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We have investigated the diffusion and structure of TIP4P/2005 water confined in

carbon nanotubes subjected to external electric fields. A wide range of diameters has

been used to show a highly size-dependent behavior of the water diffusion. We also

found that the diffusion is extremely affected by the intensity of the applied field.

However, is the relative direction between the field and the tube axis that causes the

most intriguing behavior. Electric fields forming angles of 0◦ and 45◦ with the tube

axis were found to slow down the water dynamics by increasing organization, while

fields perpendicular to the tube axis can enhance water diffusion in some cases by

decreasing the hydrogen bond formation. Remarkably, for the 1.2 nm diameter long

(9,9) nanotube, the field along the tube axis melts the water structure increasing the

water mobility. These results points out that the structure and dynamics of confined

water are extremely sensitive to external fields and suggest the use of electric fields

as a facilitator for filtration processes.
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I. INTRODUCTION

The characterization of the molecular transport phenomena is relevant for the study of

pure liquids, mixtures and complex systems such as gels, liquid crystals and polymers. For

simple liquids, the diffusion coefficient, D, usually increases with temperature, T . However,

this is not the case of water. The mobility of water increases with density and has a maxi-

mum1. This unexpected behavior is followed by a structural anomaly. While most materials

become more structured as density increases, under the same conditions water exhibits a

maximum in their structural order parameter2. As the order of the system increases, the

structural, kinetic and thermodynamic anomalies take place3,4.

The anomalous bulk mobility of water is strongly related to their hydrogen bond (HB)

network and becomes even more anomalous under nanoconfinement. The bonding between

water molecules can be frustrated in such extreme environments5,6, and the water-surface

interaction rises as a decisive factor, often determining the fluid structural and dynamical

behavior7,8. For example, inside carbon nanotubes (CNTs) water flows four to five orders

of magnitude faster than would be predicted from conventional hydrodynamic theory9. The

high flux depends on the nature of the confining medium10, the number of water layers11,12,

structural transitions13–15, and local viscosity16, to name just a few of the parameters affect-

ing the flow enhancement factor. For CNTs with diameter smaller than 1.2 nm, the diffusion

mechanism appears in two stages17–19 reflecting the competition between wall repulsion and

HB formation20,21.

Over the past decade, we have witnessed several attempts with different strategies to

pump water through nanotubes7,10,22. One alternative lies in the application of external elec-

tric fields. For instance, in small capillaries the electrostatic boundary conditions strongly

influences the permeability of charged species. The electrostatics of a small channel embed-

ded in a medium of very low dielectric constant leads to a large self-energy barrier for ions

to enter the confined region23. In many biological channels, transport of ions is facilitated

by inclusion of fixed charges in the channel. In CNTs, fixed charges outside the tube are

found to affect the pressure-driven passage of water24. Additionally, CNTs filled with water

exhibit electro-osmotic flow when an electric field is applied25.

The behavior of water molecules confined in CNTs subjected to external electric fields

is an interesting topic by itself. Free energy studies have demonstrated that electric fields
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induce water orientation at the point that it favors the filling of small CNTs26. Theoretical

and numerical studies also demonstrated a relation between a blocking temperature (required

for water to escape from the nanotube) and a frictional energy barrier with the dynamic

escape behavior of water under external electric fields27. Charge magnitudes between zero

to 1.0 e/atom were applied along different lengths of nanotubes to show that the electric

charging can be used to manipulate the resistance along the nanotube and the resistance to

flow at its entrance28, two parameters affecting the flow rate. Remarkably, the water dipole

orientation inside a CNT can be well-tuned by the electric field, which results in a pumping

effect29. The dipole orientation also makes water’s dielectric constant to be lower in the

interface than in the center of the tube30. Phase transitions of water molecules inside 1.2-1.3

nm diameter CNTs induced by electric fields have been also reported31. In this scenario, the

structure of the confined water was found to be strongly dependent on the field strength.

Recently, Winarto et al.32 demonstrated that electric fields can cause the formation of solid

ice-like structures inside CNTs. It is not clear, however, how the electric field affects the

different structures and layers produced when water is confined by nanotubes of different

diameters.

