“FALEm L

Thermodynamics and electric field response of

water confined in a nanospace
(F 7 ZEENTHR T 72K D
B#E L BYIOE)

2024 4 3 H

Yuse1 Kioka
(K] 4 &)



Contents

1 Introduction 1
1.1 Water on the carbon materials . . . . . ... ... ... .. ... .... 2

1.2 Disappearance of solid-liquid phase transition point of interfacial water
around a carbon nanotube (CNT) . . . . . .. . . ... ... ... .... 4

1.3 Theextremely small dielectric constant of confined water between graphene

and hexagonal boron nitride (h-BN) substrates . . . . . . ... ... ... 5

1.4 Purposeofthisstudy . . ... ... ... .. ... ... ... 6

2 Molecular dynamics (MD) simulation method 7
2.1 Velocity-Verlet algorithm . . . . . ... ... ... .. .......... 7

2.2 Lennard-Jones potential . . . . . ... ... ... ... 9
2.2.1 Universal Force Field (UFF) potential . . . . ... ... ..... 9

222 SPC/Epotential . . . . .. .. ... .. 10

2.3 Nosé-Hoover thermostat . . . . . . . ... ... ... ... ....... 12

2.4 Longrange coulomb interaction . . . . . . . ... ... ... ... ... 14

3 Thermodynamics of interfacial water around CNT, a static property of water 16

3.1 Introduction . . . . . . .. .. 16
3.2 Simulations setting . . . . . . . ... 17
3.3 Resultsand discussion . . . . . . ... ... .o 19
3.3.1 Density distribution of interfacial water around CNT . . . . . . . 19
3.3.2 RACEF for bulk water and interfacial water around CNT . . . . . . 19

3.3.3 Coexistence of slow and fast dynamics in interfacial water around

3.3.4 Number of hydrogen bonds per molecule . . . ... .. ..... 27



34 Summary ... ... e e e e e 28

4 Electric field response of interfacial water between graphene and h-BN sub-

strates, a property related to water dynamics 29

4.1 Introduction . . . . . . . . ... 29
4.2 Simulation model and methods . . . . . . . . ... ... L. 30
4.2.1 MD simulation settings and model . . . . . . ... .. ... ... 30

4.2.2 Orientational polarization . . . . .. ... ... ... ...... 31

4.3 Resultsand discussion . . . . . ... ..o 34
4.3.1 Structures of the confined water . . . . . . ... ... ... ... 34

4.3.2 Dielectric response for the weak electric field . . . . .. ... .. 35

4.3.3 Dielectric response beyond linear response . . . . . . .. .. .. 39

4.3.4 Rotational dynamics and OH bond structures of confined water . . 40

4.4 Summary . ... .. e e e e e e e 44

5 Conclusion 45
Appendices 47
A Chirality of CNT 47

B Terminal values of the RACF for interfacial water around CNT and bulk

water 48

C The number of hydrogen bonds per molecule in bulk water 50

ii



List of Figures

1 Water around (13,0) SWCNT when the number of water molecules is 1,000

(see Appendix A for definition of (13,0)). The gray spheres represent

carbon atoms, the white spheres represent hydrogen atoms, and the red

spheres represent oxygen atoms. When there are 1,000 H,O, the water

around the (13,0) SWCNT has the 2-layer structure. . . . .. ... ... 2
2 Water on the graphene surface. It has a layered structure, with water from

the third layer from the surface onward behaving like bulk water. . . . . . 3
3 Simulation cell for MD calculations. It contains a (13,0) SWCNT (gray

tube) with 1,000 adsorbed H,O molecules (red spheres are oxygen atoms

and white spheres are hydrogen atoms). Copyright 2023 The Japan Society

of Applied Physics [43] . . . . . . . . . ... ... .. 17
4 Distributions of oxygen atoms in water molecules along radial direction

of the (13,0) SWCNT at 7 = 120 K (-153°C), 140 K (-133°C), 160 K

(=113°C), 180 K (-93°C), 200 K (-=73°C), and 300 K (27°C). The origin

of the horizontal axis was set as the (13,0) SWCNT surface. Copyright

2023 The Japan Society of Applied Physics [43]. . . . . . ... .. ... 18
5 (a) RACF for bulk water at 7 = 120 K (-153°C), 140 K (-133°C), 260

K (-13°C), 280 K (7°C), and 300 K (27°C) as a function of time. Black

lines are fitting curves obtained from a single exponential function with

a constant term. (b) RACF for the interfacial water around the (13,0)

