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ABSTRACT

In this article, we investigate, through molecular dynamics simulations, the diffusion behavior of the TIP4P/2005 water confined in pristine
and deformed carbon nanotubes (armchair and zigzag). To analyze different diffusive mechanisms, the water temperature was varied as
210 < T < 380 K. The results of our simulations reveal that water presents a non-Arrhenius to Arrhenius diffusion crossover. The confinement
shifts the diffusion transition to higher temperatures when compared with the bulk system. In addition, for narrower nanotubes, water diffuses
in a single line, which leads to its mobility independent of the activation energy.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0031084

I. INTRODUCTION

Liquid water is as simple as it is strange. Interestingly, the fas-
cination around water lies exactly in the connection between its two
different atoms: liquid water behaves unexpectedly in many situa-
tions mostly because its structure is so simple. Composed by only
two different atoms and being so small it can move, rotate, vibrate,
bond, and fit like any other known liquid molecule.

Not surprisingly, literature is vast when it comes to water
and water related subjects.' It is a fact that life would not be
possible if water was a normal liquid. Currently, there are 74—
and counting—unexpected properties associated with liquid water,
which are known as water anomalies.” Some of those aforemen-
tioned anomalies are easily detected without any sophisticated appa-
ratus. The canonical example is the bottle filled with liquid water,
which cracks after some time in the freezer. The density of ice is
smaller than the density of liquid water, which means liquid water

expands upon cooling, going against any reasonable thermodynam-
ics argument. This is known as the water density anomaly. Other
water anomalies are more involved. For example, its dynamics, as
measured by the diffusion coefficient, is known to be anomalous as it
increases under increasing pressures or, equivalently, under increas-
ing densities, for a certain range of temperatures. This is exactly the
opposite behavior that is expected for a normal liquid under the
same circumstances.”

Even more puzzling is the so-called water fragile-to-strong
transition. Upon cooling, the dynamics of strong liquids slows down
at a constant rate, while for fragile liquids, such a rate increases with
temperature drop. For a strong liquid, diffusion has an Arrhenius
behavior, whereas for a fragile liquid, it has a super-Arrhenius (or
non-Arrhenius) behavior. Most liquids can be divided into these two
categories, but water is, again, an exception. Water is fragile at ambi-
ent temperatures while it appears to be strong upon supercooling.’
Many explanations for such a fragile-to-strong transition have been
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proposed, with two of the most relevant hypotheses proposed by Ito
et al."” and Poole et al."” While Angel’s group associates the fragile-
to-strong transition to the approximation of glass transition tem-
perature, Stanley and collaborators ascribe it to the crossing of the
Widom line due to its connection with the hypothetical liquid-liquid
critical point of water.

It is worth mentioning that recent models on the footsteps of
Stanley’s idea have been treating water as two liquids in one. Water
is supposed to be composed by high-density and low-density coun-
terparts whose proportions vary with temperature, which would
explain not only thermodynamic anomalies but also the dynamic
ones.'* This approach has gained the attention of the scientific
community, despite being with mixed receptivity.”” '’

As we see, the normal for bulk water is to be abnormal. Then,
what is expected from such a liquid when it is constrained by highly
confined environments?

Recently, the thermodynamic and dynamic anomalies of water
constrained by low dimensional geometries were revisited."* ' A
side effect of confinement is that most of the anomalous behaviors
are found at higher temperatures when compared with their bulk
equivalents. In fact, this allowed for the experimental detection of a
fragile-to-strong crossover for confined water.'*”’

For studying confined water, carbon nanotubes (CNTs) offer
an excellent laboratory. Their typical low diameter/length ratio
makes them nearly one-dimensional structures. Yet, their diameters
can be small enough to only fit a single chain of water molecules,
or big enough to approximate the confined water properties to bulk
ones. This tuning feature is perfect for systematic investigations of
the effects of confinement in liquid water. In addition, CNTs can
be viewed as rolled graphene sheets. Graphene borders are different
(armchair or zigzag), and the way tubes are rolled results in differ-
ent tube chiralities. This structural ingredient (which even affects
the CNT’s electronic structure) is also important when dealing with
water confined in nanotubes.

