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Ultrafast active water pump driven by terahertz electric fields
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A highly efficient, easy-to-implement, long-ranged and nondestructive way to real-
ize active pumping has been still a great challenge. Here, using molecular dynamics
simulations, terahertz electric field (TEF) is employed to stimulate an active pump for
water transportation by bias applied in a (6, 6) single-walled carbon nanotube under no
external pressure gradient. An ultrafast conductivity (up to ≈9.5 ns−1) through the pump
around a characteristic frequency of 14 THz is found. The excellent pumping ability is
attributed to the resonance coupling between the TEF and water molecules, in which water
molecules can gain considerable energy continuously to break the binding of hydrogen
bonds and the spatial symmetry. This proposed TEF-driven pump design will offer a guide
in polar molecule transport through artificial or biological nanochannels, particularly in a
controllable, noncontact and large-scale process.
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I. INTRODUCTION

A unidirectional continuous water transportation through nanochannels, including passive and
active transport, is of great significance in many applications such as flow nanosensors [1], drug
delivery [2], transmembrane transport [3], nanofiltration [4], and desalination [5]. Usually, the
passive water transportation through nanochannels [5–9] is realized by the hydrostatic or osmotic
pressure being maintained by a large reservoir. The active transport [10] that broadly exists in
biology has great realistic significance and value to develop excellent nanofluidics and regulate
biological activities. However, it is still a great challenge to efficiently achieve the artificial active
transport at the nanoscale, mainly due to the difficulty of external energy transfer and absorption.
In recent years, several active nanopumps have also been engineered by designing systems with
vibrating carbon nanotubes [11], rotating carbon nanotube (CNT) [12], rotating electric fields [13],
oscillating charges [14], alternating hydrophobicity [15], or dragging mechanism [16] to drive water
molecules to transport continuously in single direction. But in all, these prior studies have shown
that the spatial asymmetric potential and continuous energy acquisition are two necessary conditions
for the operation of a molecular pump [17,18]. Significantly, Netz et al. [14] presented a design
of molecular water pump by electrodes with oscillating charges in a broad gigahertz frequency
range, which demonstrates that time-varying electric field is a good candidate technology to realize
a molecular water pump at the nanoscale.
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FIG. 1. Snapshot of the simulation system. A 50.34-Å-long (6, 6) SWCNT is perpendicularly embedded
into the center holes of two parallel graphene walls with separation vacant space of 46.34 Å. The distance
between the bottom end of the SWCNT and the graphene is 2 Å. The red and white balls represent the oxygen
and hydrogen atoms of water molecules, respectively. The center of the SWCNT with tube axis aligned along
the z direction is located at the origin of the coordinate system. A uniform terahertz electric field is only applied
in the +z region (pale blue) along the x direction. The red arrow marked by E stands for electric field.

Terahertz (THz) technology nowadays has widespread applications in many fields, such as
terahertz imaging, environmental monitoring, medical diagnosis, ray astronomy, broadband com-
munication, radar, etc. [19]. This is mainly attributed to the advantages of highly efficient,
controllable, long-ranged and nondestructively transmitted terahertz electromagnetic waves [20].
In fact, THz technology has been proven recently to be a strong tool to research protein, aqueous,
and ionic solutions, which has also attracted more and more attention in the field of the artificial
and biological nanochannels [21–25]. Noticeably, theoretical and experimental studies have shown
that the characteristic frequencies of water and biomacromolecules fall in the THz frequency region
[26–31]. A series of studies have revealed that THz electrical and THz mechanical vibrations can
significantly affect the structure and diffusion coefficient of water inside nanochannels [29–38].
However, according to previous study, uniform application of terahertz electric field (TEF) cannot
produce the pumping effect in the absence of a pressure or density gradient in a symmetric channel
[17]. It is thus of prime significance for us to first reveal whether and how the TEF drives active
transport of water molecules without external pressure gradient.

