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ABSTRACT: A very recent experimental paper importantly and
unexpectedly showed that water in carbon nanotubes is already in
the solid ordered phase at the temperature where bulk water boils.
The water models used so far in literature for molecular dynamics
simulations in carbon nanotubes show freezing temperatures
lower than the experiments. We present here results from
molecular dynamics simulations of water inside single walled
carbon nanotubes using an extremely realistic model for both
liquid and icy water, the TIP4P/ICE. The water behavior inside
nanotubes of different diameters has been studied upon cooling

along the isobars at ambient pressure starting from temperatures where water is in a liquid state. We studied the liquid/solid
transition, and we observed freezing temperatures higher than in bulk water and that depend on the diameter of the nanotube.
The maximum freezing temperature found is 390 K, which is in remarkable agreement with the recent experimental
measurements. We have also analyzed the ice structure called “ice nanotube” that water forms inside the single walled carbon
nanotubes when it freezes. The ice forms observed are in agreement with previous results obtained with different water models. A

novel finding, a partial proton ordering, is evidenced in our ice nanotubes at finite temperature.

B INTRODUCTION

Water is the most important molecule present on our planet. It
plays a fundamental role in both geological and chemical
processes,’ and it is also essential for life.” The study of
confined water in particular is an issue of wide interest as it not
only allows us to investigate the %eneral properties of water”*
but also has applicative purposes.”

Among confining structures carbon nanotubes (CNTs) have
attracted in recent times a great interest due to their fascinating
properties that made them potentially useful in a wide variety of
applications. These cylindrical nanostructures are formed by
one or more layers of graphene. Among the numerous
applications® there are the use of CNTs in electronic devices’
and their usage in biology and medicine.”” A considerable
number of applications are connected to water: for example, the
study of the water flow through atomic smooth surface of a
carbon nanotubes'’ and its enhancement found by both
theoretical calculations'' and experiments,'> or the study of
membranes made by carbon nanotubes that can be also used as
filter in desalination mechanisms for different solutions like the
NaCl aqueous solution.'*'*

Water can fill the space inside a single walled carbon
nanotube (SWCNT),">' and it was found both experimen-
tally'’~"* and by simulation®*" that it easily crystallizes. The
water ordered structures that form inside the SWCNTs are
called ice nanotubes™ and consist of a series of stacked ordered
polygonal rings of water molecules. The number of water
molecules in the ring depends on the size of the nanotube. And
for the smallest diameters the rings form a spiral stack.””

Importantly and unexpectedly it was recently experimentally
discovered by an MIT group™ that water freezes already at
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boiling conditions inside the nanotube. Thus, the hydrated
SWCNTs can be considered as possible candidates for the
latent thermal storage in diverse systems.”*

Molecular dynamics simulations on water in carbon
nanotubes focusing on solid/liquid transition””** have used a
model, TIP4P, that has a freezing temperature in the bulk phase
42.65 K lower than experimental bulk water at ambient
pressure.”> This inevitably leads also to a downward displace-
ment of the freezing temperatures inside the carbon nanotubes.

Due to the large interest in this issue and to the importance
of molecular dynamics simulations as complement to
experimental findings, it is timely to use better potentials for
the simulation studies.

In this work we perform molecular dynamics simulations for
the water molecules using a very realistic potential: the TIP4P/
ICE.*® This model was designed to study the solid phases of
water and gives also the best overall ice phase diagram and the
best predictions for the densities of several ice forms. In the
past years, this model has been successfully used in the study of
different ice systems”’ > and clathrate systems.”* >’

We study here with this potential the liquid/solid transition
temperatures and we compare them to the recent experimental
findings of ref 23. We also analyze the kind of ordered
structures that form by varying the diameter of the SWCNT
focusing also on the positions of the hydrogens.

The paper is organized as follows: in the next section the
methods and materials are described. The third section shows
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the process of water crystallization inside the SWCNT. In the
fourth section we study in detail the ordering of the water
structures inside the SWCNT. Finally, the main conclusions are
discussed.