Another open aspect demanding further discussions is the relationship between HB for-

mation and the dynamics of water-CNT subjected to an electric field. Molecular Dynamics

(MD) simulations of water permeation through CNTs have shown a breakage of the HB net-

work as the electrical interference frequency approaches to the inherent resonant frequency

of HBs33. At this point the authors found a maximum in the water net flux. The disruption

of water’s HB network inside nanotubes was also pointed as the main reason behind the

high flux found when a vibrational charge was approached to the nanochannel34. Addition-

ally, Zhou et al.35 showed that the motion mechanism (characterizing the diffusion) of water

confined in CNTs is changed from Fickian to ballistic and single-file diffusion under the

application of pulsed electric fields. Investigations that can bring insights at the molecular

level are more than welcome to shade light on the mechanisms connecting the mobility with

the structure and HB network of water inside CNTs under the application of electric fields.

In this contribution, we perform MD simulations to study the diffusion and arrangement

of water molecules inside CNTs under external electrical fields with different intensities. In

order to account for orientation effects, the field has been applied parallel, transverse and

perpendicular to the tube axis. The number of HBs and the radial structuration of the water
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molecules has been also evaluated. Our results show great dependence of the water diffusion

on both the electrical field intensity and direction. Besides, the HB network was found to be

closely related to the diffusional behavior of water. The remainder of the paper is organized

as follows. In the next section, the computational details and methods are described. In

section III, the main results on the confined water properties are discussed. Summary and

Conclusions are presented in the last section.

II. MODEL AND METHODS

We used the LAMMPS package36 to perform MD simulations of water confined in CNTs

under electric fields. A uniform field was applied in three different directions with different

intensities. We considered (n, n) CNTs, with n = 7, 9, 12, 16, 20 and 40. We used the

rigid four-point TIP4P/200537 water model due to its good agreement with experimental

results38,39. Additionally, this model has been suggested for computational studies of water

flux through nanopores40. We obtained a bulk diffusion coefficient of 2.3x10−9 m2/s, in good

agreement with theoretical41 and experiments42. The interaction potential is described by

Lennard-Jones and Coulomb terms, namely:

Uαβ(r) = 4εαβ

[(σαβ
r

)12

−
(σαβ
r

)6
]

+
1

4πε0

qαqβ
r
, (1)

where α and β represents the oxygen, hydrogen or the fictitious atom M . The equilibrium

distance between oxygen and hydrogen atoms is 0.09572 nm and each hydrogen carries a

positive charge q = 0.5564, the oxygen carries no charge. The equilibrium distance between

oxygen and M is 0.01546 nm in the direction between the two hydrogen. The negative

charge, −1.1128, which neutralizes the molecule is located at M .

For the water-CNT interactions, we used O-C Lennard-Jones parameters defined in the

work of Köhler and da Silva43: εCO = 0.123 kcal/mol and σCO = 0.326 nm. The Lennard-

Jones and Coulomb interactions cutoff was set to 1 nm. In all simulations the geometry

of the water molecules was constrained by the SHAKE algorithm44. Long-range Coulomb

interactions was handled using the Particle-Particle Particle-Mesh (PPPM) method.

The simulations were conducted as follows. Initially, the nanotubes were connected to

two water reservoirs with pressure kept at 1 atm by the Parrinello-Rahman barostat45 and

at temperature T= 300 K controlled by Nosé-Hoover thermostat46. The system was equili-

brated for 10 ns with timestep set as 1 fs. After system equilibration, the average number of
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TABLE I. Nanotube chirality, diameter (d), length (Lz) and the average amount of water molecules

inside each nanotube.

CNT d (nm) Lz (nm) H2O

(7,7) 0.957 123.465 901

(9,9) 1.22 50.66 908

(12,12) 1.63 22.63 901

(16,16) 2.17 11.07 911

(20,20) 2.71 10.33 1440

(40,40) 5.425 7.87 5221

FIG. 1. Schematic depiction of the computational framework: side view of a CNT (7,7) filled with

water under an electric field E. The field can be either parallel (0◦), perpendicular (90◦) or forming

an angle of 45◦ to the nanotube axis.

water molecules within each nanotube were collected. The amount of water molecules along

with the nanotube details are given in Table I.

Then, the reservoirs were removed and periodic boundary conditions applied in the axial

direction of the tubes, as shown in Figure 1. It results in isolated infinite nanotubes. Finally,

simulations of 10 ns of data accumulation are performed in the canonical NVT ensemble.

We analyzed the diffusion mechanism of a fluid by the scaling behavior between the mean

squared displacement (MSD) and time18:

〈|~r(t)− ~r(0)|2〉 = ADtn (2)

where the angular brackets denote an average over time origins and all water molecules,

~r (t) is the displacement of a molecule during the time interval t, A is a constant equal to
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1 and D stands for the diffusion coefficient. The n exponent refers to the diffusion regime:

n = 1 for the linear Fickian diffusion, n > 1 for supperdiffusive and n < 1 for subdiffusive

regime. The statistical error in the diffusion measurements could be reduced by averaging

over all the MSD components. The nanopore confinement in the x and y directions hinders

the radial displacement of the molecules. Therefore, the radial diffusion is almost zero for

all cases studied here and only the axial diffusion Dz will be considered.