The confinement of water inside nanotubes brings new phe-
nomena that are not present in bulk water. For example, for water
inside tubes with diameters above 6.0 nm, the diffusion coeffi-
cient is close to the bulk value. As the diameter decreases, simu-
lations show that diffusion decreases, reaching a minimum value
for diameters of about 1.2 nm.”>** Then, water mobility rises for
diameters smaller than 1.2 nm.”””® Experiments suggest that at
low diameters, water dynamics breaks into a slow regime for the
water molecules at the nanotube wall and a fast regime for the
molecules close to the center.”’” > This decoupling leads to a fragile-
to-strong dynamic crossover observed experimentally at very low
temperatures.’;“

The anomalous low diffusion observed for water confined in
CNTs with diameters around 1.2 nm is related to the ice-like struc-
ture assumed by water inside the channel. The increase in water
mobility for diameters below this threshold is attributed to the
smooth, inner hydrophobic surface of CNTs, which lubricates and
speeds up near-frictionless water transport.”

For confined systems, the main physics behind diffusion
includes the competition between two ingredients: local expansion
or compression along chains of particles and fluid’s confining sur-
face mismatch.”* The former is governed by local fluctuations in
inter-molecule distances, thus imposing local tension or repulsion
between particles. The latter accounts for the imposed confining
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surface structure over the confined fluid molecules. In the particu-
lar case of confined water, these two mechanisms compete in order
to optimize the hydrogen bond network. If the fluid-surface mis-
match is large and local expansions are significant, the mobility is
high. If the fluid-surface mismatch is small and local densities will
not bring additional tensions between particles, water molecules
tend to accommodate themselves in local minima, decreasing the
mobility. Thus, for the diffusion of confined water inside carbon
nanotubes, the important variables are—but probably not limited
to—the nanotube diameter, degree of deformation (as measured by
the eccentricity), chirality, and temperature.’

The fluid-surface mismatch can be affected by nanotube defor-
mation and chirality.”® * In particular, chirality impacts the water
dipole orientation due to a difference in the partial load dis-
tribution at the ends of the tubes.””””*!' In carbon nanotubes,
defects are present either as irregularities in the crystal lattice or
as the presence of adsorbed molecules.”” Structural irregularities
lead to defect-induced mismatches between the tube and water
chains.” "

We have already explored, in previous works, the effect of
deformation on the mobility of water confined in CNTs with differ-
ent diameters and chiralities submitted at a temperature of 300 K,
and we concluded that the deformation affects the competition
between water-wall and water—water creating quite different sce-
narios.”*"” However, although we have addressed the relationship
between deformation in nanotubes and mobility in confined water,
the mechanisms of fragile-to-strong and strong-to-strong transi-
tions have not yet been explored making the present study solidify
our theories.

Even though the confined water dynamics have been widely
studied, the understanding of how temperature affects the dynamic
properties of water confined in CNTs with different topologies is
still missing. In this work, we analyze the impact of different chi-
ralities, diameters, and temperatures on the diffusion of water con-
fined in CNTs. We compare the mobility of water confined in per-
fect and deformed nanotubes. We discuss the water mobility in
the framework of local expansion or compression vs fluid-surface
mismatch and hydrogen bond network. In particular, we analyze
what happens with the fragile-to-strong transition observed in bulk
water.

In Sec. 11, we show the simulation details. In Sec. I1], we present
the results of water diffusion for various systems, and Sec. IV brings
our conclusions.

