can even achieve a “signal multiplication,” which means that a
water dipole orientation signal can be multiplied into many water dipole orientation
signals [59]. It is also observed that the signal transmission and multiplication, via
water molecules confined in nanoscale channels, can be effectively shielded from
thermal fluctuations.

We have applied MD simulations, which are widely used in nanoscale- and
molecular-scale simulations for both physical and biological systems [22, 59,
105–111], to investigate this interesting phenomenon of water-mediated signal
transmission. NVT ensemble simulations have been carried out at a constant
temperature of 300 K using a Berendsen thermostat [105] and in constant volumes
(Lx �Ly �Lz D 6:01 nm�6:01 nm�11:00 nm in SWNT systems with 12,922 water
molecules using the molecular modeling package Gromacs 4.0.5 [106, 108], and
more settings are referred to Ref. [59]). A typical (6, 6) uncapped armchair SWNT
with a width of 0.81 nm and a length of 5.13 nm is adopted as shown in Fig. 1.43.
This device is constrained at the center of the simulation boxes by using the position
restraints (the whole tube length is partitioned evenly into three segments with an
interval 1.71 nm, and thus the four rings of carbon atoms are constrained) solvated
with water molecules with constant density. We have adopted the particle-mesh
Ewald method [112] to model long-range electrostatic interactions, and we have
applied periodic boundary conditions in all directions. A time step of 2 fs is used,
and data are collected every 0.5 ps. In all of our simulation results, the TIP3P water
model is applied and the carbon atoms are modeled as uncharged Lennard-Jones
particles with a cross section of �CC D 0:34nm and �CO D 0:3275 nm, and a
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Fig. 1.43 Schematic snapshots (a, b, c) of the system with a single channel in side view (the xz-
plane) together with the trajectories (d, e) of average dipole angle N�.t/ of the water orientations.
The snapshots shown in (b, c) correspond to the red dashed part of the system (see subfigure
a) in another side view (yz-plane). Blue and green spheres denote the negative charge and the
positive charge, respectively, which result in different orientations of the water molecules facing
the charges. The water molecule facing the external charge is named as “monitored-water.” The
single-walled CNT is represented by gray lines and its positive direction is shown by the black
dashedarrowhead. Water molecules are shown with oxygen in red and hydrogen in gray, and the
first water molecule outside the channels opposite to the charge signal input is shown in yellow.
The dipole direction of the water molecules is not shown, which is along the midline between
the two O–H chemical bonds of the water molecule. Water molecules outside the nanotubes are
omitted in the figure (reprinted from [132]. Copyright 2010 Royal Society of Chemistry)

potential well depth of "CC D 0:3612 kJ 	 mol�1 and "CO D 0:4802 kJ 	 mol�1 [21].
The system is first minimized with conjugate gradient method for 10,000 steps and
then equilibrated with MD for 5 ns at 300 K before data collection. An external
signal charge of magnitude 1.0e is then introduced to the center of the second
carbon ring of the main tubes (constrained by using the position restraints during
the simulations), and its opposite charge for neutralization is constrained near the
edge of each box at coordinates (0.00, 3.00, and 0.00 nm), which is far enough to
have any meaningful influence on the signal charge (our numerical data also confirm
this).

Note that at the center of a second carbon ring of the nanotube, this charge
is attached in order to control the direction of the dipole orientation of the water
molecule to face the charge, and we call this confined water as “monitored-water”
hereafter. We have found that different signs of the charge q result in different
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orientations of the monitored-water (see Fig. 1.43). Moreover, we have found that
the monitored-water determined all the water orientations in the nanotube, upward
or downward in concert [59]. Quantitatively, we define the water dipole orientation
in the nanotube as an angle �i between the ith water molecule and the nanotube
axis [59]:

�i D acos.
*
pi 	 Ou=j*

pi j/;

where
*
pi is the dipole of ith water molecule and Ou is the axis unit vector of the

nanotube. The averaged dipole angle N�.t/ is computed by

N�.t/ D
NX

i

�i .t/=N.t/;

where the average runs over all the water molecules inside a nanotube at time t, and
N(t) is the number of water molecules within this tube. The averaged dipole angle is
used to characterize the water-mediated signal transmission. The results are shown
in Fig. 1.43. It is clear that N' falls into very different ranges most of the time for a
positive or negative signal charge: 110ı < N' < 170ı for q D Ce and 10ı < N' <

70ı for q D �e, indicating that the water molecules within each nanotube are well
ordered (i.e., in concert). Thus, the charge (Ce/–e) signal at one end of the nanotube
can be readily distinguished from the dipole orientation (upward/downward) of the
water molecules at the other end of the nanotube.