SWCNT at T = 120 K (-153°C), 140 K (-133°C), 160 K (-113°C),

180 K (-93°C), and 200 K (-73°C) as function of time. Black lines are

fitting curves obtained with Eq. (29). Copyright 2023 The Japan Society

of Applied Physics [43]. . . . . . . . . ... 20

il



10

11

Schematic diagram of the structure of water at the polar interface. Circles
indicate water molecules and arrows indicate polarization. The names of
each region are not uniform, and representatives are listed. The 7 denotes
the relaxation time of the rotational motion. . . . . . . ... ... .. ..
Temperature dependence of time constants 73 (blue marks) and 75 (red
marks). The blue and red dashed lines are the fitting curves obtained by
exponential fitting of the 7, and 7 results, respectively. Copyright 2023
The Japan Society of Applied Physics [43]. . . . . . ... ... ... ..
Variation of y (the ratio of A¢ to Ag) with temperature. A larger y indicates
a larger proportion of water molecules with slow relaxation. The black
line is the fitting curve obtained with an exponential function. Copyright
2023 The Japan Society of Applied Physics [43]. . . . . .. ... ....
Histograms of average number of hydrogen bonds per water molecule
in interfacial water around (13,0) SWCNT at temperatures of: (a) T =
—133°C, (b) —=53°C and (c) 27°C. Copyright 2023 The Japan Society of
Applied Physics [43]. . . . . . .
Simulation cell for the graphene/water/h-BN model. The thickness of

confined water between the graphene and h-BN surface was varied from

0.338 to 100 nm. Copyright 2023 The Japan Society of Applied Physics [63]. 30

Variation of the Langevin function L(x) concerning x = m,E/kpT. At
constant temperature 7', the horizontal axis corresponds to the electric field
strength. In the weak electric field region, the Langevin function varies
linearly with a slope of x/3 (dotted line) and saturates to a maximum value

of 1.0 (dashed line) in the strong electric field region. . . . . . . .. . ..

v

32



12

13

14

Density distribution of water molecules in confined water with 4.27-nm
thickness sandwiched between the graphene layer and the h-BN substrate.
The origin of the vertical axis is considered the h-BN surface. Copyright
2023 The Japan Society of Applied Physics [63]. . . . . ... ... ...
(a) Thickness dependence of the dielectric constant of confined water
between the graphene and the h-BN substrate. (b) Thickness dependence
of the characteristic electric field E. (%) for the confined water sandwiched
between the graphene and the h-BN substrate. The dotted line (EXUX =
0.416) indicates the characteristic electric field of the bulk water. The red

dashed line (E, = 0.7 [25]) indicates the breakdown electric field of the

h-BN substrate. Copyright 2023 The Japan Society of Applied Physics [63]. 37

Polarization of confined water with 2 = 0.338 nm (black circles), h =
4.27 nm (blue circles), and bulk water (red circles) as a function of
the strength of the applied electric field. The vertical axis represents
the polarization P(E) normalized by the saturation polarization value
Ps. The black, blue, and red dotted lines represent P(E) = goy E with
x =0.79 for h = 0.276 nm, y = 1.64 for h = 4.27 nm, and y = 71.89
for bulk water, respectively. The dashed line indicates the fully polar-
ized value P(E)/Ps = 1. The characteristic electric field is given by
E.(h) = Ps(h)/eox(h). Copyright 2023 The Japan Society of Applied

Physics [63]. . . . . . L



15

16

17

18

19

The solid black line is the RACF of water molecules in the first layer (4.2—
4.4 nm) on the graphene side of Fig. 12, the solid blue line is the RACF
of water molecules in the second layer (3.9—4.2 nm) on the graphene side,
and the solid red line is the RACF of water molecules in the bulk water
region of confined water (1.4-3.4 nm). Copyright 2023 The Japan Society
of Applied Physics [63]. . . . . . . . .. ... ..o
Distribution of OH bond orientations of confined water with 7 = 4.27 nm
in (a) the bulk water region, (b) the second layer on the graphene side, and
(c) the first layer on the graphene side. Copyright 2023 The Japan Society
of Applied Physics [63]. . . . . . . . . .. ...
Hexagonal lattice of graphene. The Cj, is a (4,1)-chiral vector. The a;
and a; are the basic lattice vectors of the hexagonal lattice. . . . . . . . .
Temperature dependence of the terminal values of the RACF for interfacial
water around the (13,0) SWCNT (red marks) and for the bulk water (blue
marks). The red and blue dashed curves are provided as guides for the
eyes. The vertical broken line indicates 7 = 0°C. Copyright 2023 The
Japan Society of Applied Physics [43]. . . . . . . .. ... ... ...
Histograms of average number of hydrogen bonds per water molecule in

bulk water at temperatures of: (a) 7 = —133°C, and (b) 27°C . . . . . ..