Il. THE MODEL, SIMULATION, AND METHODS

Molecular dynamics (MD) simulations at the constant number
of particles, volume, and temperature were performed to analyze the
diffusion coefficient of confined water. The water model used was
TIP4P/2005," which presents good agreement with experimental
results, particularly for the diffusion coefficient.”” There are sim-
pler models for water that still manage to reproduce some of its
anomalies. "’

Water molecules were confined in CNTs with different diame-
ters, chiralities, and deformations. Following the (n, m) notation for
characterizing the chirality of CNTs, we have used three armchair
(n = m) nanotubes, namely, (7, 7), (9, 9), and (12, 12), and three
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FIG. 1. Snapshot of (a) armchair and (b) zigzag carbon nanotubes. Highlighted

atoms form carbon rings in zigzag tubes and spirals in armchair ones.

TABLE I. Parameters for the simulated perfect carbon nanotubes (e = 0.0): armchairs
and zigzags.

CNT d (nm) L, (nm) p (g/cm3) H,O0
(7,7) 0.95 123.4 0.90 901
(12,0) 0.94 123.0 0.91 901
(9,9) 1.22 50.5 0.92 908
(16,0) 1.25 50.5 0.80 908
(12,12) 1.63 22.5 0.94 901
(21,0) 1.64 22.9 0.86 901

zigzag (m = 0) nanotubes, which were (12, 0), (16, 0), and (21, 0).
Figure 1 shows structural distinctions between armchair and zigzag
nanotubes. The diameter of nanotubes may be given as a function of
n and m indexes as follows:

3
d= £acc\/nz+m2+1’lm, (1)
b1

where acc = 1.42 A is the C-C bond length (see Table I for
nanotubes’ dimensions).

For investigating the effects of radial asymmetry on the diffu-
sion of confined water, we have uniformly deformed the nanotubes
at different degrees. Here, we define the deformation degree by the
ellipse eccentricity as

ARTICLE scitation.orgljournalljcp
aZ
e=1/1- e (2)

where a is the semi-minor axis and b is the semi-major axis of a right
section of the tube. Armchair and zigzag tubes were investigated for
three degree of deformation, i.e., e = 0.0 (perfect tube), e = 0.4, and
e = 0.8 (see Fig. 2).

The carbon-water interaction was modeled through the
Lennard-Jones (L]) potential as follows.”” The carbon-oxygen
energy is eco = 0.118 31 kcal/mol, and the effective carbon-oxygen
diameter is oco = 3.282 18 A.”' The interaction between carbon and
hydrogen was set to zero. Water density was determined consider-
ing the excluded volume due to the L] interaction between carbon
and oxygen atoms. Thus, the density is determined by p = 4M/
[7(d - 6co)*L.], where M is the total water mass into the tubes and
L. is the nanotube length (see Table 1).”° Deformed nanotubes were
simulated with the same length and the same total confined water
mass as those of the perfect equivalent nanotube.

Simulations were performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS) package.” Peri-
odic boundary conditions in the axial direction and a cutoff radius
of 12 A in the interatomic potential were used. The water struc-
ture is constrained using the SHAKE algorithm,”” with a tolerance of
1 x 10™*. Long-range Coulomb interactions were computed through
the particle-particle particle-mesh (PPPM) method. In order to pre-
vent real charges from interacting with their own images, we have
set the simulation box’s dimensions perpendicular to the axial axis
as 100 nm.”* The investigated temperature range goes from 190 K up
to 380 K, controlled by the Nosé-~Hoover thermostat with a damp-
ing time of 100 fs. In all simulations, nanotubes were kept rigid with
zero center-of-mass velocity. This procedure has been employed in
several similar simulations, having shown to be a very reasonable
approximation when compared to the case in which the thermostat
is applied throughout the whole system.”””*°

For maximizing the computational efficiency, different simula-
tion times were used depending on the temperature range taken into
consideration. For temperatures between 190 K and 290 K, the total
time taken for simulation was 17 ns, with the initial 10 ns used to

FIG. 2. Snapshots of a (9, 9) nanotube
with (a) e = 0.0, (b) e = 0.4, and (c)
e=038.
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equilibrate the system. Only the final 7 ns was used to calculate sys-
tem properties. For temperatures from 310 K up to 380 K, the total
time taken was 10 ns, with 5 ns for equilibration purposes and the
remaining 5 ns for production. The time step was 1 fs in all runs,
and properties were stored every 300 fs.