Next, from the aforementioned systems, the water orientation states are extracted
every 10 ns after the first 30 ns of simulation time. In these states, we switch the
attached charge polarity and adopt them as initial states for new next simulations.
Based on these simulations with switched charge polarity, we discuss the time delay
of the water orientations in response to a switch in the charge signal. Figure 1.44
display the averaged angle N�.t/ for four such scenarios. The time delay associated
with the branch tubes is 3.2 ns on average, with a minimal duration of 0.04 ns
(Fig. 1.44 (the last one)) and the maximal one 9.2 ns to respond to the C e ! –
e signal switch (which is slower) and approximately 0.07 ns only to respond to
the –e ! Ce switch (which is much faster). This obvious disparity in the response
time results from the interaction of the monitored-water with the signal charge. The
negative charge attracts the two hydrogen atoms of the monitored-water and limits
the mobility of the oxygen atom to a certain extent. Positive charge attracts the
oxygen atom, and the two hydrogen atoms have more freedom to rotate or swing,
which enables an easier switch for the configurations. This point can also be easily
seen from Fig. 1.43, as we observe more fluctuations in the case with a positive
signal charge. We note that the short (average 0.07–3.2 ns) response time delay
implies that the signal with frequency in gigahertz range can be expected.

In response to a switch in the charge signal, it takes only tens of picoseconds
for the orientation of the entire water chain to flip over inside the nanochannels.
This delay time mainly results from the reorientation time of the monitored-water
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Fig. 1.44 Signal switching in an SWNT. Trajectories of the average dipole angle N�.t/ of the
water orientations in an SWNT for the charge signal switch from negative to positive (top) and
from positive to negative (bottom) for four typical cases with different initial states. The dipole
orientations in the SWNT fully respond in approximately 0.07 ns when the charge switches from
negative to positive and in 3.2 ns in the case of positive-to-negative transition (reprinted from [132].
Copyright 2010 Royal Society of Chemistry)

and its neighboring water molecules. As is shown in Fig. 1.45, a typical process
displays the reorientation of water molecules in the nanochannel in response to
a C e ! –e signal switch. In this process, the dipoles of water chain molecules
always flip over one by one, from the bottom to the top (see Fig. 1.43). In order
to observe the motion of this flipping forefront point, we can trace the position of
the water molecule (along the nanochannel axial direction), whose dipole angle �

falls into the ranges of [70ı, 110ı], while its two nearest neighbor molecules have
their dipole angles falling into [110ı, 70ı] and [10ı, 70ı], respectively. If there is no
such water molecule at any given moment, we take the position of the last-turning
molecule as the current forefront. We have also plotted the value of N' as a function
of the time. Clearly, the turning forefront is consistent with the value of N'.

As we have seen above, charge polarity signal can transmit via the one-
dimensional water dipole chain confined within nanochannels with suitable radii.
More importantly, we have achieved signal multiplication at the nanoscale, making
use of the Y-shaped water chain confined in the Y-shaped nanochannels.

Recently, Y-shaped nanotubes have been successfully fabricated by several
different methods, including alumina templates [113], chemical vapor deposition
of products generated from a pyrolysis of metallocenes [114–116], nano-welding of
overlapping isolated nanotubes using high-intensity electron beams [117], and spon-
taneous growth of nanotube mats using Ti-doped Fe catalysts [118]. In Ref. [42],
we have constructed a computational model of Y-shaped CNT, called Y-SWNT,
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Fig. 1.45 A typical reorientation process of water molecules in nanochannel in response to
a C e ! –e signal switch (one data point every 50 fs). In this figure, the red solidline represents the
detailed trajectory of the average dipole angle N'.t/ adopting the left and bottom axes (inset shows
its whole trajectory in a longer period). This trajectory indicates that the reorientation of the whole
water chain is carried out by turning over the orientations of the water molecules one by one. The
black dashedline shows this turning position in nanochannel as a time function using the top and
right axes (reprinted from [132]. Copyright 2010 Royal Society of Chemistry)

as shown in Fig. 1.46. Explicitly, the Y-SWNT is obtained by joining three SWNTs
symmetrically, with an angle of 120ı among them. Interestingly, we have found that
the behavior of the water orientations inside one branch channel can be controlled
by the water orientations in another branch channel. In the following, for easy
discussion, we name the three branch tubes as the main, first branch, and second
branch tubes, which are denoted by MT, BT1, and BT2, respectively, as shown in
the figure.

