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ABSTRACT

Stable crystalline structures of confined water can be different from bulk ice. In Paper I [T. Yagasaki et al,, J. Chem. Phys. 151, 064702
(2019)] of this study, it was shown, using molecular dynamics (MD) simulations, that a zeolite-like ice structure forms in nanobrushes con-
sisting of (6,6) carbon nanotubes (CNTs) when the CNTs are located in a triangle arrangement. The melting temperature of the zeolite-like
ice structure is much higher than the melting temperature of ice I, when the distance between the surfaces of CNTs is ~0.94 nm, which
is the best spacing for the bilayer structure of water. In this paper, we perform MD simulations of nanobrushes of CNTs that are differ-
ent from (6,6) CNTs in radius. Several new porous ice structures form spontaneously in the MD simulations. A stable porous ice forms
when the radius of its cavities matches the radius of the CNTs well. All cylindrical porous ice structures found in this study can be decom-
posed into a small number of structural blocks. We provide a new protocol to classify cylindrical porous ice crystals on the basis of this

decomposition.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0044300

INTRODUCTION

Water is a universal solvent in which a variety of substances
dissolve, and many functions of biomolecules owe to this prop-
erty of water." The solubility of a solute in liquid water is domi-
nated by the electrostatic interaction between the solute and water
molecules. Gas molecules are almost insoluble in water due to the
weak electrostatic interactions. The solubility of molecules in solid
water is governed by a different rule. Water molecules can form
porous but stable crystalline structures that are different from ice
I, in the presence of small hydrophobic molecules at low tem-
peratures.” Although the attractive interactions between hydropho-
bic gas molecules and water molecules are weak, the solubility of
the gas molecules in the resultant crystal, i.e., clathrate hydrate,
is fairly high. The decomposition temperature of clathrate hydrate
can be controlled by the choice of guest molecule and the partial

pressure.” Therefore, clathrate hydrate can be used for various

applications such as gas separation, fresh water production, and heat
storage. b2

Vacuum degassing of clathrate hydrate is a novel way to pro-
duce ice phases that are less dense than ice I,.*” Two ice phases, XVI
and XVII, were synthesized using this method. Many other stable
low-density ice phases have been proposed by computer simulation
studies.” ' Ice ITT having channel-like cavities is one of them."” It
was suggested that the ITT ice structure can be stabilized by filling
the cavities with some guest molecules. Yagasaki et al. performed
molecular dynamics (MD) simulations of carbon nanobrushes con-
sisting of carbon nanotubes (CNTs) designed to fit the cavity of the
ITT structure.'* It was found that water molecules penetrate into a
space between CNTs and form a crystal structure that is similar to,
but different from, the ITT structure. The melting point of this new
ice can be controlled by the length of the CNTs and the distance
between the CNTs in the brush. The maximum melting tempera-
ture is higher than the melting temperature of ice I, of the employed
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force field model by 50 K. The obtained structure can be considered
as a clathrate hydrate of the nanobrush, and it might be industrially
useful if realized experimentally.

Only the CNT with a chiral index of (6,6) was considered
in the previous study. In this paper, we perform MD simulations
of nanobrushes of smaller and larger CNTs and find several new
nanobrush clathrate hydrates. The structures and the melting tem-
peratures of them are investigated.

METHODS

MD simulations are carried out using GROMACS 4.6."” The
initial setup of the system is shown in Fig. 1. There are four regions
in a rectangular simulation cell: vacuum, liquid water, nanobrush,
and liquid water. Four uncapped CNTs are aligned parallel to the
z-axis in the nanobrush region. The CNTs are fixed in the simula-
tion cell so that they form a regular triangular lattice on the xy plane,
and the space between the CNTs is filled with water molecules. The
gap between the CNTs (the distance between the centers of the nan-
otubes minus the diameter of the nanotubes) is 0.94 nm, at which
the melting temperature is maximized for (6,6) CNT brush.'* This
spacing is optimal to accommodate the bilayer structure of water.
Barostats are not used in the MD simulations to keep the gap dis-
tance. The vacuum region ensures that the pressure of the entire
system is maintained at the vapor pressure of water at the given
temperature. The length of the nanotubes is fixed to 6 nm. The
C-C bond length of the carbon nanotubes is 0.144 nm, and the
terminal carbon atoms of the CNTs are modified with hydrogen
atoms. The intermolecular Lennard-Jones (LJ) and intramolecu-
lar (bond, angle, and dihedral) parameters of CNT are taken from
the OPLS-AA (optimized potentials for liquid simulations all-atom)
model.'*"” The standard geometric mean rule is used for unlike pair
interactions.