In this work, we proposed an approach based on the TEF to achieve an active water nanopump
by molecular dynamics (MD) simulation. It is found that this nanopump device can be stimulated
with an ultrafast and continuous flow by the TEF biasedly applied in a (6, 6) single-walled carbon
nanotube (SWCNT). The flux maximum (about 9.5 ns−1), comparable to the flux generated by
tens of megabytes of hydrostatic pressure [7,9,39], is more than three times that through the
aquaporin-1 channel at a low osmotic pressure [40], and is also one order of magnitude larger
than the experimentally measured flux through an SWCNT within 2 nm in diameter under 1 atm
pressure gradient [41]. Our findings are helpful for various fluid transport technologies, especially
for massive porous materials and complex biochannels. For example, the design is expected to be
used in the pumping of polar molecules, transpiration in plants, steam thruster, and so on. Further,
it may also be used to regulate the function of proteins being responsible for active transport in
animal cells, and open up blocked artificial or biological nanochannels to promote the flow of water
or blood.

II. COMPUTATIONAL METHODS

In the present setup, the overall perspective of the pumping system is displayed in Fig. 1. The
50.34-Å-long (6, 6) SWCNT is perpendicularly embedded into the center holes of two parallel
graphene walls with a separation vacant space of 46.34 Å. Two water reservoirs are placed at the
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ends of the SWCNT. A periodic simulation box of three dimensions is 3.68 × 3.83 × 9.9 nm3 as
the replicated unit cell containing 2091 water molecules. The center of the SWCNT with tube axis
aligned along the z direction is located at the origin of the coordinate system. All MD simulations
are carried out using the large scale MD package NAMD 2.10 [42] in canonical (NV T ) ensembles,
constant temperature (300 K) being maintained by a Langevin thermostat with a 5−ps−1 damping
constant. The Chemistry at Harvard Macromolecular Mechanics (CHARMM) [43] force field and
TIP3P [44] water model is utilized in all the systems. The CNT-water Lennard-Jones parameters
are supposed to be the constant values of εcc = 0.07 kcal/mol, εoo = 0.152 kcal/mol, and εHH =
0.046 kcal/mol, where the cross interaction parameter for carbon, oxygen, and hydrogen complies
with the Lorentz-Berthelot mixing criterion. The particle mesh Ewald (PME) method [45] with a
multiple time step is used to calculate the electrostatic interaction. Electrostatic and Lennard-Jones
interactions are computed by using a smooth (1.0–1.2 nm) cutoff distance. The time step is set
to be 1 fs, and the data were recorded every 0.5 ps. The duration of each simulation system is
105 ns: the initial 5 ns was discarded for the system equilibrium, and the last 100-ns samplings
were used to analyze the dynamics properties. The molecular graphics program VMD was utilized
as a tool for molecular visualization and resultant analysis [46]. All the carbon atoms during the
simulations are treated with uncharged and frozen particles at their initial positions for simplicity,
as those in Refs. [14,17]. For clarity, the flux is defined as the number difference of water molecules
per nanosecond leaving the SWCNT from one end to the opposite end [9,17]. The left (0 > z �
−2.5 nm) and right (0 � z � 2.5 nm) regions of the SWCNT is denoted by “−z region” and “+z
region.”

In the present work, all the simulation systems are completely symmetric potential spaces without
external pressure gradient, in which water molecules can stochastically transmit in and out of CNTs
because of the effect of thermal fluctuation, but no net flux occurs in a long period of time [47]. To
induce a net flux, the uniform TEF is only applied in the +z region to break the spatial symmetry
of the system, as shown in Fig. 1, which can be realized in practice, e.g., focusing irradiation of
TEF [48], inserting the localized electrode device [14], coating nanodevices with metal [49], and
wrapping the bionanochannel by the hydrogel for absorption of TEF [50]. With the TEF direction
being parallel to the x direction, a periodic electric field force F(t ) (see Fig. S2 in the Supplemental
Material [51]), applied on the water molecules, is subjected by

F(t ) = qE(t ) = qE0(cos(2π f t ), 0, 0) (1)

where q represents the charge of a hydrogen or oxygen atom, t is the time instant, f stands for the
frequency of TEF, and E0 denotes the intensity. Here it should be noted that the strong TEF of order
of V/nm generated via, e.g., difference-frequency mixing of two parametrically amplified pulses
[52] can drive polar molecular rotations over random thermal motions at room temperature. In this
work, unless otherwise denoted, we take the EF intensity E0 = 2 V/nm under which the influence
of tunneling ionization can be negligible [34,51,53]. Additionally, because the electric and magnetic
fields of the terahertz electromagnetic wave obeys the relation |E/B| = c, where c is the speed of
light, the magnetic force on water molecules is so small in comparison with the electric force that it
is ignored in our simulations [17].

