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Abstract

We present the results from extensive molecular dynamics simulations to study the effect of
varying interaction strength, enT_ow, between the nanotube atoms and water’s oxygen atom. We
find the existence of a narrow transition region (eyt_ow ~ 0.05 - 0.075 kcal/mol) in which water
occupancy within a nanotube and flux through it increases dramatically with increasing enT_ow,
with the exact location defined by nanotube diameter and length. This transition region narrows
with increasing nanotube diameter to nearly a step-change in water transport from no flow to high
water flux between ent_ow= 0.05 kcal/mol to 0.055 kcal/mol for tube diameter 1.6 nm.
Interestingly, this transition region (enT_ow= 0.05 — 0.075 kcal/mol) also coincides with water
contact angles close to 90° on an unrolled nanotube surface hinting at a fundamental link between
nanotube wetting characteristics and water transport through it. Finally, we find that the observed
water flux is proportional to the average water occupancy divided by the average residence time
within the nanotube, with a proportionality constant found to be 0.36, independent of the nanotube
diameter and length.
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Fluid transport through carbon nanotubes (CNTSs) have been the topic of much interest
recently as a greater understanding of the flow phenomenon has emerged.1=3 They have
many potential applications that cover a broad range from drug delivery and cancer therapy
to nanoelectronics, gas storage and membrane separation devices.# The applications utilizing
water transport through CNTSs such as desigh of CNT-based desalination membranes>=2 are
of particular interest due to the fast water transport predicted by molecular dynamics (MD)
simulations® and later observed in experiments.10:11 Specifically, Majumder et. al. have
shown experimentally that water flows through multi-walled CNTs at a rate that is four to
five orders of magnitude faster than predicted by macroscopic hydrodynamics.10 These flow
enhancements are believed to be due to the more ordered and stronger hydrogen bonds
between water molecules confined inside a nanotube than in bulk water that leads to
concerted and rapid motion along the tube axis.® Additionally, the weak interaction between
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water and hydrophobic walls of CNTSs results in a smooth nanotube surface with minimal to
zero friction.12 The nature and magnitude of flow through small diameter CNTSs is also
comparable to that found in naturally occurring biological channels.13 Therefore, gaining a
more fundamental understanding of the flow mechanism through CNTs can also lead to
deeper insight to the function of biological water channels.

The synthesis of individual or membrane-incorporated CNTSs of a specific diameter and
chirality is challenging due to lack of control over nanotube growth.1* Also, CNT
functionalization is largely limited to only the tube ends due to sp? hybridization of carbon
along the inert tube surface, though novel ways have been proposed to overcome this
limitation.2®16 In scaling up technologies utilizing nanotubes (NTs) for specific purposes,
the discovery of other materials with which NTs are easier to synthesize than carbon but
possess a greater capacity for functionalization than carbon is desirable.17:18 However, it is
not clear how water transport properties will be affected. Synthesis of Boron-nitride
nanotubes (BNNTS) provide some insight in this regard and have been found to have similar
or better water conduction properties than CNTs.1920 MD simulations have shown that
BNNTSs of the (5,5) armchair arrangement can conduct water, while CNTs of the same size
do not,1? indicating that a difference in physical characteristics between carbon and the
boron-nitride material, in this case favorable interactions with water, can be the key factor
permitting water flux to occur.

