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Abstract The dynamics of a rotary nano ion pump, inspired
by the Fy part of the FoF;-ATP synthase biomolecular motor,
were investigated. This nanopump is composed of a rotor,
which is constructed of two carbon nanotubes with benzene
rings, and a stator, which is made of six graphene sheets. The
molecular dynamics (MD) method was used to simulate the
dynamics of the ion nanopump. When the rotor of the nano-
pump rotates mechanically, an ion gradient will be generated
between the two sides of the nanopump. It is shown that the
ion gradient generated by the nanopump is dependant on
parameters such as the rotary frequency of the rotor, temper-
ature and the amounts and locations of the positive and neg-
ative charges of the stator part of the nanopump. Also, an
electrical potential difference is generated between the two
sides of the pump as a result of its operation.

Keywords Nanopump - Fy-like motor - lon gradient -
Molecular dynamics

Introduction

Molecular motors are biological molecular machines that are
powered by the hydrolysis of adenosine triphosphate (ATP)
molecules and convert chemical energy into mechanical work.
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The resulting mechanical work is applied in all life processes
of the cell, such as cell motility, intracellular transport, mem-
brane transport and cell division. ATP molecules are produced
by the rotary FoF-ATP synthase (ATPase) protein motor
[1-3]. This motor consists of two main parts. The first is the
F, motor, which is embedded in the mitochondrial membrane.
The second is the F; motor, which is located outside the
membrane, and coupled via a shaft (the y-shaft) to the F,, part.
The Fy motor is thus constructed of a rotor part and a stator
part. The rotor is a ring-shaped array of n identical sites, with a
negative-charge associated with each site. The stator part con-
tains two channels; one for entry of positive ions to the Fy
motor and the second for exiting of positive ions from the F,,
motor. Also, a positive-charge site is placed between the two
channels. The flow of protons along an electrochemical gradi-
ent, between two side of the membrane, through the F, part of
ATPase, causes rotation of the F,, part and the y-shaft transfers
this rotation to the F; part in order to make ATP molecules
from adenosine diphosphate (ADP) and phosphate (Pi). The
motor can also work in reverse. The reverse rotation will be
produced in the F; part by hydrolyzing ATP molecules to ADP
and Pi. This rotation is transferred to the F part which in turn
produces an ion gradient. Therefore, the ATPase protein motor
can produce an ion gradient by hydrolyzing ATP molecules.
Inspired by the F part of this biological protein motor,
we have designed an ion nanopump, composed of carbon
nanotubes (CNTs) and graphite sheets, to produce an ion
gradient. Carbon nanostructures such as CNTs are usually
used to design nano-scale devices such as nanomotors,
nanopumps and so on. Barreiro et al. [4] applied thermal
gradients along a CNT to move a cargo along it. Also,
Rurali et al. [5], Schoen et al. [6] and Shiomi et al. [7]
suggested some other thermally driven linear nanomotors
to transfer fullerene, gold nanoparticles and molecules of
water through CNTs, respectively. Wang et al. [8] designed
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nanoscale propellers by using the CNT and, in another
study, they suggested a rotary molecular motor driven by
electron tunneling [9].

In another molecular dynamics (MD)-based study, a rotary
nanomotor powered by the flow of ions was investigated [10].
Gong et al. designed a charge-driven molecular water pump by
mimicking the biological ion channel [11]. In our previous
work [12], we proposed a rotary nano-scale pump, constructed
of CNTs and graphene blades, for the production of the density
gradient that was also to be used for the separation of a mixture
of two different gases, by using classical MD simulation. In this
present work, we studied the dynamics of an F-like rotary
nanopump, using both MD simulation [13], to simulate the
dynamics of all the carbon atoms and the ions in the nanopump,
and its stochastic variation [14], to simulate the motion of Na™
ions in above and below the nanopump. The results show that
the pump can generate an ion gradient when the rotor of the
pump rotates mechanically. The paper is organized as follows.
In the section on Atomistic structure and Computational details
will introduce in Sec. 2. Section 3 contains the main results,
including those for the produced ion gradient, the effect of
temperature, the rotor frequency and the effect of stator charges
on the generated ion gradient. A brief summary and conclu-
sions are included in Sec. 4.