III. RESULTS AND DISCUSSION

An external electric field can strongly influence the behavior of fluids in nanoenviron-

ments7. As a polar substance water is not only susceptible to the electrical field magnitude,

but also to the field direction inside the channel. Consequently, if one wishes to control

water flux inside nanotubes, it is important to understand the effect of electric fields on the

water properties at the molecular level.

In Figure 2(a)-(c) we plot the diffusion coefficient as a function of the nanotube radius for

E = 0.5, 0.75 and 1.0 V/nm. As shown in Figure 1, the fields are applied in three different

directions: parallel to the tube axis (referred as 0◦), perpendicular (90◦) and forming an

angle of 45◦ with the tube axis. In the case of no electric field, the diffusion is not monotonic

with the nanotube radius. While water freezes inside 1.2 nm diameter long (9,9) nanotube,

for larger nanotubes the diffusion increases with r and tends to the bulk value, which is in

accordance with the work of Farimani and Aluru18.

Remarkably, when a 0.5 V/nm field is applied parallel to the tube axis (0◦) the diffusion

of water decreases drastically for all the tube radii, and tends to zero for larger nanotubes,

as shown in Figure 2(a). This is in accordance with previous theoretical works32. We also

computed the number of HBs using a geometrical criteria: α ≤ 30◦ and |~rOO| ≤ 3.50 Å,

where α is the OH · · ·O angle and |~rOO| is the distance between two oxygen atoms. We

found that the decrease in mobility goes along with an increase in the number of HBs, as can

be seen in Figure 2(d). In other words, the electric field applied along the tube axis increases

the connection through hydrogen bonds and consequently hinders the water mobility. For

the 45◦ field, we observe intermediate values between the parallel and the perpendicular case,

with a decrease in the diffusion and an increase in the number of hydrogen bonds. When

we apply the field perpendicular to the tube axis a minute increase in the water diffusion
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FIG. 2. Water diffusion coefficient (left) and number of HBs (right) as a function of the nanotube

radius r under external electric fields E = (a, d) 0.5 V/nm, (b, e) 0.75 V/nm, and (c, f) 1.0 V/nm

applied in different directions.

is observed for intermediate tube radii, especially in the CNT (9,9), where we finally found

some water mobility induced by the electric field. Importantly, there is a local maximum in

water diffusion between r = 0.8 and 1.0 nm for all field directions.

If we increase the field magnitude to 0.75 V/nm, Figures 2(b) and (e), we can see that as

in the former case the external field influences both diffusion and the hydrogen bond network
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of the confined water. However, the effect is enhanced and now we can observe zero water

mobility as the field is applied in the axial direction (angle 0◦), regardless of the nanotube

radius. The phenomenon is again followed by an increase in the number of HBs, as shown

in Figure 2(e). Again, the 45◦ field leads to a dynamics somehow in between the parallel

and perpendicular case, still strongly reducing the mobility and increasing the number of

HBs in comparison to the no field situation. On the other hand, as we apply the electric

field perpendicular to the tube axis the diffusion coefficient features similar results as in

the no field condition, although with some particular differences. For instance, in the CNT

(9,9) the perpendicular field enhances the water mobility at the cost of breaking some HBs,

while in the CNT (12,12) the very opposite happens, mobility is decreased and new HBs are

formed in comparison with the no field case.

In Figure 2(c) we show the water diffusion as a function of r for E = 1 V/nm. At

this point, the diffusion fall away for both the parallel and the 45◦ fields, exhibiting zero

mobility (frozen) and highly enhanced HB formation, as can be seen in Figure 2(f). This

corroborates the idea of a coupling between the water dynamics and the HB network under

external electric fields. Furthermore, as in the former case, E = 0.75 V/nm, here we can

observe a strong correlation between the no field and the orthogonal cases. Interestingly, the

perpendicular field induces water inside CNTs (9,9) and (20,20) to exhibits higher diffusion

than the zero field condition.