Simulations are also performed for nanobrushes where CNTs
are located in a square lattice arrangement, but no crystallization is
observed in the temperature range we examine. Therefore, only the
simulation results of the triangular arrangement are presented in this
paper.

The structure and radius of a CNT is characterized by the chi-
ral index.'” The CNTSs examined in this study are armchair CNTs
with chiral indices from (2,2) to (16,16) corresponding a range of
the CNT radius from 0.14 nm to 2.2 nm and zigzag CNTs with chi-
ral indices from (3,0) to (19,0) corresponding a range of the radius
from 0.12 nm to 1.51 nm. Note that the experimentally smallest CNT
is (2,2)."

The TIP4P/2005 water model is used for the water—water inter-
action.”’ The melting point of this force field model is 250 K at 1
bar. The simulation time is 100 ns, during which we observe whether
water in the nanobrush region freezes or not. We calculate the fol-
lowing quantity for each water molecule in the brush region for the
last 10 ns of the simulation:

& = ({ri(t+4t) - ni(1)}?), (1)

where At = 1 ns. We assume that a water molecule is solid-like when
8;% is smaller than 0.1 nm?.>""”> The maximum temperature at which
more than half of water molecules in the brush region are solid-like is
defined as the solidification temperature, T (see the supplementary
material for more details).
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FIG. 1. Initial setup of the system.

RESULTS AND DISCUSSION

Figure 2 shows a side view and an axial projection of the
ice structure in the brush region at T, for armchair CNTs. Water
molecules remain unfrozen during the simulation of 100 ns at
the lowest temperature examined, 252 K, for CNTs that are larger
than (10,10) in radius. The crystalline structure formed around
(6,6) CNTs is remarkably ordered. This is the dtc structure found
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FIG. 2. Hydrogen bond network of water molecules in the brush region at T for nanobrushes of armchair CNTs.

in the previous s'[udy.1 ' The structures around (2,2) and (9,9)
CNTs are also highly ordered, but they are different from the dtc
structure.

The ordered ice structures resemble those of CNTs made up
with hexagons. The carbon atoms in CNTs are three-coordinated
due to the sp* orbital, while water molecules prefer four-coordinated
structures. Therefore, the water molecules in the first hydration shell
of a CNT form a two-dimensional (2D) honeycomb structure with
three hydrogen bonds, and the remaining one connects the layer
of the first hydration shell and the layer of the second hydration
shell. This is clearly seen in Fig. 3 that shows the hydrogen bonds
in the two layers and the bonds connecting the layers in differ-
ent colors. Water molecules located within 0.47 nm from the sur-
face of CNTs are defined to be in the first layer, and other water
molecules located within 0.75 nm are defined to be in the second
layer. The black, red, and blue bonds in the top panels of Fig. 3
are the hydrogen bonds in the first layer, those in the second layer,
and those connecting the two layers, respectively. Figure 3 helps
to identify the new ice structures. We find that the ice structures
in the nanobrush of (2,2) CNTs and (5,0) CNTs are topologically
the same as zeolites AFI and CFI, respectively.”’ The ice structure
in the nanobrush of (9,9) CNTs is the same as the dtc except the
extended double-walled portion between adjacent channels. We call
this structure xdtc. Structures of CNTs can be classified into several
groups including zigzag and armchair types. Similarly, the cylindri-
cal structures of the ice in the nanobrushes can be classified: AFI,
dtc, and xdtc are zigzag type structures, while CFI is an armchair-like
structure.

The relation between the CNT radius and the ice structure is
summarized in Table I. As shown in Fig. 2, the hydrogen bond net-
work in the brush region is not necessarily ordered even when water
molecules become immobile at low temperatures. For example, there
is no clear periodic order in the hydrogen bond network in the brush
of (5,5) CNTs. Such structures are not listed in Table I.