Atomistic structure and computational details

The structure of the proposed ion nanopump is shown
schematically in Fig. 1. The ion nanopump is constructed
of two main sections. The first section is the rofor, which is
made of a (10,10) capped nanotube with a length of 23 A
and a (18,18) single wall carbon nanotube (SWCNT) of
length 10 A (Fig. 1a). The two coaxial nanotubes are
connected together by 20 benzene rings. The space
between the two SWCNTs is divided into ten identical
sites by the rings. The components of the rotor are
shown in Fig. la—d.

The second section of the ion nanopump is made of six
graphene sheets (Fig. le,f), of the same area of 39x37.5 A%,
with central circular cavities and two small holes in the
upper and lower graphene sheets. The first small holes in
the upper graphene sheet is shown by a solid (m) circle and
the second small holes in the lower graphene sheet is shown
by a dashed (n) circle in Fig. 1f. The rotor passes through
the cavities. The radii of the holes are set at 10.5 A in the
upper and the lower graphene sheets, and for the rest of the
holes at 16 A. The radii of the two small holes in the upper
and lower sheets are set at 4 A and are centered on the
perimeter of the upper and lower cavities. These small holes
are used for ion transport, with one acting as the entrance
channel and the other as the exit channel. A negative and a
positive charge are attached to a carbon atom on the
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perimeter of the cavity in the second and fourth graphene
sheets from the top, respectively (with strength ranging from
le to 5e.). The negative charge is located near the entrance
channel, and the positive charge is located near the exit
channel. These are referred to as the stator charges, and
are shown in Fig. le. As can be seen, the construction of our
proposed nanopump is similar to the F, motor, but there are
some differences between the structure of our nanopump
and the Fy motor. For example, the rotor of our nanopump
has no charge, but a negative charge is located on the each
site of the F rotor. Also, the stator part of the Fy motor has a
positive charge between its two channels, but the stator of
our nanopump has both a negative and a positive charge.
The total number of carbon atoms in our system was 2,650,
and the number the of Na* ions, which were located on the
top of the pump, was 200. The particles are confined to a
rectangular simulation box with dimensions of L,=39, L,=
37.5 and L,=117 A. Periodic boundary conditions are ap-
plied in the x- and y-directions, but not in the z-direction,
because the Na* ions can just flow through the nanopump
(from the upper side of the pump to the lower side).

Three types of interatomic potential are used in the sim-
ulations: the first generation Brenner potential [15] for mod-
elling the covalent bonding between the carbon (C) atoms
within the nanotubes, within the graphene sheets, and within
the benzene rings. The Lennard-Jones(LJ) potential is used
to describe the non-bonding interactions C—Na", Na"™—Na",
and the C—C interactions in the nanotube—graphene, and
graphene—graphene systems. The parameters of the LJ po-
tential are €n,:=0.019044 eV, and o, =4.1 A for the Na'™—
Na' interaction in water [16], and €-=0.002413 eV and
0c=3.4 A for the C—C interaction [17]. The parameters for
the C—Na' interaction are calculated using the Lorentz-
Berthelot mixing rules, i.e., €xurc = /Ena+ X Ec, and
ONa+C — O.S(O'Na+ + Uc).

The electrostatic interactions are modeled by the applica-
tion of the reaction field (RF) method [18-20].

The dynamics of all carbon atoms are described by New-
ton’s differential equation of motion, integrated via the
application of the velocity Verlet method [13], with the
integration time-step dt=1 fs. The motion of Na ions in
the water environment, above and below the nanopump, are
modeled via the stochastic differential equation [10, 14]

d*r dUu dr

mW:—E—nE‘Fﬂand(f)a (1)

where the first term on the right hand side represents the
deterministic force obtained from the sum of the potentials
U, the second term represents the drag force, where 7 is the
drag coefficient,
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Fig. 1a—g The structure of nanopump components. a, b Side (a) and top
(b) views of the 20 benzene rings that are connected to the (10,10) carbon
nanotube (CNT). ¢ Side view of the rotor, which is composed of two
CNTs and 20 benzene rings that divide the rotor into ten equal parts. d

where D=0.29x10""(m?/s ") [21] is the diffusion coef-
ficient of Na' in the water, and the third term repre-
sents the stochastic, or the Brownian, force due to the
randomly fluctuating water medium. The simulations