Due to the confining system geometry, the diffusion is minimal
in the radial direction; therefore, only the axial diffusion is consid-
ered. The axial diffusion coefficient is given by the one-dimensional
Einstein relation, namely,

. 1d,,
D, = Tlilg EE<Z (1)), (3)
where (zz(‘r)) = ([z(‘ro -7) - Z(T())]Z> is the water mean square
axial displacement, averaged over oxygen atoms.
On average, each run is composed of three sets of simulations
with different initial thermal speed distributions.

Ill. RESULTS AND DISCUSSION

First, we analyze the mobility of water inside perfect nanotubes
for different temperatures and nanotube diameters. Figure 3 shows
the water diffusion vs inverse temperature for different armchair
and zigzag nanotubes. For larger zigzag nanotubes, the diffusion
approaches the bulk value at high temperatures. For a constant tem-
perature, it decreases with the decreasing nanotube diameter as we
would expect.

Two processes can be observed under system cooling. First, a
typical fragile-to-strong transition occurs at T = Ty. Second, the
activation energy becomes constant for nanotubes with a critical
diameter (between 0.9 nm and 1.0 nm) at T = T}.

For strong liquids, the diffusion vs temperature dependence
follows the Arrhenius equation

D = Dye 2E/bT. ()
where AE is the activation energy for the diffusion and Dy is a pre-

exponential diffusion. As the system approaches T, the structural
crossover from the non-Arrhenius to the Arrhenius behavior occurs.

. (a) CNT Armchairs . (b) CNT Zigzags
10 ® CNT(7.7) 10 ® CNT (120
i 2 amen, » i T o
\
107! 10t

In D, (10 5cm?s1)

M
(= -]
Hob
:

[ 7

In D, (10 5cm?!)

1074
25 30 35 40 45 50 55

1000/T (K1)

-4
25 3.0 35 40 45 50 55
1000/T (K1)

FIG. 3. Log of the diffusion coefficient vs inverse temperature for water inside
(a) armchair and (b) zigzag nanotubes. Ty stands for the region in which a non-
Arrhenius to Arrhenius transition takes place, while T4 is the location for (a) (7, 7)
and (b) (12, 0) nanotubes to show a constant activation energy.
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This crossover temperature depends on the hydrogen bond network,
and even though it is lower than the temperature observed for bulk
water, it does not depend strongly on the nanotube diameter or
chirality.

For T = T, water molecules in both (12, 0) and (7, 7) nanotubes
show the peculiar behavior of water mobility staying constant with
the change in temperature. Water molecules inside those nanotubes
assume a single-line configuration, with formation of all possible
hydrogen bonds for a linear structure, and flowing as a single struc-
ture. The mobility in this regime seems to be independent of the
wall structure, and changes in temperature do not contribute to any
activation energy, so AE ~ 0. The reason behind this diffusive behav-
ior may be due to the arrangement of a single waterline within the
nanotubes (12, 0) and (7, 7), which makes it almost dimensional.

Next, we check how these temperature regimes are affected by
deformations in the nanotube, i.e., how the diffusion coefficient vs
inverse temperature of water is affected by different degrees of defor-
mation e. For the larger diameters of both zigzag and armchair nan-
otubes as illustrated in Fig. 4, the deformation decreases the water
diffusion coefficient only for very large deformations. Even under
deformation, the non-Arrhenius to Arrhenius crossover is observed
at a temperature To, and it is higher than the bulk value, which is
between 222 K and 200 K.'' The low impact of Ty confirms that
the dynamic crossover is not very dependent on surface-mismatch
effects.