B METHODS AND MATERIALS

The SWCNT can be conceptualized as a slice of graphene wrap
forming a seamless cylinder. Each nanotube can be identified by
the way in which the graphene sheet is cut before wrapping.
This way is represented by a pair of indices (n,m). The integers
n and m denote the linear combination of unit vectors along
which the slice of graphene is cut. In our work we used a
particular choice for the two indices, with m = 0 that produces
what is called a zigzag SWCNT. The diameter of the nanotube
for this configuration is given by the value of n through the
relation

3
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where a = 0.142 nm is the value for the lattice space between
the carbon atoms (the length of the side of the hexagon).”®*”
This equation implies that we cannot change continuously the
diameter of the SWCNT in order to produce a completely
ordered structure.

After the sheet was wrapped we saturated the carbon
dangling bonds at the two extremes of the nanotube with
hydrogens as common practice. Graphene is a very stable
material and interacts very weakly with external molecules. For
this reason we choose, as also done in literature,”” to reproduce
the interactions of the SWCNT and the water molecules as a
Lennard-Jones potential:

=2 -]

We used the OPLS all atom potential parameters*’ to
simulate the SWCNT. The SWCNT lattice was kept rigid. The
nanotube was inserted in a water box so that the SWCNT was
completely surrounded and filled by water molecules. The
water molecules in our system are described by the TIP4P/ICE
potential.”® This is a rigid planar model that consists of a
Lennard-Jones site for the oxygen atom, and three charged
sites. The positive charges are located on the two hydrogens,
and the negative charge is located on a virtual site M situated at
distance OM = 0.01577 nm from the oxygen along the H—O—
H bisector.

The Lennard-Jones potential parameters (see eq 2) that we
have used in our simulations, for both water and SWCNT, are
reported in Table 1. The cross-interaction parameters are
calculated with the Lorentz—Berthelot mixing rules.

We have studied water inside SWCNT for different sizes of
the nanotubes. In Table 2 we report the characteristics of the

Table 1. Lennard-Jones Parameters and Value of the
Charges of the SWCNT and the TIP4P/ICE

atom o [nm] € [kcal/mol] qle]
SWCNT C 0.355 0.29288
H. 0242 0.12552
water O 0.31668 0.88218
H, 0.5897
M —1.1794

Table 2. Geometrical Specifications of the Different
Simulated Systems”

d [nm] L [nm] n Ny N¢ x [nm] y[nm] =z [nm]
0.978 19.246 13 1884 2340 2.018 23.282 2.018
1.056 19.246 14 2624 2520 2.096 23.438 2.096
1.213 19.246 16 2979 2880 2.252 23.750 2.252
1.291 19.246 17 3213 3060 2.330 23.906 2.326
1.369 19.246 18 3469 3240 2410 24.066 2410

“d is the diameter of the nanotubes, L is the length of the nanotube, n
is the structure index, Ny is the number of water molecules contained
in the simulation box, N is the number of carbon atoms that form the
SWCNT, and x, y, and z are the lengths of the simulation boxes for the
highest temperature investigated.

different systems that we have studied as the diameter (d) and
length (L) of the SWCNT, the number of water molecules Ny,
and the size of the initial simulation box. The axis of the
cylinder was oriented in our simulation parallel to the y axis. In
all the cases the length of the SWCNT is much longer than the
diameter.

We performed the simulations using the software GRO-
MACS (version 5.0.7).*' The simulation box size was changed
depending on the nanotube diameter in order to have the
smallest box that still allows the water molecules to surround
the SWCNT. Periodic boundary conditions along all three axes
were applied in all simulations. An example of a simulation box
is reported in Figure 1 for the system with a diameter of d =
1213 nm.

We performed our simulations in the isothermal—isobaric
ensemble (NpT). For each diameter chosen for the SWCNT
we started from a high temperature where water is liquid inside
the SWCNT. The starting temperatures for each system are
reported in Table 3. We cooled each system along the p = 1 bar
isobar. For each temperature we reach equilibrium using the
Berendsen thermostat. For the pressure control we use the
Parrinello—Rahman barostat. Since the simulations of such a
large system are rather time-consuming, we used the shifted
force method with a cutoff at 0.9 nm for all interactions.
Particle-mesh Ewald (PME) was used to determine the long-
range forces in the systems.