In MD simulations, the difference in physical properties is usually accounted for by
changing the Lennard-Jones (LJ) potential parameters - the well-depth € and the
characteristic distance o. Boron, nitrogen, and carbon all have different LJ parameters that
will dictate their interaction with water. Of course, in several cases such as Boron Nitride
nanotubes there will be additional contribution from partial charges, but in the present study
we solely focus on the effect of LJ interactions between NT atoms and water. In one
previous study, the effect of varying partial charges on water flow through peptide backbone
based nanoscopic channels was studied.?! As we discuss later, the results found in our study
are quite comparable to these findings. These parameter values for a given element are also
not precisely determined and vary based on which force field is utilized in MD
simulations.22 It has been shown previously that a small variation in these parameters can
cause dramatic shifts in the behavior of water in CNTs. Hummer et. al. observed two
distinct states in which a CNT was either completely empty or completely filled with water
for enT_ow = 0.065 kcal/mol, but only a single state with a completely filled CNT existed
for enT_ow = 0.114 kcal/mol.? This intriguing behavior motivates this current study aimed
at determining how critical a role the LJ potential well depth, enT_ow, between the NT
atoms (carbon, boron-nitride or any other element) and water’s oxygen plays in influencing
the flux of water through NTs. Previous work by Hummer and co-workers focused on
occupancy levels and filling/emptying kinetics as a function of eyt_ow for a small diameter
(6,6) NT, but did not directly calculate water flux or study larger diameter tubes.23

In this paper, we study water transport through cylindrical nanotubes (atoms arranged in a
honeycomb lattice in an armchair arrangement) made up of different materials by
systematically varying ent_ow over a wide range. The first question that we want to address
is if increasing the hydrophilicity of a nanotube surface will always result in increased water
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transport through the NT. One can imagine that a continued increase in nanotube-water
interaction strength will also increase residence time of molecules, in addition to increasing
water occupancy. This can conceivably result in decreased water transport through
hydrophilic NTs. Secondly, we want to elucidate possible analogies between transport
behavior within NTs and macroscopic wetting of the NT wall. In the end, we would like to
identify simple design parameters linking flow properties within specific nanotubes with
water occupancy and residence time.

Through these investigations, we hope to identify a range of enyT_ow Values that provide the
optimum water occupancy and flux and thereby, provide design insight to guide future
material selection for specific applications such as drug delivery.24:25

Our study focuses on understanding the sensitivity of water flow to changes in physical
properties of the NT material, and thus, we use the NT atoms to represent a range of
materials having different interaction strengths with water. Specifically, we simulate
enT-ow for a range of values from 0.02 kcal/mol, highly hydrophobic NTs, up to 0.20 kcal/
mol, strongly hydrophilic NTs. The standard LJ potential form is used and the resulting
potential functions are shown in the supplementary information (SI Fig. S1). We use TIP3P
model of water for which cross-interactions between water’s hydrogen atom and NT atoms
are zero. For simplicity, all of the NT atoms are arranged in a honeycomb lattice as found in
the case of CNTs. We arrange 12 hexagonally packed CNTSs in a 3x4 membrane that allows
us to accumulate 12 times more data than a single NT simulation (see Figure 1A). The
nanotubes are allowed to move during the simulation, and we find that the membrane
structure is maintained during the whole simulation. Here, we consider NTs of armchair
types (6,6), (7,7), (8,8), (9,9), and (12,12), all of length 1.34 nm, to study diameter
dependence of our results. We also consider 5.6 nm long (6,6) armchair NTs to study
possible effects of NT length on the observed behavior. All of the simulations are performed
using the molecular simulation package NAMD.26 Shorter NTs are simulated for 15.2 ns
and longer NTs are simulated for 30.4 ns with the first 200 ps and 400 ps, respectively,
discarded as equilibration and the remaining trajectory used for all subsequent analysis. In
addition, we simulate low enT_ow Values (0.04 - 0.06 kcal/mol) for (12,12) tubes for 100 ns
to accommodate relatively slow filling kinetics. We also study the wetting behavior of a
water droplet on a flat unrolled nanotube surface as shown in Figure 1B.

All simulations utilize periodic boundary conditions in all directions. For NT simulations,
temperature and pressure are maintained at 300 K and 1 atm, respectively. The water droplet
simulations are performed in an NVT ensemble at 300 K. We use PME method for
electrostatic interactions. We have used Langevin thermostat with a damping coefficient of
0.5 ps~1 to maintain constant temperature and Langevin piston Nose-Hoover method that
allows all dimensions of the periodic cell to fluctuate independently to control pressure.’
We use 12 A cut-off distance for pair interactions with a smoothing function applied at 9 A
distance and neighbor list radii 14 A with a rebuilding frequency of 10 steps.