Figure 5 shows the diffusion coefficient for the perfect and
deformed nanotubes vs inverse temperature for the (16, 0) and
(9, 9) nanotubes. For all the three deformation cases, there is a
dynamic transition from non-Arrhenius to Arrhenius behavior for
temperatures higher than the bulk value, but that seems not to be
affected by tube chirality.'' The non-Arrhenius behavior for the per-
fect nanotube and e = 0.4, however, exhibit a quite unusual behavior
with the change in symmetry, as shown in Fig. 3. This change is due
to the ice-like structure formed for these systems not observed for
e = 0.8 (very deformed). Since the very deformed systems are not
ice-like, the water diffusion is enhanced by deformation.

Finally, we show in Fig. 6 the diffusion coefficient for water
inside the (12, 0) zigzag and (7, 7) armchair nanotubes. For the per-
fect nanotube, water shows three regimes, non-Arrhenius for T > T,
Arrhenius for Ty < T < Ty, and a constant diffusion for T < T;. As

(a) CNT (12,12)

10! ® =00

[~ e=0.
- T ey
N &
g 10 £
hﬂu nnu
o =
Al )
103 =
a a
= =

10 10

-5
25 3.0 35 40 45 50 55
1000/T (K1)

-5
25 3.0 35 40 45 50 55
1000/T (K1)

FIG. 4. Log of the diffusion coefficient vs inverse temperature for water inside
(a) armchair (12, 12) and (b) zigzag (21, 0) nanotubes for different eccentricities.
T stands for the region in which a non-Arrhenius to Arrhenius transition takes
place.
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FIG. 5. Log of the diffusion coefficient vs inverse temperature for water inside
(@) armchair (9, 9) and (b) zigzag (16, 0) nanotubes for different eccentricities.
Ty stands for the region in which a non-Arrhenius to Arrhenius transition takes
place.
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FIG. 6. Log of the diffusion coefficient vs inverse temperature for water inside (a)
armchair (7, 7) and (b) zigzag (12, 0) nanotubes for different eccentricities. T
stands for the region in which a non-Arrhenius to Arrhenius transition takes place,
while T is the location to show a constant activation energy.

the nanotube is deformed, the non-Arrhenius to Arrhenius regime
persists, but the constant diffusion observed for the perfect nanotube
for T < T, disappears. This again is not surprising the single-line
behavior of water inside perfect both (12, 0) and (7, 7) nanotubes
is disrupt by the deformation. Water moves in a non-linear fash-
ion. The deformed nanotube also presents a lower mobility at low
temperatures.

IV. CONCLUSIONS

In this work, we analyzed the water mobility under confine-
ment in nanotubes with distinct diameters, chiralities, and deforma-
tions. Each system was submitted to different temperatures ranging
from 190 K to 380 K. For the perfect nanotube, we observed two
mechanisms for the diffusion.

At T = T,, water presents a non-Arrhenius to Arrhenius
crossover. Our results indicate that this behavior is defined by the
hydrogen bond network, while confinement shifts this behavior
to lower temperatures (when compared to bulk). This transition
shows little dependence on the nature of the wall or degree of
confinement.
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For the particular case of the (12, 0) zigzag and (7, 7) armchair
nanotubes at T' < T, another region in which the diffusion is inde-
pendent of the temperature appears. Since this is present only for a
specific diameter in which water forms a single line, this constant
diffusion coefficient arises from the fluid-surface mismatch.

The nanotube deformation produces two effects. For the water
inside the (16, 0) zigzag and (9, 9) armchair nanotubes, the defor-
mation at low temperatures “melts” the ice-like structure present in
the perfect nanotube. In the case of the water single-line structure
formed in the perfect (12, 0) and (7, 7) nanotubes, the deforma-
tion decreases the mobility and water does not present the constant
diffusion for T < T;.

The distinction between the water diffusion coefficients due to
the change in the nanotube chirality only appears at low tempera-
tures, where the armchair nanotube induces water to form an ice-like
structure.

Due to the hydrophobic nature of carbon nanotubes, water
molecules tend to avoid the surface. This fact plays a central role in
water diffusion specifically in narrow nanotubes. Aside from that,
molecules also try to minimize the energy by forming hydrogen
bond networks. These two processes govern the mobility of confined
water in a nontrivial way.
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