We performed MD simulations of five pores with different
diameters. For each pore we simulated from 20 to 36 different
temperatures. Starting from the temperatures T, reported in
Table 3, we cooled each system with step of 10 K simulating a
total of 130 state points for this study.

The typical time required for the dipolar reorientation of
water molecules inside SWCNT has been reported to be on the
order of 0.7 ps.** For this reason we choose a time step of 0.001
ps for our simulations. The length of each simulation run is 5
ns.

B RESULTS

Crystallization of Water inside the SWCNT. Our work
focuses on the cooling processes of the water inside SWCNTSs
and the icy structures that form inside the nanotubes. We
consider indeed for the analysis of results only the water
molecules present inside the SWCNT.

In order to find the temperature of crystallization of the
water inside the SWCNT, we analyze both the trend of the
potential energy and the radial distribution functions of the
inner water molecules. To calculate the potential energy, we
used the GROMACS tool “gmx energy” considering only the
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Figure 1. Snapshots of the system with a SWCNT of diameter d = 1.213 nm (n = 16) for the equilibrated sample at the highest temperature
investigated, T = 450 K. The three snapshots represent respectively the side view of the whole simulation box (top figure), a cut and blowup of the
frontal view (bottom left figure), and a cut and blowup of the side view (bottom right figure).

Table 3. Maximum (T,,,,) and the Minimal (T,,,)
Temperatures from Which Each System Is Cooled along the
p = 1 Bar Isobar

d [nm] Tee [K] Tin [K]
0978 350 150
1.056 500 150
1213 450 150
1.291 350 150
1.369 350 150

water—water interaction of the water molecules inside the
SWCNT.

In Figure 2 we can see the behavior of the potential energy of
the water molecules that are inside the SWCNT at different
temperatures. It is interesting to note that for the four larger
nanotubes the curves at low temperatures collapse on the same
line, while the curve of the potential energy of water inside the
smallest SWCNT is quite different. This behavior is most likely
due to the difference in the structure of the ice that forms inside

A4 d=0.978 nm
V-V d=1.056 nm
®—® d=1.213 nm
B8 d=1.291 nm
9 d=1.369nm
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Figure 2. Potential energy of the water molecules that fill the
SWCNTSs as a function of the temperature T. The different curves are
relative to the different diameters of the nanotube as reported in the
legend. The black empty circle marks the freezing temperature.

the smallest SWCNT. We will in fact see in the next subsection
and in Figure 7 that all ice nanotubes investigated are formed
by stacked rings except the smallest one that is formed by
spiraling rings. We will better discuss the details of the structure
later in the next subsection.

We identify the temperature where water freezes inside the
SWCNTs, T, as the temperature where the potential energy
shows an abrupt decrease.

To confirm the results obtained for the potential energy, we
have studied also the behavior of the radial distribution
functions of our systems. In Figure 3 we report as an example
the g(r) for oxygen—oxygen, oxygen—hydrogen, and hydro-
gen—hydrogen relative to the inner water of the nanotube with
a diameter of d = 1291 nm (n = 17) at the different
temperatures investigated.

The g(r) values obtained by a molecular dynamic simulation
in a confined system are generally different from the ones
obtained in bulk water. In order to normalize the g(r) in the
correct way,™** it is necessary apply a form factor due to the
geometry of the confinement so that the g(r) goes to 1 at
infinite distance. In Figure 3 and in the following figures
showing the radial distribution functions, we report directly the
corrected functions. However, we report in the inset of the top
subfigure of Figure 3 an example of a non-normalized oxygen—
oxygen g(r) for the highest and the lowest temperature
investigated.

In Figure 3 we can observe that for all the three g(r) at the
temperature Ty = 310 K sharp peaks abruptly arise. This
temperature is the same where the potential energy behavior
shows a drop. The rise of these peaks is proof of the formation
of an ordered structure of the water molecules inside the
nanotube.

