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Tunable Water Channels with Carbon Nanoscrolls
Xinghua Shi, Yuan Cheng, Nicola M. Pugno, and Huajian Gao*

M olecular dynamics simulations and theoretical analyses are performed to
show that the flow rate of water through the core of carbon nanoscrolls
(CNSs) can be adjusted over a broad range through the effective surface
energy, which in turn can be tuned by an applied DC or AC electric field.
The results suggest that the CNSs hold great promise for applications such as
tunable water and ion channels, nanofluidic devices, and nanofilters, as well

as tunable gene- and drug-delivery systems.

1. Introduction

Water transport through channel proteins across cell
membranes has long been of strong interest to cell biol-
ogy."*I The development of nanotechnology has expanded the
scope of water channels to including nanomaterials such as
carbon nanotubes (CNTs). It has been shown that a single-
walled CNT (SWCNT) can host a single chain of water
molecules that can burst out of the CNT spontaneously.[! This
study has inspired a series of further studies on tunable CNT-
based water channels. Sofar,anumber of approaches have been
explored in the literature to control water transport through a
CNT, including use of an external force to adjust the internal
capacity of the CNT®! and application of an electric field to
change the dipole orientations of the confined water chain,[®7!
as well as ways to polarize carbon atoms®* % and to change
electrostatic interactions by adding ions!'*'?! in the system.

Due to their rigid, closed tubular structure, the CNT-based
water channels only have limited permeability. Here we
propose a class of novel, tunable water channels based on
carbon nanoscrolls (CNSs) whose core radius can be tuned over
a broad size range by an applied DC/AC electric field. CNSs
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consist of a continuous graphene sheet rolled up in a spiral form.
In contrast to the closed tubular structure of CNTs, the spiral
structure of CNSs is much more flexible in the radial direction
and thus more sensitive to external stimuli. Since the
experimental discovery of CNSs,!'*"* extensive investigations
have been made on their dynamical,[m] structural,['*20]
electronic, and optical[20'22] properties with molecular
dynamics (MD) simulations. Although CNSs share many
interesting features with CNTs, one important difference is that
the core radius of a CNS is much more sensitive to the surface
energy, the interlayer spacing, the bending stiffness, and the
length of the associated graphene sheet.[*]

2. Methods

In the proposed CNS-based water channel, the forming
graphene is taken to be semiconducting with prescribed length,
bending stiffness, and interlayer spacing. Attention is focused
on the effect of the core radius of the resulting CNS on water
transport and how its core size depends on the effective surface
energy, which can be controlled by an applied electric field. The
electric field will cause the carbon atoms to be polarized with
the following dipole—dipole interactions!>*!
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where rj; is the distance between dipole i and dipole j,
p; = 4neopi;E is the induced dipole moment, E being the
applied electric field, & the vacuum permittivity, and «; the
polarizability of atom i. It has been previously shown that
the polarizability of SWCNTs in the axial direction is one
order of magnitude higher than that perpendicular to the
axis.”! Therefore, for simplicity, we will only consider
the axial polarizability of carbon atoms in the CNS. The total
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dipole—dipole interaction energy is

Dyipole = Z V<7ij)

i

2
from which the surface energy of the CNS can be
extracted as/>’!

L d(Ddipole
2xL d(ry + R)

ydipolc -

3

where L is the axial length, and ry and R are the inner and
outer radii of the CNS, respectively. More details of this
calculation are described in the Supporting Information. The
total effective surface energy of the CNS is thus

€]

Yetf = Yvaw T Ydipole

where y.qw is the surface energy due to van der Waals
interactions between carbon atoms. Figure 1A shows that the
total dipole interaction energy is indeed linearly proportional
to the sum of the inner and outer radii of the CNS, with a
negative slope proportional to ygipele, In perfect consistency
with Equation (3). The fact that yg,e is negative indicates
that the applied electric field decreases the effective surface
energy. Figure 1B shows how the applied electric field
influences the dipole-induced surface energy ygipol. normal-
ized by y,qw, typically about 02Nm~ 12! The result shows
that an applied electric field of £=0.3 Vnm ™" would decrease
the surface energy of the CNS by about 11.5% for graphene
length B=50nm and by 36% for B=500nm. As the electric
field E varies in the range from 0 to 0.5 V nm !, the normalized
dipole surface energy changes from 0% to 32.7% for
B=50nm and from 0% to 100% for B =500nm, indicating
that the electric field can significantly alter the surface energy.
This is somewhat similar to the effect of dipole—dipole
interaction on the surface energy of a thin film.!*°!