In an effort to elucidate the relation between water flow and nanotube properties, we first
study how changes in enT_ow affect the water occupancy levels (number of water molecules
contained in the nanotube) in different diameters NTs. Previously, Hummer et al. showed
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for a small diameter (0.8 nm) NT, capable of only accommodating a single-file chain of
water, that an increase in ent_ow increases the probability of observing the filled state.® The
filled state in that case, however, was identified by a narrow occupancy level (N =5 or 6). In
Figure 2A-C, we show the probability P(N) of finding N number of water molecules inside a
nanotube for several enT_ow Values. The panels A, B, and C correspond to 1.34 nm long
(6,6), (9,9), and (12,12) NTs, respectively. It is clear from these plots that as the interaction
strength enT_ow increases for wider tubes (panels B and C), significantly more water
molecules occupy the NTs. Due to this increase in water occupancy with increasing ent_ow.
a significant change in water structuring within the NT can also be expected.

Figure 2D shows the two-dimensional density profiles in radial-axial directions for (6,6),
(9,9), and (12,12) NTs for enT_ow Values corresponding to panels A-C, with corresponding
snapshots of water structure at higher occupancy shown in panel F. Only in the (6,6) NTs
does there seem to be favorable axial locations (clearly seen for enT_ow = 0.07 kcal/mol)
for water molecules inside the NTs as observed earlier,® but this preference diminishes as
eNT-OW Of nanotube diameter increases. As expected, when the tubes are very hydrophilic
(higher enT—0w), the water molecules are pulled closer to the NT walls. In large diameter
NTs, this effect is strong enough such that a second layer of water molecules is formed near
the center of the NT (i.e., enT_ow=0.20 for (9,9) and (12,12) NTs).

As shown in Figure 2E, the number of water molecules inside a nanotube, (N), increases
with increasing enT_ow OVver the entire range of values studied, with a precipitous change
occurring only over a narrow range of interaction strengths (eyt_ow = 0.05 to 0.075 kcal/
mol). Moreover, the change in (N) with enyt_ow becomes sharper with increasing NT
diameter. Waghe et. al. observed a similar behavior in their study of the effect of different
Lennard-Jones parameters on filling kinetics of different length (6,6) armchair CNTSs. In that
work, for longer tubes, in which 100 water molecules could occupy the CNT, the transition
from empty to filled was much sharper than that for shorter tubes in which only 5 water
molecules could fit inside.23 Here, we show that this observation is not limited to the length
of a narrow (6,6) CNT in which single-file water flow occurs. Rather, it also holds true for
larger diameter tubes. Therefore, with increasing NT volume, due either to NT diameter or
length, one can expect to see a sharpened sensitivity of nanotube filling/emptying to subtle
changes in enT_ow-

To identify if this transition region in eyT_ow for water occupancy may be related to NT
surface wetting characteristics, we next investigate the behavior of a water droplet on an
infinite unrolled NT surface as shown in Figure 1B. We calculate the contact angle ¢ of the
water droplet on the surface by using a method proposed by Giovambattista et. al .28 A
surface with Cos greater than 0 is usually interpreted as hydrophilic, while Cosd less than 0
indicates a hydrophobic surface. Figure 3A shows the Cosine of the contact angle 6 as a
function of eyT_ow- This data shows that the surface changes from highly hydrophobic,
yielding a very high contact angle of 150° (Cosb = —0.87) for an enT_ow Value of 0.02
kcal/mol (Figure 3B bottom panel), to partially wetting at an enT_ow Vvalue of ~ 0.1 kcal/
mol. For enT_ow Values of 0.14 kcal/mol and higher, the water droplet completely spreads
out on the surface (Figure 3B top panel) and, therefore, the surface is completely wetted.
Most importantly, we find that ent_ow values in the transition region of Figure 2E
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correspond to contact angles near 90°, the contact angle at which the surface transitions from
wetting to non-wetting, thus revealing a fundamental connection between water occupancy
inside NTs and Wettability of a NT surface.