The same phenomenon happens for all the different sizes of
the nanotubes. In Figure 4 we show the radial distribution
functions goo(r), gou(r), and guy(r) for all temperatures
investigated and for all the different sizes of the SWCNT
simulated. The abrupt change of structure with the appearance
of sharp peaks always happens in correspondence with the
temperatures highlighted in the Figure 2 that correspond to the
sharp drop of the potential energy. This finding confirms that
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Figure 3. Oxygen—oxygen, oxygen—hydrogen, and hydrogen—hydro-
gen radial distribution functions for different temperatures for the
nanotube with a diameter of 1.291 nm for this system Ty = 310 K. In
the subplot of the top figure are reported two goo(r) without the
correction on the normalization relative to the highest temperature
(350 K) and the lowest temperature (150 K). In the color maps on the
right it is possible to see the relation between the color and the
temperature.

those temperatures can be taken as the freezing temperatures of
water in the different nanotubes.

The list of all the freezing temperatures as a function of the
diameter investigated is reported in Table 4. It is really
interesting to note how the freezing temperature increases
when the pore becomes smaller, with the exception of the
smallest one, d = 0.978 nm, that has a T} lower than the next
larger one. This shows, together with the different qualitative
behavior of the potential energy, that there is a crossover in the
behavior of the water inside the nanotube around d = 1 nm.

As stated in the Introduction, we used for this simulation an
extremely realistic potential for water, the TIP4P/ICE. For this
potential the freezing temperature of bulk water is T = 270 + 3
K for P = 1 bar,™ so only 3.15 K below the experimental value.
As can be seen in Table 4, the freezing inside the SWCNT can
occur at much higher temperatures with respect to the bulk
water, depending on the diameter of the nanotube.

We compare now the results of three freezing temperatures
for three different diameters of the SWCNTs just recently
measured by the Strano team at MIT* with our freezing
temperatures and with the results of the freezing temperatures
calculated in the pioneering paper by Koga et al.” using TIP4P

water. We recall here that the freezing point of TIP4P bulk
water is Tp = 230.5 + 3 K> so it is 42.65 K below the
experimental water. Agrawal et al.’’> unexpectedly and
interestingly found for SWCNTSs with diameters of 1.05 and
1.06 nm freezing temperatures close to the boiling temperature
of bulk water. In particular the freezing temperature for the 1.05
nm diameter nanotube was higher than the boiling temperature
of bulk water.

In Figure 5 we report these data. As we can see, our
qualitative trend of the freezing temperatures as a function of
the pore diameter is similar to the Koga et al. results.
Nonetheless the use of the TIP4P/ICE model gives results in
much better quantitative agreement with experiments especially
for the d = 1.056 nm SWCNT and succeeds in reproducing the
interesting experimental high freezing temperatures. This
confirms that the use of a potential that better reproduces
the experimental freezing point in bulk water gives results in
close agreement with experiments also inside the nanotube.

The lines show a maximum, and for the smallest diameter
investigated the freezing temperature goes down showing a
change of trend for the smallest pore as already previously
noted.

In order to better understand the cooling process inside the
nanotube, we report in Figure 6 a scatter plot that describes the
distribution of the different atoms inside the nanotube. In the
Figure 6 for each nanotube we show four configurations at
different temperatures: the highest and the lowest investigated
and the two right above and right below the transition
temperature. Just below the transition temperature we can see
that the system starts to show an angular ordering. In all
nanotubes, except the smallest one, it can be seen that the water
molecules order forming the ice structure of an ice nanotube. In
the right column of the Figure 6 (the one at lowest
temperature) we can clearly distinguish the different spots
formed by the atoms that constitute the ice ring. We can see
that the number of the atoms that form the ice rings goes from
4 to 7. Differently, the smallest nanotube does not show any
preferential ordering in the angular coordinate. In order to
better understand what is happening in this smaller system, we
cannot limit ourselves to observe the projection on the xz plane
and we will see later more details on this structure.

In Figure 6 we can observe that the oxygen groups are
connected by groups of hydrogens; these hydrogens are the
ones that form the hydrogen bond between two water
molecules of the same ring. The second hydrogen of the
water molecule forms a hydrogen bond with other water
molecules belonging to another ring. We do not clearly
distinguish them in this plot because these hydrogens form a
spot that has the same angular coordinates as the oxygen spots,
and they are superimposed in the figure.