Top view of the rotor. e Side view of the six graphene sheets. f Top view
of the six graphene sheets. The entrance and the exit holes are shown by
solid (m) and dashed (n) circles. g Complete structure of the nanopump in
the equilibration state

are performed via our own FORTRAN-based code,
considered a constant-NVT ensemble. The temperature
is fixed by a conventional velocity-scaling approach
[13].
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Results and discussion

The system was equilibrated for 200 ps at a constant tem-
perature without the presence of the ions, i.e., the nanopump
and the collection of the positive ions were equilibrated
independently without any interaction between them. Then,
we forced the two tip rows of the carbon atoms in the rotor
to rotate and hence induce a rotary motion for the whole
rotor. At this time, the ions are transported through the
channels (the entrance hole and the exit hole) that are
embedded in the graphene sheets by entering the nanopump
via the entrance hole and exiting the nanopump via the exit
hole. The upper and lower graphene sheets also acted as
boundaries separating the main part of the nanopump from
the ion reservoirs.

The overall operation of the nanopump can be described
as follows. A positive Na ion enters the entrance hole of the
pump, due to sensing of the negative stator charge, and sits
in the rotor site, which is located below the entrance chan-
nel. The rotation of the rotor causes the distancing of this ion
from the entrance hole and its proximity to the exit hole. In
this proximity the ion senses the positive stator charge; the
resulting repulsion causes its exit toward the lower area of
the pump. This process is repeated for a number of the other
ions and thus, rotor rotation produces an ion gradient be-
tween both sides of the pump.

The ion concentration in the lower (C;) and upper (C»)
sides of the nanopump are the same at the beginning of the
simulations, and are equal to 2.5mol/l. In the first simula-
tion, the negative and positive stator charges are set at —4e
and +4e, respectively. The temperature and rotor frequency
are set at T=300 and f=10'?Hz, respectively. Following the
equilibration phase, the nanopump is simulated for a period
of 10 ns. After 10 ns, the ion concentrations in the upper and
lower sides of the nanopump are equal to 2 and 2.95mol/l,
respectively. The ratio of the ion concentration in the lower

side to that of the upper side of the pump, is C,/C,=1.46.
The simulation snapshot corresponding to the state of the
nanopump at the conclusion of the simulation phase is
shown in Fig. 1g.

Figure 2 shows the variation in the ratio of C; to C, as a
function of the rotational frequency of the rotor of the pump.
As can be seen from this figure, when the rotor rotational
frequency increases, the ratio of C,/C, also increases, up to
a frequency equal to 10'® Hz. At greater rotor rotational
frequencies, the ratio of C,/C, will decrease with increase in
rotor frequency, because, when the rotor frequency
increases, the amount of time the ions have to situate them-
selves on the rotor sites, and consequently the probability of
the ions entering the pump, will decrease and therefore the
above mentioned ratio will fall.

In order to investigate the effect of temperature on ion
pumping, some simulations were performed under condi-
tions in which the negative and positive stator charges are
set at —4e and +4e, respectively. Figure 3 shows the effect of
temperature on the ability of the nanopump to produce the
ion gradient, at frequencies of 5x10'", 10'? and 5x10'* Hz.
For each frequency, it was observed that the ratio of C,/C,
increases with increasing temperature and then reaches its
maximum value at the specific temperature. However, the
ability of the pump to produce the ion gradient is decreased
for higher temperatures. For example, the ratio of C,/C,
reaches its maximum value at 7=600 K, and then decreases
for temperatures larger than 7=600 K. Also, it can be seen
that the specific temperature increases for higher frequency
of the pump (at the specific temperature, the pump has a
maximum ability to produce the ion gradient.). For instance,
the specific temperature for the pump frequency of f=5x
10'" Hz is 500 K, While the specific temperatures is 700 K
for the pump frequency of /=5x10'* Hz.