The primary focus of this study, which has not been addressed in any previous study to our
knowledge, is to understand how a change in enT_ow Will affect water transport through a
NT membrane for NTs with different diameters and lengths. Here, we define water flux to
be the total permeations of water molecules per nanosecond, where a permeation is defined
as a water molecule entering either end of the NT and leaving from the opposite end. The
water molecules that enter and leave the same side of the nanotube are not counted in total
permeation. Again, the diameter of armchair NTs is changed by adjusting the chirality
vector (n,n) and increases with n. We observe burst-like flow either due to liquid-vapor
oscillations?® through an emptying-filling nanotube or pulse-like conduction through a
water-filled nanotube.®

In Figure 4, we plot water flux as a function of interaction strength between a NT atom and
water’s oxygen for NTs of length 1.34 nm (filled points) and NTs of length 5.60 nm (empty
circles). Similar to water occupancy variations, this data shows that variations in enT_ow
have a dramatic effect on water flux over a very narrow range, from roughly 0.05 kcal/mol
to 0.075 kcal/mol, leading to an off-on transition in water flow through the NTs. As
discussed above, this transition region for eyT_ow Vvalues is the range in which NTs change
from hydrophobic to hydrophilic as shown by contact angle measurements in Figure 3.

Upon closer inspection of Figure 4, we find that the change from no water transport to
significant water flux becomes sharper with increasing NT diameter, a sharpening of the
transition consistent with that which was observed for water occupancy (Figure 2E). As the
tube diameter increases, water occupancy also increases. The concomitant increase in the
number of water molecules that are able to interact with the NT surface leads to an enhanced
response to the changes in interaction strength, and thus the flux increases more sharply than
in smaller diameter NTs. Quite remarkably, inside the transition region extremely small
increases in enT_ow, on the order of 0.0025 kcal/mol, result in drastic increases in the water
flux through a NT. This observation should impact future design strategies aimed at
controlling water flow through nanotube based membranes by tuning simple properties such
as temperature,30 a topic that we are currently investigating. We find that any further
increase in enT_ow beyond ~0.075 kcal/mol (boundary of the transition region) actually
decreases the water flux, presumably due to longer residence times of water molecules
within the hydrophilic environment of the nanotube. A similar change in water permeability
with changing channel polarity was observed by Portella et al.2! In that case the channel
polarity was controlled by varying partial charges on channel atoms, and, therefore,
significantly reduced water permeability was observed for high channel polarity presumably
due to hydrogen bonding between water and channel atoms.

So far, we have shown that flux increases drastically for enT_ow Values in the transition
region and subsequently decreases as interaction strength increases. In addition, the number
of molecules occupying the NT continuously increases with increasing ent_ow over the
range of values we have tested. Such an inverse relation between water permeation and
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water occupancy suggests that one needs to consider additional factors that can account for
the observed behavior. An obvious parameter to consider is the residence time of a water
molecule within the nanotube. We calculate average residence time v based on all the water
molecules that transmit through a NT averaged over time and plot it in Figure 5 as a function
of enT_ow. The measured < values cover a range from 10 ps to 200 ps and increase with
increasing enT_ow, as expected due to enhanced water-nanotube interactions. Also, we
notice that <t is only weakly dependent on nanotube diameter, an observation that may be
very useful in developing theories of water flow through nanoscopic channels.