Another useful quantity to study the behavior of water upon
cooling in the SWCNTs is the radial density distribution p:

_ N(r + Ar)
plr) = 2arAr (3)

where N(r + Ar) is the number of atoms in the crown of
internal radius » — Ar/2 and external radius  + Ar/2. The area
of the circular crown is the normalization factor 27zrAr.

The p(r) data are reported in the Figure 7, in which the
distribution for the oxygen and the hydrogen atoms are
represented in the filled histogram and the sum of the two
distributions is represented in the empty histogram. For each
nanotube we show the same temperatures as Figure 6 in order

DOI: 10.1021/acs.jpcb.7b06306
J. Phys. Chem. B 2017, 121, 10371-10381


http://dx.doi.org/10.1021/acs.jpcb.7b06306

The Journal of Physical Chemistry B

T T T T

d=0.978 nm |

w o N

w o N

-

— 7}
S
© 5
—_~
—al
(@]
1=
7_
5
3_
1l=
7_
5
3_
1= =
. ‘ , 150
01 03 05 07 0901 03 05 07 0901 03 05 07 009
r [nm]

Figure 4. Oxygen—oxygen (left column), oxygen—hydrogen (center column), and hydrogen—hydrogen (right column) radial distribution functions

for different temperatures for all the nanotubes investigated spanning

from a diameter of 0.978 nm (top row) to a diameter of 1.369 nm (bottom

row). In the color maps on the right it is possible to see the relation between the color and the temperature. The temperatures labeled in the color

maps are respectively T .., Tg, and Ty,

Table 4. Freezing Temperatures (Tg) for the Different
Diameters (d) of the Nanotubes

0.978
310

1.056
390

d [nm]
Te [K]

1213
340

1.291
310

1.369
250

to compare the two figures. The black vertical line represents
the wall of the SWCNT and the shaded region is the space
outside.

In Figure 7 we can clearly distinguish for each row in the four
panels the two phases of water. If we look at the total radial
density distribution, we see that at high temperatures (leftmost
panel) the water is in the liquid phase and the very central part
of the SWCNTs is more filled by water molecules. We can
observe that there is an empty space between water molecules
and the SWCNT internal surface. This implies that the
accessible space for the water molecules is less than the
diameter of the nanotube. At the lowest temperature the
crystallization is complete and we see a single peak between the
center and the wall of the nanotube. The largest pore still
shows some defects, visible also in the projected snapshots of
Figure 6, even for the lowest temperature investigated.

In Figure 7 we also report the radial density distribution p(r)
of the hydrogens and the oxygens separately in order to
highlight the relative positions of the atoms. We can observe
that in the plot at the lowest temperature T = 150 K there are

450

400

350

Temperature [K]

250

20,

10 1.1 12 14

d [nm]

1.3 1.5

Figure S. Freezing temperatures of water in SWCNTSs obtained from
our simulation data using TIP4P/ICE water (filled circles and
continuous line), simulation data with TIP4P water reported by
Koga et al.”* (dashed line) and compared with experimental data given
by Agrawal et al.>* (filled squares).

two distinct peaks for the hydrogens distribution. One of these
two peaks is closer to the center with respect to the oxygen

10375 DOI: 10.1021/acs.jpcb.7b06306
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T=350K

T=150K

Figure 6. Scatter plot of the different steps in the cooling process for each diameter of SWCNT studied. The red points are the oxygen atoms, and
the green ones are the hydrogen atoms. In this plot each point is the projection of the coordinate of atom on the axial plane xz that is the transverse
plane. In the left column we can see the system at the higher temperature where water is in the liquid phase. In the two central columns we can see
the systems just above (center left) and just below (center right) the transition. In the right column we can see the system at the lowest temperature

investigated (T = 150 K) that is the same for all the systems.

peak. The other instead is closer to the SWCNT surface. The
two peaks are relative to the two hydrogens of the water
molecules and represent the radial position of the hydrogen
bonds in the ice structure. As we will see better in the last part
of this work, the external hydrogens are the ones that form the
hydrogen bond between two adjacent rings while the internal
ones are related to the intra-ring hydrogen bond.