We still perform the MD simulations in NVT ensemble, with similar simulations
methods and parameters above (all settings are referred to Ref. [59]). The Y-SWNT
device is constrained by using the position restraints at the center of the simulation
boxes, solvated with water molecules with constant density. An external signal
charge of magnitude 1.0e is then introduced to the center of the second carbon
ring of the main tubes (constrained by using the position restraints during the
simulations), and its opposite charge for neutralization is constrained near the edge
of each box at coordinates (0.00, 3.00, and 0.00 nm), which is far enough to have
any meaningful influence on the signal charge (our numerical data also confirm
this). These charges are introduced to the system after initial equilibration in order
to observe the response time of water dipole reorientation upon the charge signal.

Obviously, a Y-shaped water chain is formed in Y-shaped nanochannels, and
the water chains in different nanotubes interact with one another at the Y-junction.
This usually affects the water dipole orientations in different tubes. Surprisingly,
water dipoles are still in concert, just like those in the single channels. We have
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Fig. 1.46 (a) A schematic snapshot of the simulation system in side view (the xz-plane). The
Y-SWNT features a main tube (MT) and two branch tubes (BT1, BT2) positioned in the same plane
(the xz-plane). The angle between each two neighboring SWNTs is 120ı . Small angular changes
do not affect the results. The single-walled CNTs are represented by gray lines. Water molecules
are shown with oxygen in red and hydrogen in gray. Water molecules outside the nanotubes are
omitted in the figure. The green sphere represents the imposed charge. The lengths of MT, BT1,
and BT2 are 1.44, 1.21, and 1.21 nm, respectively. (b) The average dipole angle N'.t/ of the water
orientations inside the MT, BT1, and BT2 for a negative charge (left) and a positive charge (right).
(c) The probabilities of the dipole orientations P(t) in different tubes for a negative charge (solid
lines) and a positive charge (dashed lines). P(t) for a negative charge converges to about 1.0 within
a few nanoseconds (reprinted from [59]. Copyright 2009 National Academy of Science, USA)

adopted the similar approach that an external charge q is attached at the center of
a second carbon ring of the MT (see Fig. 1.46) to initiate a signal of water dipole
orientations. Similar to the single channels, the water molecules in the MT have
the upward and downward concerted dipole orientation for q D �e and q D Ce,
respectively. Remarkably, the water orientations in both the BTs follow the water
orientations in the MT when water orientations in the MT are downward, while the
water orientations in both the BTs fluctuate between upward and downward when
the water orientations in the MT are upward. This can be seen more clearly from the
time-dependent behavior of N'.t/ as shown in Fig. 1.46. Therefore, from the water
orientations in each branch tube of the Y-shaped channel, we can easily distinguish
the sign of the imposed charge at the MT. In other words, the charge signal at the
bottom of the MT is “converted” into water dipole signal and then transmitted to the
two Y-branch tops and “multiplied” (from one signal to two).
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We characterize the water-mediated signal multiplication, by computing the
probability of occurrence in the range of 10ı < N' < 70ı, denoted by P(t). We
can expect that P(t) approaches 1 in both BTs when the water orientations in the
MT are downward (after a sufficiently long time). In contrast, P(t) approaches 0.5
in both BTs when the water orientations in the MT are upward, since the water
orientations in both BTs fluctuate between upward and downward with a roughly
equal probability. If we set PC as a value between 0.5 and 1, we expect that P > PC in
the BTs corresponds to the downward water orientations in the MT and that P < PC

in the BTs implies the upward water orientations in the MT after a sufficiently
long time. Considering the rapid convergence of the case for the downward water
orientations in the MT, PC D 0.8 is set, which is a little larger than the average value
of 0.5 and 1. From Fig. 1.46, we can see that P > PC in both BTs for any time t > 1 ns
for the downward water orientations in the MT, while P < PC in both BTs for any
time t > 8 ns for the upward water orientations in the MT. Thus, the charge signal at
the MT can be readily distinguished from the value of P(t) in each BT within a time
interval of 8 ns with an appropriate threshold PC D 0.8.