Every structure listed in Table I can be decomposed into a small
number of primitive blocks shown in Fig. 4. There are only six types
of blocks. We call them h, r, s, t, u, and z. The colors of edges show

possible connections between the primitive blocks. For example, a
z-type block can share a blue or red edge with another z-type block
or a t-type block, but it cannot share any edge with s, h, u, and r-
type blocks. A channel structure can be represented by a sequence of
primitive blocks. For example, (hs)® = hshshshshshs represents the
AFI structure and (ruuu)2 represents the CFI structure, as shown in
Fig. 5. The six primitive blocks are classified into two groups. The
h, s, t, and z-type primitive blocks have the same pitch along the z-
direction. We call this group “Z” because the cylindrical layer must
be a zigzag type for ice structures consisting of the primitive blocks
included in this group. The primitive blocks of the other group, “A,”
are the r- and u-type blocks. They have a common pitch length along
the z-direction that is different from the pitch of the Z group. The
cylindrical layer structures of combinations of the A group blocks
is an armchair type. The A group primitive blocks cannot coexist
with the Z group primitive blocks in a crystal structure because of
the difference in the pitch.

An interesting fact is that h® represents the structure of ice Ij.
This means that it is possible to consider ice I, as a zigzag type
cylindrical structure. The chiral index of ice I is (3,0).

In Fig. 6(a), Ts is plotted against the radius of the CNTs. T
decreases with increasing the radius except for the high T at 0.42 nm
and at 0.60 nm due to the formation of the (tz)® and (tzz)°® structures.
It is expected that the (tzzz)® structure, referred to as “dtd” in the
RCSR (Reticular Chemistry Structure Resource) database,”” would
show another peak. Formation of this structure may be observed in
MD simulations when temperatures lower than the melting point
of I, T < 250 K, are examined. The z, s, and r blocks, which
appear between two CNTs, are made of squares, and therefore, the
molecules in them are less stable than those in the t, u, or h block,
which appear at the triple junction. As the diameter of the CNTs
increases, the proportion of the former increases and the shape of the
cylindrical cavity of ice becomes more hexagonal (see xdtc in Fig. 5).
Consequently, the ice structure will become less stable and the CNT's
are less wettable, and thus, T tends to be lower for larger radius. The
range of T, as in Fig. 6(a), 252 K £ T £ 288 K, is fairly wide, demon-
strating that the thermodynamic stability of the crystal is sensitive to
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FIG. 3. Top panels: hydrogen bonds in the first shell of CNT (black), those in the second shell (red), and those connecting the two layers (blue) in the MD simulations at Ts.
The horizontal axis and the vertical axis in the top panels correspond to the circumferential direction of the cylindrical structure and the z-axis of the simulation cell. Middle

panels: networks of zeolites. Bottom panels: ideal crystalline structures. The ideal structures are generated by using the Genlce tool.”*

TABLE I. Summary of ice structures found in the MD simulations of CNT nanobrushes in water.
CNT Ice

Chiral index Radius (nm) T, (K) Name Symbol Group Chiral index
ice Ih h¢ Z (3,0)
(2,2) 0.14 280 AFI (hs)® Z (6,0
(5,0) 0.20 272 CFI (ruuu)? A :
(6,0) 0.24 268 (hstts)? z (7,0)
(7,0) 0.28 268 (hsts)’ zZ (8,0)
(10,0), (6,6) 0.39-0.43 288 dtc (tz)® Z (9,0)
(16,0), (9,9) 0.61-0.63 268 xdtc (tzz)® Z (12,0)
(12,12) 0.83 <252 (dtd)" (tzzz)° Z (15,0)

*The surface of the cylinder consists of various sizes of rings.
bCrystallization is not observed in the temperature range of the present work.
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FIG. 4. Primitive structural blocks for the ice structures in CNT nanobrushes found in the MD simulations. The h block is also known as the hexagonal cage, which is one of
the building blocks of ice Iy.>>*®

the shape of confined space and the crystalline structure. Such results neighbors j and k (£ 4). This index is unity when the four neighbor-

are observed for other systems.”*”’ ing molecules are in a perfect tetrahedral configuration and zero on

The deviation of the bond angles of the hydrogen-bonding net- average when their positions are totally random. Figure 6(b) shows

work from the tetrahedral angle of 109.47° is evaluated using the the dependence of the g-value on the CNT radius. There is a strong

tetrahedrality index, g, defined as” correlation between the g-value shown in (b) and T shown in (a)

3 4 1\2 except for the CFI structure in the nanobrush of (5,0) CNT. This

qg=1-= Ztl ]1:1 (cos Vi + 7) , ) is probably because the ideal arrangement of the channels in the

8 I 3 CFI structure is different from the regular triangular lattice. A fine

£ g

where yj; is the angle formed by the vectors connecting the oxy- adjustment of the positions of CNTs would result in higher T for

gen atom of a given molecule and the oxygen atoms of its nearest this structure.
J. Chem. Phys. 154, 094502 (2021); doi: 10.1063/5.0044300 154, 094502-5
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(hs)® (ruuu)?