III. RESULTS AND DISCUSSION

MD simulations are performed for the systems under the TEF being applied in the +z region
(see Fig. 1) of SWCNT space at different frequencies without external pressure gradient. The flux,
with regard to the TEF frequency f , is given in Fig. 2(a), where the flux with average value of zero
at f = 0 corresponds to the case of zero field (E0 = 0 V/nm). Here, the flux is calculated from the
last 100-ns simulation average to generate a steady flow. Interestingly, in Fig. 2(a), we can find that
the direction and size of the flux are sensitive to the f . It is observed that the flux shows different
positive (+flux) and negative (−flux) values at various f , indicating that TEF may drive water
through channels in two opposite directions dependence on the f . Further, within the frequency
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FIG. 2. (a) Relationship of the water flux with the electric field frequency f under the intensity E0 =
2 V/nm. The flux at f = 0 corresponds to the case of zero field (E0 = 0 V/nm). Given in the inset is the
cumulative number of water molecules with respect to time at zero field, 4 or 14 THz, respectively. (b)
Schematic diagram of water molecules through carbon nanotubes at zero field, 4 or 14 THz respectively, where
the green arrow represents the z-axis direction.

range of 6 < f < 24 THz, the +flux means water molecules permeate the SWCNT from left to
right (see Supplemental Material Movie S1 [51]). It is also clearly observed that the +flux curve
shows a wide peak centered at about 14 THz with a maximum of about 9.5 ns−1, the conductivity
of which is several times larger than in previous studies [15,54]. On the contrary, for much lower
or higher frequencies, the flux sharply falls off, and an inversion of flux direction happens at f <

6 THz or f > 24 THz. Figure 2(a) demonstrates that a right-to-left flux (−flux) is generated by
TEF stimulus when 1 < f < 6 THz or 24 < f < 32 THz (Movie S2 [51]). Note that there are two
extreme values of ≈4.22 and 1.86 ns−1 at around 4 and 26 THz, respectively. Additionally, once
beyond the frequency band of 1 < f < 32 THz, there is no stable flux in Fig. 2(a). These results
show that the size and direction of water flow through nanochannels can be easily controlled by the
f . To demonstrate the robustness of the above mentioned findings, Fig. 2(a) (inset) shows a rough
linear relationship of the cumulative number of water molecules with respect to time at zero field,
4 or 14 THz, indicating that a steady nonflux (blue line), −flux (black line), or +flux (red line) is
generated in a long time, respectively. As a visual reference, Fig. 2(b) shows the schematic diagram
of water molecules through carbon nanotubes at zero field, 4 or 14 THz, respectively.

To elucidate the detailed mechanism of water unidirectional transport under the TEF, we first
investigate the average occupancy number [14,17] of water molecules in the −z region and the +z
region of the SWCNT for various f , where the average is taken over the simulation time of statistics.
For clarity, we define the average occupancy number of water molecules in the −z region and the
+z region of the SWCNT as the symbols NO

L and NO
R , respectively. As illustrated in Fig. 3(a), the

curves with the blue filled and hollow circles represent NO
L and NO

R respectively, where the zero-field
result is plotted at f = 0. We can observe that the NO

R curve has a prominent hollow profile in the
frequency range of 6 < f < 24 THz. The curve with red filled circles denotes the density ratios of
NO

R to NO
L that shows a deep valley around the interval 8–18 THz, where NO

R is only about half
the size of NO

L . As we know, water molecules can spontaneously diffuse from a high density (NO
L )

to low density ( NO
R ) region, and thus the −z region water molecules driven by the density gradient

can continuously supply to the +z region in 6 < f < 24 THz, as shown in the visual reference of
14 THz in Fig. 2(b). It is direct evidence that the density ratio (equivalent density gradient) exhibits
an opposite tendency to that of the flux, as comparing Fig. 3(a) with Fig. 2(a). However, when
1 < f < 6 THz and 24 < f < 32 THz, although the density ratio gradually decreases until close
to 1, surprisingly we still observe the “−flux” take place with two extreme values at 4 and 26 THz
in Fig. 2(a). This fact indicates that the direction of flux is not uniquely determined by the density
gradient.
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FIG. 3. (a) Average occupancy number of water molecules inside the SWCNT for various electric field
frequencies, where the curves with the blue filled (NO

L ) and hollow (NO
R ) circles represent the cases in −z

region and +z region, respectively. The curve with red filled circles denotes the density ratios of NO
R to NO

L

. (b) Average hydrogen-bond (HB) number of water molecules inside the SWCNT for various electric field
frequencies, where the curves with the blue filled (NHB

L ) and hollow (NHB
R ) squares represent the cases in −z

region and +z region, respectively. The curve with red filled squares denotes the H-bond ratios of NHB
R to NHB

L .