From Figure 6 and Figure 7 we see that the water molecules
show a layering effect due to the SWCNT confinement at high
temperatures and for the bigger pores.

Water Ordered Structures inside the SWCNT. In Figure
8 it is possible to see the snapshots of the ice structure
crystallized from liquid water in all the nanotubes of different
sizes that we have investigated. All the snapshots are taken at
the same temperature of T = 150 K that is the lowest
temperature that we have simulated.

We can see that water inside nanotubes of diameter larger
than 1 nm (from the second to the fifth row) forms an ordered
stack of rings when it crystallizes. Upon increasing the diameter
of the SWCNT, the water rings become larger passing from
rings formed by four molecules up to rings formed by seven
molecules. In this Figure 8, it is clearly visualized, similar to
what is observed in the Figure 6, that the water molecules that
form the rings have two hydrogen bonds, one with a water
molecule of the same ring and another one with an oxygen

belonging to one of the two adjacent rings. Within the same
nanotube in each ring there is always a hydrogen bond between
two adjacent molecules, so these hydrogen bonds always point
to the adjacent molecule. However, the hydrogen bonds
between different rings present disordered orientations.

In the smallest nanotube (d = 0.978 nm) it is not observed
the planar ordering of the water molecules that characterizes
the structures at larger diameters. The ice structure is formed
here by three chains of water molecules twisted together and
forming a spiral. This crossover at smaller diameters in the
structure of ice is possibly connected to another interesting
result. Thomas and McGaughey'' in their pioneer theoretical
work and X. Qin et al.** in their experimental work proved in
fact that there is a crossover in the flowing behavior of liquid
water at exactly the diameter where we observe a crossover in
structure, namely, 1 nm.

Our ordered structures are in agreement with those found in
the literature on this kind of SWCNT using different model
potentials for water; see for example TIP4P,”> SPC/E.”" This
proves that the results on the structure of the ice nanotubes are
very robust, including the crossover in structure type for
diameters below 1 nm.

The structure of the ice nanotubes that form inside the
SWCNT can be described in a way similar to the description of
the SWCNT itself: as a two-dimensional lattice wrapped

DOI: 10.1021/acs.jpcb.7b06306
J. Phys. Chem. B 2017, 121, 10371-10381


http://dx.doi.org/10.1021/acs.jpcb.7b06306

The Journal of Physical Chemistry B

2 2

T=350K

T=310K

N

T=300K T=150K

N
N

N

=

T=500K

e
o | =

o

T=400K

w

N

=

T=150K

““‘“; |

B

T=450K

T=350K

w

N

IS

=

T=340K T=150K

T=340K

T=320K

Al
A3

W

N

I

T=310K T=150K

N

T=340K
0.1 0.3 05 0.7

il\)w
o

[0}

0.1 0.3 0.5 0.7
r [nm]

w

N

=

0

=
o ]

T=250K
0.1 0.3 05 0.7

T=150K
0.1 0.3 0.5 0.7

Figure 7. Radial density distribution of the water atoms. The red filled histograms are relative to the distribution of the oxygen atoms, the green filled
histograms are relative to the distribution of the hydrogen atoms, and the black empty histograms are relative to the distribution of all the atoms.
Each row corresponds to a different diameter of the SWCNT investigated for four selected temperatures: the highest temperature, the closest
temperature above freezing, the freezing temperature (Tg), and the lowest temperature. The white regions in the figures are the internal part of the

nanotubes.

forming a seamless cylinder.”” The main difference is that the
lattice that would form the ice nanotube is a square lattice
instead of the hexagonal lattice formed by the graphene.

In order to better understand the structure of the ice
nanotubes, we compare the oxygen—oxygen radial distribution
function reported in the Figure 3 with a cartoon of the ice
structure obtained for the system with a diameter d = 1.291 nm.
This comparison is given by Figure 9. In the cartoon we can see
the equilibrium positions of the oxygens. The cartoon was
made using the idea of Koga et al.>* of starting from a square
lattice. Assuming that the value of the nearest neighbors
distance for two oxygen atoms is defined as I, we can
consequently calculate the other distances. The result of the
distances calculation for the nearest atoms is reported in Table
S.