In our simulations, a graphene sheet of dimension
20 x 4nm? is rolled into a zigzag CNS with axial length equal
to4nm (Figure 2B and C). The CNS is then embedded in a lipid
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Figure 2. The CNS-based water channel. A) The water box with the CNS
serving as a water channel embedded inside a DPPC bilayer. B) Side and
(C) top views of the CNS.

bilayer consisting of 128 dipalmitoylphosphatidylcholine
(DPPC) molecules that are downloaded from Reference [27]
(Figure 2A). The head group of DPPC molecules is constrained
along the axial direction of CNS with a force constant
1000kJmol 'nm™! to ensure a stable simulation system.
Tip3p water molecules!®®! are added until the membrane patch
is fully hydrated at 50 water molecules per lipid. The simulation
package Gromacs4!>!is then used to simulate the structure and
transport of water inside the CNS. The electrostatic interaction
of water solvent is evaluated by the particle mesh Ewald
method (PME).**3! A cut-off distance of 1.4nm is used for
both Ewald and van der Waals interactions. A room
temperature of 300 K and an atmospheric pressure of 1 bar
are maintained by the v-rescale method®?! and the Parrinello—
Rahman method,®! respectively, both at a time increment of
0.1 ps. Periodic boundary conditions and a simulation time step
of 2 fs are adopted in all simulations. The system is first
equilibrated for 2ns, then followed by a
10ns run to determine the flow rate of
water. The carbon—carbon bond length

A 118~ B) e ond-
o - - Linear fit 19 0.142 nm and angle 120° are maintained by
116+ © . ““[ -4-B=5000 nm i i
~o o Numerical results “e-500 nm R a Morse bond, a harmonic cosine of the
= 114+ q . 08 —a-50 nm y. bending angle, and a twofold torsion
S 112t o R / potential.** The nonbonded van der
—~ N = o . . .

g 1100 oL E & / . Waals interactions are described by the
5 108l Tape=0-042 N/m e “a == 04 // o / Lennard-Jones (LJ) potential with para-
08F ipole 4 . . . .

o /3/ —" meterslistedin Table 1. In our simulations,
1061 . . . . . \°‘ ] 0.0 n—n-ﬁ/f/, . . L an external electric field is applied along
80 85 90 95 10.0 105 11.0 00 01 02 03 04 05 06 the axial direction of CNS and directly

ry+R (nm)

Figure 1. A) Dipole—dipole interaction energy of a CNS as a function of the sum of the inner and

E (VInm)

influences the behaviors of water and lipid
molecules. On the other hand, the carbon
atoms in the CNS are modeled as non-

outerradii. The slope provides an estimate of the dipole-induced surface energy of the CNS to be

about —0.042 nN nm™ ' with an electric field of E= 0.1 Vnm*. B) Dipole-induced surface energy
(normalized by van der Waals interaction energy) as a function of the applied electric field for

different lengths of graphene.
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polar, except that the core size of the CNS
changes in response to the electric field.
According to Figure 1, the effect of an
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Table 1. Interaction potential parameters.34

Interaction & [k) mol™!] o [nm]
00 0.6367 0.3151
CcC 0.3601 0.34

Cco 0.4787 0.3275

applied electric field on CNSs can be represented by an effective
surface energy y.. In actual simulations, this is accomplished
by multiplying the parameter ¢cc by a tuning factor A so that the
effective nonbonded carbon-carbon interaction is given by

12 6
UCC) _ (UCC)
r,«j r,»j

Table 2 lists all the values used in the simulations.
Although the applied electric field tends to reduce the
effective surface energy, thatis, 2 < 1, we have also considered
the case of A > 1.

U(ryj,A) = 4hrécc [( 5)

3. Results

During the simulations, the CNS—water interaction energy
decreases quickly for the first 0.4 ns simulations (Figure 3A).
Thereafter the interaction energy is seen to gradually saturate,
indicating the approach of equilibrium. Figure 4 shows that the
equilibrium water structure inside the core of CNSs depends on
the effective surface energy. Reducing the surface energy tends
to enlarge the core size, thereby incorporating more water
molecules, while increasing the surface energy tends to reduce
the core size. For example, substantially more water molecules
are filled inside the core in case A (41=0.4) than in case G
(2=1.0). As Jisincreased to 1.2, the core size becomes so small
that the confined water molecules form two linear chains
(Figures 4 and 5). Further increasing A to 1.6 results in complete
depletion of water from the CNS core. It can be seen in
Figure 3A that the equilibrium CNS-water interaction energy
decreases as more water molecules are incorporated into the
core. Figure 3B shows that the number of water molecules
inside the CNS, Nyater, scales with the inverse square of the
effective surface energy, that is, Nyater o 1/%, which can be
explained from the relations Nyqer & nr® and r~ 1/)/.[23 ]