The outstanding pumping effect is closely associated with the intermolecular structures and
interaction of in-tube water molecules. Thus, we also count the average hydrogen bond (HB) number
of water molecules inside the SWCNT under the varying frequencies as plotted in Fig. 3(b). The HB
is defined in terms of the geometric rule of the O-O distance � 3.5 Å and the bonded O-H ···O angle
� 30◦ [39,55]. For convenience, we also define the average HB number of water molecules in the
−z region and the +z region of the SWCNT as NHB

L and NHB
R , respectively. Figure 3(b) demonstrates

that the curves with the blue filled and hollow squares represent NHB
L and NHB

R respectively, where
the zero-field result is plotted at f = 0. Similar to the occupancy number profile in Fig. 3(a),
in the whole frequency range 1 < f < 32 THz, the NHB

R compared with the NHB
L curve is also

dramatically hollow. The curve with red filled squares denotes the HB ratios of NHB
R to NHB

L , which
shows a deep and wide valley around the frequency interval 8–18 THz. The dramatic drop of the HB
number is associated with the breakage of HBs, due to the absorption of the TEF energy. Previous
reports have clearly revealed that the aforesaid phenomenon is ascribed to the strong resonant
coupling mechanisms, characterized by librational vibration modes of water molecules [17,33,34]
(see Fig. S1 in the Supplemental Material [51]). The 14-THz characteristic frequency in the current
study is basically consistent with the previous observations [17,56]. Notably, the NHB

R is almost
close to 0 in the broad frequency range 8–18 THz, which indicates that water molecules can acquire
enough TEF energy in resonance to completely break the bondage of hydrogen bonds, as shown
in Fig. 2(b). The vibration degrees of freedom are therefore markedly increased, which leads to an
increase in entropy and a corresponding decrease in free energy [57]. Accordingly, it is observed
that the evolution of the flux is inversely proportional to the ratios of average occupancy and HB
number of water molecules inside the SWCNT in the resonant frequency region 6 < f < 24 THz,
with the large fluxes corresponding to small occupancy and HB numbers shown in Figs. 2 and 3.

To further understand why the flux direction near the resonance region is opposite, we thus
estimated the average kinetic energy Ek of the water molecule along the z-axis direction. Figure 4(a)
plots the Ek profiles of simulation systems with zero field (blue), 4 (black), 6 (dark yellow),
and 14 THz (red) respectively, where the two vertical dashed lines (pink) denote the positions
of the left and right ends of the SWCNT. As shown in Fig. 4(a), the profile of the blue line is
approximately a straight line, indicating that the Ek of the water molecule inside and outside the
SWCNT is basically equal at zero field. Interestingly, we can observe that the Ek of 14 THz at
the +z region (TEF irradiation; see Fig. 1), where the maximum energy barrier difference of about
9 kcal/mol is significantly greater than that at the −z region (non-TEF irradiation). As we know,
the temperature of water is mainly determined by the average kinetic energy of water molecules,
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FIG. 4. (a) The average kinetic energy Ek of water molecule as a function of z position for zero field, 4,
6, and 14 THz. The two dashed lines (pink) stand for both ends position of the SWCNT. (b) The average
number density ρ distribution profiles of water molecules along the z direction. The window amplification
within −25 < z < 25 Å is displayed in the inset.

and a rough estimate can be transformed by the equipartition of energy theorem using the relation
Ek = 3