In Figure 3 we present the water diffusion coefficient as a function of the applied field

intensity for each direction. It becomes clear that the perpendicular field induces larger water

diffusion compared with that of parallel and 45◦ case for all nanotube radii. Surprisingly,

water diffusion inside CNTs subjected to perpendicular electric fields is not significantly

affected by the field intensity. The exception comes from the water confined in CNT (9,9),

where the diffusion increases almost linearly with E and becomes ∼3 times larger when we

increase the perpendicular field from 0 to 1 V/nm. For other directions (0◦ and 45◦) the

water diffusion is decreased as we increase E and becomes almost zero for E = 1 V/nm.

An important aspect regarding the mobility of confined water is the close relation between

structural and dynamical behavior7,8,15,47,48. By applying an electric field, we have observed

dynamical modifications that can be related to structural transitions of water molecules

inside the tube. For instance, Winarto et al.32 found that the water dipole moments can

align with the electric field inside the nanotube to increase water density and form ordered
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FIG. 3. Water diffusion coefficient as a function of the electric field’s magnitude.

ice-like structures. This mechanism induces a transition from liquid to ice nanotubes in

a wide range of CNT diameters. In order to clarify the influence of field direction in the

water structure, we show in Figure 4 the radial density profile of the oxygen atoms as a

function of r for the CNT (9,9). This quantity is calculated by dividing the inner of the

CNT in concentric cylindrical shells and averaging the number of oxygen atoms in each

shell along the simulation. We can observe that the parallel electric field (0◦) induces water

molecules to occupy positions closer to the center of the tube as compared to the no field

case. Additionally, we observe highly ordered ring-like structures, as shown in the inset
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FIG. 4. Radial density profile of oxygen atoms inside CNT (9,9) for E = 1.0 Vnm−1 applied

parallel (black line) and perpendicular (red line) to the tube axis. The orange line stands for no

applied field and r = 0 is at the center of the tube.

featuring a frontal snapshot of the system. This strongly packed structure can be linked to

an ice-like phase, in accordance with the work of Winarto et al.32, which can explain the

lowering in water diffusion. It is also interesting to note that as the oxygen atoms aligns

with the parallel field, they are carried away from the wall. This distance from the wall,

also recognized as a “dewetting” transition, can lead to a decrease in the dielectric constant

as suggested in experiments with planar confinement30.

On the other hand, as we apply the electric field perpendicular (90◦) to the tube axis,

the water molecules are pushed closer to the hydrophobic CNT wall, breaking the ring

structure and increasing the mobility, as shown in Figure 3(b). The mechanism behind

this enhanced diffusion can be understood in terms of the energetic stability, since it is

energetically unfavorable for water to be closer to the wall. Particularly, in this case the

field affects the water’s dipole moment melting its ordered structure at the nanotube wall,

leading now to a “wetting” state49. As a result, the water-wall repulsion increases water’s

mean displacement. In other words, in the search for a more stable structure the water

molecules experience an increment in mobility.
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IV. SUMMARY AND CONCLUSIONS

We studied the influence of electric fields in diffusion, HB network and structure of water

confined in CNTs through MD simulations. We found size-dependent diffusion of water

under several electric field directions and intensities. There is always a local maxima in

diffusion for intermediate nanotubes (r = 0.8-1.0 nm).

We also found that large fields induce the orientation of water’s dipole moment and in

the case of fields applied parallel to the tube, the network becomes more organized and the

diffusion decreases. For fields applied perpendicular to the nanotube axis, water dynamics is

similar with the no field case for most of the CNTs. The exception is the CNT (9,9) where

the diffusion is enhanced by a factor of 3 when we increase the perpendicular field from 0 to

1 V/nm.

These results open the possibility of tuning the water flux inside a CNT by only varying

the direction of the applied electric field. It is particularly relevant for application in nan-

otube membranes, where the water’s dipole moment can constitute as an important factor

for flux control.
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8M. H. Köhler and C. Gavazzoni, J. Phys. Chem. C 123, 13968 (2019).

9M. Majumder, N. Chopra, R. Andrews, and B. J. Hinds, Nature 438, 44 (2005).

10D. J. Bonthuis, K. F. Rinne, K. Falk, C. N. Kaplan, D. Horinek, A. N. Berker, L. Bocquet,

and R. R. Netz, J. Phys. Condens. Matt. 23, 184110 (2011).

11G. J. Wang and N. G. Hadjiconstantinou, Langmuir 34, 6976 (2018).

12P. Sahu and S. M. Ali, J. Chem. Phys. 143, 184503 (2015).

13E. M. Kotsalis, J. H. Walther, and P. Koumoutsakos, International Journal of Multiphase

Flow 30, 995 (2004).

14J. Shiomi, T. Kimura, and S. Maruyama, J. Phys. Chem. C 111, 12188 (2007).
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