Given the value of |, all the other distances are fixed by the
geometry of the system. We can obtain the value of the nearest
neighbors distance [ by the first peak of the oxygen—oxygen
g(r). In Figure 9 it be can seen how the peaks in the g(r) are in
exact correspondence to the distance reported in Table 5. The
second peak in the oxygen—oxygen g(r) is relative to the

10377

diagonal of the square lattice that forms the ice nanotube. This
gives us a confirmation that the structure of the ice nanotube
that we obtained is the one proposed by Koga et al.”’
Moreover, the diagonal is exactly that of a square, and since it
coincides with our second peak in the g(r), it means that we
have no distortion of the square lattice.

‘We now concentrate on the position of the hydrogens in the
lattice. Observing the behavior of the hydrogen—hydrogen
radial distribution function for the lowest temperature shown in
the Figure 4, we notice that the second peak is placed in an
anomalous position very near the first one. To understand
where this peak comes from, we compare in Figure 10 the
goo(r) and the gyy(r) obtained at 150 K for the system with a
diameter of the SWCNT d = 1.291 nm. In this figure we can
clearly see that the second peak of the gyu(r) is in
correspondence with the first peak of the goo(r). This means
that there is a significant number of hydrogens that are at the
same relative distance of the two nearest neighbors oxygens.
We can conclude that the hydrogens partially mimic the oxygen
structure, and this means that there is a partial proton ordering
so far never detected in literature.
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Figure 8. Snapshots of the ice structures obtained inside the SWCNT
from our simulation results. All the snapshots are relative to the same
temperature at 150 K, and each row corresponds to a different size of
the SWCNT. Frontal view (left) and side view (right) are shown.

Finally, in the Figure 11 we report the oxygen—oxygen,
oxygen—hydrogen, and hydrogen—hydrogen radial distribution
functions for the lowest temperature investigated for all
diameter sizes studied. In this figure we highlight with a black
dashed line the position of the second peak of the goo(7). As
we previously discussed, the second peak of the goo(r) is
relative to the diagonal of the square lattice. It is interesting to
note that the distance where the second peak is located is the
same for the structure inside SWCNT with diameters larger
than 1 nm. This means that all these ice nanotubes are ideally
generated by the same square lattice. Differently, the ice formed
in the smallest nanotube has a spiral structure, as previously
discussed, leading to a split of the second peak. The first peak
remains in the same position, being that the lattice parameter !
is not dependent on the nanotube sizes.

In Figure 11 we can also observe that the superposition
between the first peak of the goo(r) and the second peak of the
guu(r) is a feature common to all the systems investigated. We
also note that the goy(r) presents a shoulder in the position
situated at distances around I + O—H, where O—H is the
constant distance between oxygen and hydrogen within the
water molecule in the TIP4P/ICE model. The O—H distances
are reported as a black segment in the Figure 11. The shoulder
is therefore due to an extra alignment of the water molecules in
the different layers of the ice structure, and this strengthens our
previous observation on proton ordering.
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Figure 9. (Top) Cartoon of the oxygen positions in a hexagonal ice
nanotube. The distance between the two nearest oxygens is defined by
I. This distance is the same for all the oxygens represented. The letters
(a, b, c) correspond to the different rings and the numbers (1—6) refer
to the position of the oxygens in each ring. (Bottom) goo(r) as
obtained by our simulations at T = 150 K for the d = 1.291 nm
SWCNT. The blue vertical lines correspond to the oxygen—oxygen
distances reported in the Table 5. Numbers and letters for each vertical
line correspond to the distances in the lattice indicated in the top
panel.

Table S. Value of the Distance between Two Different
Oxygen in the Structure of Hexagonal Ice Nanotube®

distance value
la—2a 1
la—2b V21
la—3a J31
la—4a, 1a—3b, la—1c 21
la—4b, la—2c Jsi
la—3c J71

“The labels of the positions are relative to the cartoon in Figure 9.