Since an increase in enT_ow past the transition region leads to a decline in flux (Figure 4),
an increase in occupancy (Figure 2E), and an increase in residence time (Figure 5), we
anticipate that both (N) and t will be the relevant parameters for defining water transport
through nanotube based membranes, and a combination of the two may be able to explain
the observed flow with changing NT diameter and length. The simplest possible functional
form that one may be able to use is, flux oc{N)/t with a proportionality constant that may or
may not depend on tube diameter and enT_ow- TO test this, we plot observed permeation
events per unit time versus (N/t in Figure 6 for all NT diameters and lengths studied.
Incredibly, regardless of diameter or length, a linear relationship exists yielding a slope of
0.36.

We have shown that the interaction strength between water molecules and the wall material
of a nanotube, characterized by the Lennard-Jones potential well depth, has a significant
impact on the ability for water molecules to enter a nanotube and reside there for a given
amount of time only for a narrow range of enT_ow Values. By varying interaction strength
as a design parameter representative of various materials, we have discovered a narrow
transition region of values from 0.05 to 0.075 kcal/mol in which the nanotube abruptly
changes from exhibiting strongly hydrophobic characteristics with zero water flux and low
water occupancy, to hydrophilic behavior with extremely high water flux and relatively high
occupancy. This transition region corresponds to near 90° contact angle of a water droplet
measured on a flat unrolled nanotube surface. At enT_ow Vvalues higher than 0.075, the
nanotube becomes strongly hydrophilic resulting in gradually declining flux due to even
greater occupancy and higher water residence times. Larger diameter nanotubes exhibit
sharper transition regions and more abrupt changes in water flux and occupancy due to the
larger number of interactions between water molecules and the NT wall. Finally, regardless
of length, diameter or Lennard-Jones parameters, the observed water flux is proportional to
average occupancy divided by average residence time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
System setup. (A) Side-view of nanotube membrane-water system used for most of the data

presented in this paper. (B) Water droplet resting on an infinite unrolled nanotube sheet used
for contact angle measurements.
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Figure 2.
Water occupancy. (A-C) Probability of a nanotube containing N water molecules inside it at

any given time. Panels A through C are for (6,6), (9,9), and (12,12) NTs (1.34 nm long),
respectively. (D) Water number density profiles as a function of radial distance away from
the nanotube center and axial distance along the nanotube are shown corresponding to
enT-0ow Values in panels A-C. (E) Average number of water molecules occupying a
nanotube (N) as a function of ey_ow are shown for different diameter nanotubes. The
curves from bottom to top correspond to (6,6), (7,7), (8,8), (9,9), and (12,12) nanotubes,
respectively. (F) Representative snapshots of water molecules confined in a filled nanotube
for different diameter tubes.
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Figure 3.
Wettability of a flat surface. (A) Cosine of the contact angle of a water droplet on a

graphene surface versus the nanotube material-water interaction potential strength. (B) Two-
dimensional contour density plots for water droplet resting on a graphene surface with
Cosine of the contact angles 1 (6 = 0°;top), 0 (6 = 90°; middle), and —0.87 (6 = 150°;
bottom).
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Figure4.
Effect of nanotube-water interaction strength on water permeability. Number of water

permeation events are shown as a function of nanotube-water interaction strength ent_ow
for nanotubes of different diameter and length. Diameters (from center of nanotube atoms)
range from 0.82 nm in the (6,6) arrangement up to 1.66 nm in the (12,12) arrangement. The
filled data points represent NTs 1.34 nm in length and the empty data points represent NTs
5.60 nm in length.
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Figureb5.

I
0 0.05 0.1 0.15

Average residence time measured for water molecules that enter the nanotube from one side
and leave from the other side is plotted as a function of nanotube-water interaction strength

enT-ow for different nanotube diameters as shown in the legend.
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Figure®6.
Permeation events per unit time observed in molecular dynamics simulation versus average

occupancy (N) divided by average residence time t. The symbols are the simulation data
and black line is a linear fit to this data. The inset shows a zoom-in view specifically to
highlight longer nanotube data.
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