2 NAKBT , where NA is the Avogadro constant, KB is the Boltzmann constant, and T is the
temperature. In other words, the kinetic energy gradient is essentially equivalent to a decreasing
temperature gradient along the negative direction of the z axis at 14 THz. Intuitively, the flux of 14
THz should be −flux instead of +flux in Fig. 2. To understand this counterintuitive behavior, we
also estimated the average number density distribution ρ(z) of water molecules along the z direction
(see Sec. 5 in the Supplemental Material [51]). As shown in Fig. 4, the density gradient of 14 THz
is opposite to the kinetic energy (temperature) gradient. Arguably, whether the flux is +flux or
−flux is determined by the competition between kinetic energy (temperature) and density gradients
of the tube direction. Accordingly, when 6 < f < 24 THz in Fig. 2(a), the density gradient, over
the kinetic energy (temperature) gradient, plays a dominant role in driving water transportation and
all the flux presents +flux. As the f becomes gradually further away from the resonance center
[17,33], the density and kinetic energy gradient will first tend toward balance, e.g., f = 6 THz, so
that the suppressed flux reduces to about zero at around 6 and 24 THz [see Fig. 2(a)]. For much lower
(1 < f < 6 THz) or higher frequencies (24 < f < 32 THz), Fig. 3(a) shows that the density ratio is
almost close to 1, implying that the density gradient basically disappears. That is, in these frequency
ranges, the flux direction is mainly determined by the kinetic energy gradient. As an example,
Fig. 4(a) displays that the Ek of 4 THz in the −z region is obviously larger than that in the +z region,
whereas the density distributions of the two regions are basically uniform [see Fig. 4(b)]. Thus, the
“-flux” is generated along the decreasing direction of the kinetic energy at 4 THz. As it should be, the
flow phenomenon generated by the TEF involves the process of convection between different phases
of water, the above explanation may not completely reveal the underlying physical mechanism. The
in-depth disclosure of the proposed physical hypothesis needs to be further tested and discussed.

In the following, it is worthy to discuss the dependence of water pumping on the TEF intensity
E0. Fig. 5 shows the water fluxes as a function of the different E0 at 14 THz. It is found that the
flux increases sharply with increasing E0 from 0.5 to 1.5 V/nm and then basically keeps constant
(about 10 ns−1) for E0 > 1.5 V/nm, whereas the flux is almost unaffected when the electrical field
intensity E0 is less than 0.5 V/nm. These results show that water molecules inside the nanochannel
are still unavoidably affected by thermal motion at room temperature, but the small intensity TEF
cannot provide enough torque to suppress the thermal fluctuations of water molecules [14,34,58]
(see Fig. S2 in the Supplemental Material [51]). Additionally, for E0 > 1.5 V/nm, water molecules
can completely obey the torque drive of the TEF force which acts like a saturated energy absorption
state, so that the fluxes are not significantly different under the higher strength of TEF, for instance,
at E0 = 2 or 2.5 V/nm in Fig. 5.
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FIG. 5. The flux as a function of different electric field intensity E0 at 14 THz.

Finally, in order to investigate the application range of THz active water pump, we have
performed some additional simulations (see the Fig. S3-S6 in the Supplemental Material [51]). It is
found that TEF can also stimulate the unidirectional flow of water in large diameter nanochannel,
cyclic peptide nanotubes [59], and confined two-dimensional space. Meanwhile, we also found
that the pump effect can be produced by the TEF biased irradiation at different positions of the
nanochannels. These results indicate that our proposed designing of active molecular pump based
on the TEF technology is quite universal at the nanoscale.

IV. CONCLUSION

To summarize, a new pumping design for manipulating water biased transport through nanochan-
nels in the absence of external pressure gradient is proposed by controlling the frequency of TEF. A
series of simulations show that, when the TEF is only partially applied in a symmetrical nanochan-
nel, a steady flow can be excited in a single direction. This active water pump can realize ultrafast
conductivity (up to ≈9.5 ns−1) and controllable pumping direction by adjusting the frequency of
TEF. The key physical mechanism governing the pumping is explained as follows: due to the
resonances, arising from librational and translational modes of in-tube water molecules coupling
with the TEF, the average kinetic energy, occupancy and HB numbers have changed significantly
under the applied THz region. As a result, the system equilibrium is so markedly broken that density
and kinetic energy gradients are simultaneously established, resulting in driving a continuous biased
flow.

This proposed pumping approach based on the THz technology can take place in a controllable,
long-ranged, noncontact and large-scale process, which will provide an innovative idea for the
development and design of active water pump in practice. For example, one can design an active
pump based on the THz technology for the different candidate nanochannels, including zeolites,
nanometer-size porous materials, covalent or metal-organic frameworks [60,61]. Furthermore, this
THz-driven design may also open a new avenue to develop possible implications for targeted
delivery of molecules or ions in transmembrane channels. For instance, it can be used to simulate
adenosine triphosphate (ATP) releasing photons to realize the function of the ion or proton pump in
organisms [62].
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