It is also interesting that water molecules inside the CNS
core form a spiral structure in extension of the CNS structure
(Figure 4). This phenomenon is similar to previous findings that
the structure of encapsulated water molecules in CNTs tends to
mimic that of the confining tubular structure of graphene.[35]
Figure 5 plots the radial pair distribution function of oxygen—
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oxygen atoms. The first peak at » = 0.28 nm is due to the strong
hydrogen-bonding network of water. For case H (1=1.2), a
second peak appears at r=0.55nm, corresponding to the
diagonal distance of a rhombus structure formed by the two
linear chains of water confined inside the core.

The flow rate of water is defined as the number of water
molecules entering per unit time at one end of the CNS and
leaving at the other end. Our simulations (Figure 6A) indicate
that the average flow rate increases monotonically with
increasing inner radius (Figure 6C). For the inner radius of
0.35 nm, the flow rate is about 30 ns~', which is comparable to
Hummer’s results for water flow inside a (6,6) CNT.[* As the
inner radius is increased to 0.95 nm, the flow rate increases to
284 ns~!. Considering the fact that there is no osmotic pressure
in our system, the change in flow rate can be attributed to
changes in core size and water diffusivity in the axial direction
D xia1- Todetermine D ,y;.1, We first calculate the axial diffusivity
of each water molecule that are or were once inside the CNS,
and then perform a weighted average of the calculated values
with respect to the corresponding probability distribution
function shown in Figure 6B. Figure 6D displays the calculated
diffusivity as a function of the core radius. In the absence of an
electric field, the CNS-water interaction energy would
decrease as the core size is increased, resulting in increasing
water diffusivity. For example, the CNS-water interaction
energy is about —17kJmol~' when r=0.35nm (1 =1.2) and
—9.4kJ mol ! when r=0.48 nm (1 = 1.0). These behaviors are
consistent with previous findings that the diffusivity of water
inside a CNT increases with the CNT radius. However, this
trend is seen to be completely reversed by the presence of an
applied electric field. Figure 6D shows that as an electric field is
applied to expand the core of CNS, water diffusivity decreases
rather than increases as expected from the size effect alone.
This phenomenon can be attributed to enhanced alignment of
water dipoles along the direction of the electric field, which
tends to decrease the diffusivity. A similar phenomenon has
also been reported in the study of water flow through CNTs in
the presence of an electric field.”!

To investigate the effect of an applied AC electric field, in
which case the effective surface energy changes with time, we
consider

At) = [1 + cos(27ft)] + B (6)

1-8
2
where f'is the frequency of the AC field and S is a parameter
depending on the field strength. Here we set §=0.4 so that 4
varies from 0.4 to 1 (Figure 7A). Simulations are conducted

with the frequency f set at 0.25 and 0.125 GHz. The results
show that the inner radius of the CNS varies periodically with

Table 2. Tuning parameter / for different carbon—carbon interactions and the corresponding effective surface energies and electric fields.

A B C D E F G H |
A 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.2 1.6
r [nm] 0.99 0.95 0.81 0.72 0.67 0.61 0.48 0.35 0.18
Yefr [NNnmM 7] 0.122 0.134 0.141 0.163 0.181 0.196 0.212 0.354 0.789
E[Vnm™] 0.39 0.36 0.34 0.29 0.23 0.16 0 - -
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the same frequency as that of the applied
AC field. The variation of the number of
water molecules inside the CNS is shown in
Figure 7B. The maximum number of
confined  water  molecules  (about
100nm ') is much larger than that in the
DC case of A=04 (about 75nm™'),
indicating that the core of the CNS can
1 be expanded to a much larger size under an

f Wal .
1600 2000 0.0 0.2

800
time (ps)

0 400 1200

Figure 3. A) The simulated evolution of CNS—water interaction energy as a function of the
simulation time. The interaction energy decreases quickly for the first 400 ps and gradually
reaches an equilibrium value. B) The number of water molecules per unit axial length confined
inside the CNS as a function of the effective surface energy. The parameters listed in Tables 1

and 2 are adopted.

Figure 4. Simulation snapshots of CNSs with water molecules confined
inside the inner core for different values of the effective surface energy.
Water molecules outside the inner core are not shown for clarity.