To ascertain the influence of the amounts of stator
charges on the ability of the pump to produce the ion

Fig. 2 Variations in ratio of C; 1.5
to C, as a function of rotor .
rotational frequency of the L45} ST
pump. The ion density is set at Lak 2
2.5 mol/l and the negative [
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Fig. 3 Variations in the ratio of 1.9
C, to C, as a function of
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gradient(at 7=300 and f=10'? Hz), we performed some
simulations by setting the stator charge strength in a range
between le to Se. Figure 4 shows the variations in the ratio
of C1/C; as a function of the amount of the stator charges. It
can be seen that when the stator charge increases, C;/C; also
increases, up to a point, i.e., the transferring rate of ions rises
upon increasing the charges on the stator. However, when
the amount of the stator charge reaches 3e, the ability of the
pump to produce the ion gradient begins to decline. This
behavior is due to the fact that, when the stator charges are
increased to 4e or 5e, the electrostatic force between the ions
and the positive stator charge becomes large and, hence, the
repulsive force between the ions and positive stator charge
pushes the ions away from the exit hole of the pump and, as
a result, the rotor sites will not be empty and therefore other
ions cannot enter and sit in the rotor sites. Therefore, the ion
transport rate is reduced and this corresponds with a de-
crease in the C,/C, ratio.

Fig. 4 Variation in the C,/C, 1.7

200 300 400 500 600 700 800 900
T (K)

Next, we examined the role of the locations of stator charges
on the ability of the pump to produce the ion gradient. In the
MD simulations, the locations of the stator charges were varied
in two ways: the first was that they were moved from one
graphene sheet to another in the opposite direction (case I), i.e.,
they were moved vertically. The second was that the negative
charge was fixed and the positive charge moved from one
graphene sheet to another (case II). Figure 5a shows the
variations in the ratio C;/C, with the change in location of
the stator charges for case I (at 7=300 K and frequency equal
to 10'? Hz). The stator charges were set at —4e and +4e for the
negative and positive stator charges, respectively. From this
figure it can be seen that when the negative and the positive
stator charges are positioned on the second and fourth gra-
phene sheets, respectively, the C1/C, has a maximum value,
and when both are positioned on the third graphene sheet, C;/
C, has a minimum value. Figure 5b shows how the C,/C; ratio
changes when the location of the negative charge is fixed on

ratio as a function of the amount
of stator charges. The
temperature and rotor frequency
are set at 7=300 K and f=

10' Hz, respectively

ci/c2

2 3 4 5
Stator Charges (e)
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Fig. 5a,b Effect of change in
locations of the stator charges
on the ability of the pump to
produce an ion gradient. The
ion density is set at 2.5 mol/

1 and the negative and positive
stator charges are set at —4e
and +4e, respectively; 7=300 K
and f=10'% Hz. a Variations in
C4/C; ratio with change in
location of stator charges for
case I. When the negative and
positive stator charges are
positioned on the second and
fourth graphene sheets,
respectively, the C,/C; has a
maximum value. b Variations in
the ratio of C;/C, with the
change in locations of stator
charges for case 11

Fig. 6 Variations in the
electrical potential difference
between the two sides of the
pump as a function of
simulation time. The ion
density is set at 2.5 mol/l and
the negative and positive stator
charges are set at —4e and +4e,
respectively; 7=300 K and f=
10" Hz
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the second graphene sheet and the positive charge moves from
one graphene sheet to another (case II). Finally, we calculated
the electrical potential difference between the two sides of the
pump due to ion transfer from the upper side to the lower side
of the pump by using the Nerst equation shown below:

RT C
AV =— log| —
V = og(Q) (3)

where R corresponds to the gas constant, 7'is the temperature, z
is the valance of ion and F refers to the Faraday constant.

Figure 6 shows the potential difference between the two
sides of the pump with the passage of time, during the entire
course of the simulation. As can be seen from this figure, the
potential difference between the pump sides increases when
the ions move from the upper side to the lower side and is
about 10 mV after 10 ns.

Conclusions

This paper provides the outline of a mechanical rotary ion
nano-scale pump, mimicking the mechanism of the rotary
motion of the F, part of an FyF; ATPase bio-nanopump.
Deterministic and stochastic MD simulations, based on
many-body and two-body interatomic potentials, were
employed to model the dynamics of such a nanopump and
to examine the influence of environmental parameters, such
as temperature, on the dynamics. It was found that this
pump can produce an ion gradient along its two sides. Also,
we observed that ion gradient generation is affected by the
rotational frequency of the pump. Furthermore, our simula-
tions show that we can use stator charges as parameters to
control the operation of such a pump. This pump can also be
used to produce the electrical potential difference between
the pump sides, as does the FoF'; ATPase bio-nanopump.
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