To better visualize the proton ordering in the structures that
we found in our systems, we report them in Figure 12. In the
upper panel we report a general configuration in which the O—
O distance is the same as the H—H distance while the
intermolecular O—H distance depends on the angle. We know
that there are a lot of molecules in which the H—H distance is
the same as the O—O distance because of the clear second peak
that we observe at that distance on the gy(r); see Figure 10.
These molecules are also visible in the snapshots; see Figure 8.

In the bottom panel we report the configuration that causes
the previously observed shoulder in the O—H distribution, see
Figure 11, at distances | + O—H. The presence of a shoulder
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Figure 10. A blowup of the comparison of the goo(r) and the gyy(r)
relative to the SWCTN with diameter of 1.291 nm at 150 K.

means that there is a significant number of water molecules
aligned as shown in this second panel.

B DISCUSSION AND CONCLUSIONS

In this work we performed molecular dynamics simulations to
study the liquid/solid transition of water in carbon nanotubes
and to investigate the formation of ice. To describe the water
molecules at best, we choose one of the potentials that better
reproduces the freezing processes in bulk water: the TIP4P/
ICE.*

The first issue that we faced was the location of the freezing
temperatures Ty for the different sizes of nanotubes
investigated. In order to identify the temperatures at which
water freezes, we analyzed the behavior of the potential energy.
We identify Tr as the temperature where the potential energy
shows an abrupt decrease. To support this analysis, we analyzed
also the behavior of the water radial distribution function gij(r).
The g;(r) show a sudden change exactly in correspondence of
the freezing temperature predicted with the potential energy
behavior, confirming the location of the freezing temperatures.
In the five different pores that we investigated, we observed a
maximum value of Ty for the SWCNT of diameter d = 1.056
nm.

Importantly, with the potential model that we used, we
obtained freezing temperatures in very good agreement with a
recent experiment™ that discovered for the first time that in
these nanotubes water freezes when it boils in the bulk. As the
authors declared, the remarkable effect of the enhancement of
the freezing temperature of water inside carbon nanotubes is
much more consistent than what was expected. We recall here
that for the potential that we use, TIP4P/ICE, in the bulk phase
the freezing point coincides with the freezing point of
experimental water.

In the different nanotubes that we simulated the ordered
structures that we find below T} are different. In particular we
observed that for the SWCNT with diameter d = 0.978 nm the
water molecules form three chains wrapped together to form a
spiral. For all the nanotubes with diameter larger than 1 nm the
water forms an ordered stack of rings. When the size of the
nanotube grows, the water rings became larger passing from
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Figure 11. Radial distribution functions for all the nanotubes at the
lowest temperature investigated (T = 150 K). Rows correspond to
different diameters and columns, from the left, to oxygen—oxygen,
oxygen—hydrogen, and hydrogen—hydrogen g(r). The vertical black
dashed line marks the peak of the oxygen—oxygen g(r) corresponding
to the diagonal of the squares of the lattice. The horizontal black line
represent the O—H distance in the TIP4P/ICE model.

Figure 12. Proton ordering inside carbon nanotubes. The two
configurations found in the simulations are reported in panels A and B.

rings formed by four molecules up to rings formed by seven
molecules.

These structures are in agreement with those found on this
kind of SWCNT using different model potentials for water.”"**
This proves that the simulation results on the structure of the
ice nanotubes are very robust.
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In order to deepen and extend our knowledge of the ice
nanotubes structure, we made an analysis of the oxygen—
oxygen radial distribution function for the system with a
diameter of the SWCNT of 1.291 nm. With this analysis we
were able to assign the peaks in the goo(r) to the distances
between atoms in the structures and to observe the common
teatures of the different structures obtained in the different
pores.

As a novel result, we found the presence of a partial proton
ordering in the ice nanotube at finite temperature. The ordering
effect is due to the fact that in the ice nanotubes the hydrogens
mirror the structure of the oxygens. This produces an
anomalous peak in the gy adjacent to the first peak, and it
produces also a shoulder in the ggy.

In conclusions, given our results, TIP4P/ICE has proven to
be an excellent potential for studying water in SWCNT.
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