500 T T T T
—bulk water
400+ ——case A(A=0.4) 1
—case G(2=1.0)
300}
= —case H(2=1.2)
-3 200}
100 +
0
00 04 08 12 16 20
r(nm)

Figure 5. Radial distribution functions (RDF) of oxygen atoms in four
different cases. Inset: the configuration of two linear chains of confined
water molecules in case H (A =1.2).
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06 08 AC field. It is also found that the AC flow
rates are greatly enhanced in comparison
with the corresponding results under a DC
field, as shown in Table 3. When
f=0.125GHz and 4 varies from 0.4 to 1,
the mean flow rate is about 386 ns !, which
can be compared to the DC flow rate of
305ns~" when 1 =0.4. When f=0.25 GHz,
the mean flow rate is further enhanced to
589ns !, nearly twice the corresponding value in the DC case
of 2=0.4. This increase in mean flow rate at increasing
frequency f, combined with the fact that the AC flow rates are
significantly higher than the DC flow rates, may indicate a
resonance phenomenon, although much further work is
required to clarify the detailed mechanism. It seems that
the enhanced AC flow rate can be attributed to pulsated flow
stimulated by periodic contraction of the CNS. Table 3 also
shows that the mean axial diffusivities of water molecules
under an AC field are larger than the corresponding upper
bound in the DC case of 1 =0.4 (D ,xja =3.37 X 10~° cm? sfl).
Therefore, it seems that an AC electric field can greatly
stimulate and enhance water flow in CNSs.

v (nN/nm)

4. Conclusions

In summary, we have conducted MD simulations of a novel
class of tunable water channels based on CNSs. We have shown
that it is possible to use dipole—dipole interactions induced by
an externally applied electric field to reduce the effective
surface energy of a CNS, so as to controllably increase its core
size and the associated water flow rate. We further showed that
an applied AC field can greatly enhance the flow rates in
comparison with a DC field. Compared with CNT-based water
channels, the CNS-based channels exhibit much greater water
permeability and sensitivity to an applied DC/AC electric field.
Besides possible applications as water channels, our tunable
CNS channel model can also serve as ion channels across
cellular membrane or controllable nanofilters. The tunable core
size can effectively prevent the passing of heavy metal ions or
nanoparticles.

We also point out some potential pitfalls of our study.
Figure 1B shows that the surface energy of a CNS will be
significantly altered only by an applied electric field on the order
of 0.2 Vnm™ . This value is quite high compared to the typical
membrane potential of ~0.016-0.027 V nm~!1"!). The electric
field used in our simulations is in the range of 0-0.39 V nm ™",
while the breakdown strength of membrane has been reported
to be around 0.14 V nm~'.®”! Although Figure 1B shows that it

small 2010, 6, No. 6, 739-744
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and/or to tune the surface energy of CNSs via
other applied fields. Further studies will be
directed along this line of research in the future.
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Dipole-dipole interaction energy

For arbitrary two dipoles induced by electric field E with dipole moment P,and P,, the

interaction energy is

- 1 i | S, PN, P
V(r12): |p1||p2|_ (r12 pl)(lZ pz)

, (S1)
13 2
472"90|r12| |r12|

where

Rl =+ — 2T, cosl6, - 6,)+ 2°, (S2)
is the distance of the two dipoles and

n=r+ ZLﬁl,

i (S3)

L=r +L6?

2 0 272_ 2"

Suppose each carbon atoms in the CNS is polarized in the electric field, then the total

dipole-dipole interaction is

chipoIe = ZV (fu )1 (S4)

i#]

which can be calculated as



Py = o0z [, 42 [} 76, rdef g‘ ‘[plpz 3p,p, cos” aliz, (S5)

0

where p,, p, are the dipole densities, N is the winding number of the CNS, cos« :|r_z|'
12
Integrate Eq. (S5) we obtain
dre E
chipoIe :Medlpole(N L rO’t) (86)
2rs,
where
22N (27N 1 1
€N, L, T, 1) Thoa - 0,d6,.
ernlt b 0)=] ], s V72 + 7 =287, cod6, - 6,) J'rz2+f;2+L22'rz‘r;cos(elez)Jd o
(S7)

For the axial polarizability ¢, Langlet et. al. have found the relationship between ¢, and

CNTs radius ras

a, =(50.1348r +10.8091). (S8)
Since the value of ¢, obtained in Reference S1 is polarizability per unit length of CNTSs,

we transform it to polarizability per atom in our case by

a, =(50.1348 +10. 8091)ﬁo 5a, (S9)
2

where a is the carbon-carbon bond length. It is worth pointing out that in Reference S1
the authors have considered the local electric field effect, i.e. the electric field induced by
dipole, so by adopting the results, we have indeed included the dipole screening effect
into our model.

Reference

(S1) R. Langlet, M. Devel, Ph. Lambin, Carbon, 2006, 44, 2883-2895.