In the following, we further examine the water orientations inside the branched
tubes (BTs). Let us first consider a single channel without any external charge. There
is a hydrogen atom pointing out at the upmost (or bottommost) end when water
molecules inside the channel have a concerted upward (or downward) orientation
inside the single channel. One upward ! downward switch of the water orientations
inside the nanochannel will result in an “apparent” transportation of an upward-
pointing hydrogen atom at the upmost-end of the tube to a downward-pointing
hydrogen atom at its bottommost-end.

However, there is a different situation in Y-shaped nanochannels. Let us think
about what happens to the water orientations inside a Y-shaped nanochannel. In the
MT, there is the similar bottom ! upper transportation of only one hydrogen atom,
after the downward ! upward switch of its concerted water orientation. But this
transportation causes a different situation in the BTs. There is the transportation of
only half a hydrogen atom on the average in each BT, due to the conservation of
the hydrogen atom (the total number of the hydrogen transportation is also one for
both BTs). Different from the above simple single-tube case, this creates asymmetry
for the Y-shaped tube, since the average half hydrogen atom “transported” in BTs
can be either zero or one at any moment. Thus, the situation will not be always a
simple upward ! downward (or downward ! upward) orientation switch in each
BT following that in the MT. In other words, if the water orientations in both BTs
follow the downward water orientations as in the MT, these same water orientations
in both BTs might not follow the upward water orientations as in the MT on the
other hand.

Interestingly, our simulations exactly reproduce this situation. For example, the
downward water orientations in both BTs are observed when the water orientations
in the MT are downward (corresponding to a negative monitored charge), while the
upward water orientation in the MT (corresponding to a positive monitored charge)
results in a fluctuation of the water orientations between the downward and upward
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orientations with a roughly equal probability in the BTs. This behavior can be partly
explained from the interactions of water molecules at the Y-junction. When the
water orientations are downward in the MT, the O atom of the uppermost water
molecule in the MT attracts two H atoms from the two bottommost water molecules
in the BTs; on the other hand, when the water orientations are upward in the MT,
one of the H atoms of the uppermost water molecule in the MT attracts both O atoms
in the bottommost water molecules in the BTs. The interaction in the former case is
much stronger than interaction in the latter case. Consequently, the average value of
P(t) in the branch tubes is 0.5 for a concerted upward water orientation in the MT
(corresponding to a positive monitored charge).

In Y-shaped nanochannels, water reorientation also holds its time delay in
response to a switch in the charge signal [59]. In our simulations, the time delay
associated with the BTs is found to be slow, 40 ns on average with a maximal
duration of 150 ns, to respond to the downward ! upward signal switch of the
water orientations in the MT, but much faster, 4 ns only, to respond to the
upward ! downward switch of the water orientations in the MT. Clearly, the former
has longer delay time than the latter. This is because that the downward water
orientations in the MT (where one O atom controls two H atoms at the Y-junction)
are much more stable than the case for the upward water orientations in the MT
(where one H atom controls two O atoms at the Y-junction). It takes more time to
shift from a more stable state to a less stable one. Compared to the time delay for
switches in a single nanochannel (0.07–3.2 ns), the response times in the Y-channels
are also generally longer, particularly for the downward ! upward switch.

We emphasize that the stability of water chain confined in nanochannels is a
guarantee to achieve water-mediated signal transmission, conversion, and multipli-
cation. The phenomenon that we have observed is robust. First, we note that the
signal multiplication capability is not very sensitive to the angles of the Y-shaped
tube (the angles between SWNTs, currently at 120ı, 120ı, 120ı). We have tried T-
shaped tubes (with an angle of 90ı, 90ı, 180ı) and other slightly different angles,
and the results are more or less the same in terms of water orientation propagations.

Next, the orientation of the monitored-water and, consequently, the orientations
of the all water molecules in the nanotubes can be controlled by a single charge with
a quantity of one electron. This is a remarkable capability from the viewpoint of the
signal transmission and conversion. Thus, what is the minimal charge needed for
this capability? Numerical analysis shows that the magnitude of this signal charge
needs to be larger than 0.6e—our data using a charge from 0.6e to 1.0e indicate that
the water orientations can be well controlled with such a single charge. From the
previous discussion [22], it is clear that the orientation of the monitored-water can be
“fixated” only when the electrostatic interaction energy between the external charge
and the monitored-water is comparable to the interaction energy of the monitored-
water with either side of its neighboring water molecules. Since the imposed charge
is placed at the center of a second carbon ring of the nanotube, which has a distance
of about 4 Å from the centerline of the nanotube (close to the distance between two
water neighboring molecules), the charge required to control the orientation of the
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monitored-water should probably be larger than the partial charge on each hydrogen
atom (e.g., 0.417e in TIP3P water model). This is consistent with our numerical
observation.