We compare the ice structure around armchair CNTs and
that around zigzag CNTs at almost the same radius. The ice struc-
ture around (6,6) CNTs is the same as that around (10,0) CNTs
(Table T). The ice structure around (9,9) CNTs is also the same as

296
288
280
272
264
256
248

T./K

0.1 02 03 04 05 06 07
Radius / nm

0.82

0.80

0.78

0.76

0.74

0.72
01 02 03 04 05

Radius / nm

06 0.7

FIG. 6. (a) T; plotted against the radius of CNTs for the nanobrushes of armchair
CNTs (red) and zigzag CNTs (blue). The chiral index is shown for several CNTs.
(b) Tetrahedrality index plotted against the radius of CNTs.
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FIG. 5. AFI, CFl, and xdtc structures
represented by the primitive blocks.

(tzz)®

that around the corresponding zigzag (16,0) CNTs. The ice struc-
ture depends mainly on the diameter of the CNTs in nanobrushes.
This can be related to the fact that the crystal structure of clathrate
hydrate is mainly determined by the radius of the guest molecules
and independent from the detailed shape of the guest molecules.”’
An exception is again the CFI structure. The CFI structure around
(5,0) CNTs is different from the structure around (3,3) CNTs shown
in Fig. 2. The surface structure of the channels of CFI is not a
typical zigzag type made of flat hexagons but a more complicated
structure. The present result indicates that there is a specific geo-
metrical matching between the positions of carbon atoms on the
surface of (5,0) CNTs and those of water molecules in the CFI
structure.

One may think that an ice structure with large cylinders can be
formed with CNTs that are smaller than the corresponding CNTs for
the ice structure when the spacing between the CNTs is larger than
0.94 nm. We consider whether dtc forms with (2,2) CNTs instead
of (6,6) CNTs as an example. The distance between a carbon atom
in a (6,6) CNT and the closest oxygen atom in the dtc structure
corresponds to the minimum position of the van der Waals (vdW)
interaction. The radius of the (2,2) CNT is smaller than that of the
(6,6) CNT by 0.27 nm. If (6,6) CNTs in dtc are replaced with (2,2)
CNTs, the vdW interaction becomes almost zero. As shown in Fig. 5
of Paper I,'* the chemical potential of dtc cannot be lower than that
of liquid water without the CNT-water attractive vdW interactions
at temperatures higher than 250 K. Therefore, the dtc structure can-
not form with the (2,2) CNT. The difference in radius between the
(5,5) CNT and (6,6) CNT is only 0.07 nm. Thus, the change in the
vdW interactions caused by replacement of (6,6) CNTs in dtc with
(5,5) CNTs is expected to be small. The dtc structure may form with
(5,5) CNT when the gap distance between the surfaces of CNTs
is close to 0.94 + 0.07 x 2 = 1.08 nm and the temperature is low
enough.
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SUMMARY

We have investigated crystalline structures of water around
CNTs in nanobrushes using MD simulations. The CNTs are located
in a regular triangular arrangement, and the distance between the
surfaces of CNTs is fixed to 0.94 nm, which is the best spacing for
the bilayer structure of water. The range of the radius of the CNTs is
0.12 < R < 2.2 nm. Several stable porous ice structures spontaneously
form in the MD simulations even at temperatures higher than the
melting temperature of ice I, when the radius of CNTs matches with
the size of the cavities of the ice structure. We have proposed a pro-
tocol to classify the porous ice crystals on the basis of the fact that all
of them can be decomposed into a small number of structural blocks.
The crystallization temperature suggests that the dtc structure, or the
(tz)° structure, is thermodynamically most stable among the crystals
observed in this study. The hydrogen bond network of the CFI struc-
ture is less distorted than the dtc structure although the crystalliza-
tion temperature is lower for CFL It might be possible to make the
crystallization temperature of CFI higher than that of dtc by adjust-
ing the positions of CNTs in the brush. There might be arrangements
of CNTs that facilitate formation of quite stable ice structures other
than the 2D triangular lattice. Such brushes may be useful for energy
storage and separation processes utilizing the phase transition of
water.

SUPPLEMENTARY MATERIAL

The supplementary material consists of one section and four
figures and describes how to determine the temperature at which
water solidifies in the nanobrushes.
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