On the other hand, for the practical applications, it is very important to output
the water dipole signal. As we have shown above, there is a hydrogen (oxygen)
atom with a partial positive (negative) charge at the end of the nanochannel when
the water dipole chain is pointing outward (inward). This partial charge can trigger
(or control) a neighboring polar molecule or charge outside the channel (e.g., see
Fig. 1.43, for the yellow-colored first water molecule outside the channel). Since all
the water molecules share the same dipole orientation as the first water molecule
inside the nanochannels, the overall water dipole moment might be large enough to
be detected. This dipole moment has a value of several Debyes [59] and can interact
with the electric field. We note that the semiconductor or conductor properties
of some nanotubes may screen the dipole moment interacting with electric field.
Insulator nanochannels, which may be fabricated in the future, might be better for
this application.

Finally, via dipole–dipole interaction, with relevant interference at nanoscale, we
can achieve signal transmission, conversion, and multiplication. As an important
view, since water is not the only polar molecule with a dipole moment, we expect
that other polar molecules, such as urea or ethanol, might have the same capability
to transmit and multiply signals inside nanotubes. These small molecules, especially
water, have some unusual and important physical and chemical properties, including
their interactions with proteins [99,100,107,119]. In fact, as a fundamental property
of all cells, cell polarity has already played a central role in signal transmission and
controlled a variety of polarized cell behaviors [120–124]. Similar to the monitored
charge that we have used in this chapter, a polarizing signal initiates polar distri-
bution of signaling molecules and leads to polarity establishment and maintenance
through the cytoskeleton and vesicular trafficking [121]. For example, during planar
cell polarity (PCP) signaling, core PCP proteins are sorted asymmetrically along
the polarization axis, where PCP refers to coordinated polarization of cells within
the plane of a cell sheet. This sorting is thought to direct coordinated downstream
morphogenetic changes across the entire tissue [123–126]. We also note that there
have been other modes to achieve signal transmission, such as using the injection of
finite-duration vibrational signals encoding information into a biomolecular wire of
the polypeptide glycine1000 [127].

For this open field, there are still much more to be thought and to be done. Future
directions might include, but not limited to, the following forefronts.

(1). The concerted orientations of the dipole molecule chains inside the nanochan-
nels are maintained by the dipole–dipole interactions. It is expected that the “in
phase” strength between those dipole orientations becomes weak as the number
of dipole molecules increases. This is very important in the practice of the long-
range transmission of the dipole signals. It has been shown that the correlation
of the motion of the water molecules in a one-dimensional water chain confined
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in the SWNT decays as the number of water molecules in this water chain
increases [128]. How to achieve long correlation in the dipole orientation in
practice is a huge challenge.

(2). Is there an energy transfer, and how does the energy transfer process work
during such a dipole signal transmission, conduction, and multiplication?
These questions are still unclear.

(3). Water molecules are very small. The devices and sensors based on water can
be very small. However, the very small size of the water molecules can at the
same time make the experimental realization and applications very difficult.
The exploration of other larger polar molecules, such as urea, ethanol, and
glycerol, to be used as media in the nanotubes is highly needed and desired.

(4). What other methods can ignite the initial dipole orientation of the monitored-
water or some other molecules? Examples might be external electric fields
and/or other polar molecules connected to this monitored-water. Finally, we
should note that most of the progresses discussed in this short feature chapter
are based on MD simulations so far. Experimental validations are therefore
much needed.

1.2 Conclusion Remarks

Inspired by the biological channels called aquporins, the behavior of water inside
the nanochannels has been extensively investigated. Particularly, the water channel
with single-filed water is gated by external mechanical and electric signals; the
water flow inside the nanochannel with single-filed water can be driven with biased
direction by the static asymmetric electric field based on the ratchet effect; the water
molecules inside the nanochannel with single-filed structure can even be used for
signal transmission, conversion, and multiplication at the molecular level. When the
radius of the nanochannel is larger, the channel can even serve as the lab-in-tube to
controllably manipulate biomolecules for various applications, including chemical
reaction.

Finally, we noted that most of the studies for the water inside nanochannels
are experimental and numerical. Analytical study may better exploit the physics
underlying, and we think this is an important direction.
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