Vi

47



1 Introduction

Water is one of the most familiar materials to us earth dwellers. In fact, water covers
makes up about 70% of the earth’s surface, and humans themselves are 60% water. The
physical properties of water are very unique compared to other materials. For example,
the density of water as a solid is lower than that of a liquid, and water usually becomes a
liquid when a solid is pressurized. In addition, the boiling point and melting point of water
are much higher than those of other hydrogen compounds due to intramolecular hydrogen
bonding.

Even though water is so familiar to us, it is not clear whether mankind has clarified all
the physical properties of water. It is known that the density of water reaches a maximum
of 4°C, but the cause of this is still being investigated through nanoscale analysis [1, 2].
It has also been reported that water near the interface of materials has different physical
properties and structures compared to normal water. Derlaguin et al. reported that when
two glass plates are held together in pure water and water is trapped between them,
a large force is required to pull them apart perpendicular to the interface [3]. This
repulsive force between the two interfaces is called the disjoining pressure. It is known
that water at this interface is less likely to evaporate, has a higher viscosity, and is also
less likely to freeze than ordinary bulk water. Peschel and Adlfinger have studied the
temperature dependence of this disjoining pressure and found that it has maxima around
atT = 15°C, 30°C, 45°C, 60°C [4]. The structure of the water between the glass plates is
thought to change somehow with temperature, causing the change in disjoining pressure,
but the specific structure of the water in such a narrow space has not yet been clarified.
Recent development of nanotechnology provides new type of nanoscale space confining
water, such as the inside of a carbon nanotube (CNT) and the two-dimensional space

between the graphene and a substrate. The thermodynamics and dynamical properties



Fig 1. Water around (13,0) SWCNT when the number of water molecules is 1,000 (see
Appendix A for definition of (13,0)). The gray spheres represent carbon atoms, the white

spheres represent hydrogen atoms, and the red spheres represent oxygen atoms. When

there are 1,000 H,O, the water around the (13,0) SWCNT has the 2-layer structure.

of water in such nanospaces remain to be elucidated. Thus, in this study, we focused on
water confined in nanospaces around the surface of carbon materials such as graphene and

CNTs [5,6].

1.1 Water on the carbon materials

Because of its hydrophobicity, water has long been believed not to be adsorbed onto the
surface of carbon materials [7]. However, recent experimental and theoretical studies have
clarified that water molecular layers are formed on the surfaces of graphene and CNTs
even at atmospheric pressure and are thermally stable [8—15]. Homma et al. demonstrated
the adsorption of water around CNT using two techniques: experiments and the molecular
dynamics (MD) simulations [13]. In the experiment, single-walled CNTs (SWCNTs)

suspended between silica pillars were prepared and the ambient water vapor pressure and



2nd layer

b f=
2 t‘b ‘J a y o
Rt X 2o ‘,'g°~, S e A
° s> A2 wr
St < by Jqf‘ ,‘), W
{\.‘ 3 2 :' | ol Y - -« 5 o
s 3w wiwo g ; 2o n:?
n* o U e ”"1" ‘1 S g v
l’.‘ ."': L ¥ S * ‘ *‘;
L8 AP ¢ S larak : o8
SR B Vet N
‘q‘?" #,’ _!"‘%.“- “R Lo oy gt

—d gl T S
90 20 22 90 29 °0 00 °0 00 00 00 % 00 90 20 90

Ist layer

Fig 2. Water on the graphene surface. It has a layered structure, with water from the third

layer from the surface onward behaving like bulk water.

temperature were varied. Photoluminescence (PL) spectroscopy emission wavelengths of
the SWCNTs showed a sharp redshift of the peak with increasing water vapor pressure.
The Raman frequency of the radial breathing mode peak of these SWCNTs was upshifted
compared to the vacuum. These results can be attributed to the aggregation of water
around the SWCNT. They also used MD simulations to calculate a system with water
molecules around a SWCNT at room temperature and found that the water molecules
are agglomerated around the SWCNT. The water around the SWCNT has a 2- or 3-layer
structure (Fig. 1), which is denser than our well-known bulk water.

Various reports on water on graphite and graphene surfaces have also been made
using experiments and simulations. Suzuki et al. observed water on graphite surfaces
using atomic force microscopy (AFM) [16]. They observed a layer of water in the
region of about 1 nm from the graphite interface. Akashi ez al. used MD calculations to
study the structural changes of water on the graphene surface concerning the number of
water molecules [14]. The structure of water on the graphene surface is similar to that
of water around CNT (Fig. 2), and it changes from a monolayer structure to a bilayer

structure as the number of water molecules increases. Maekawa et al. also used MD



simulations to simulate water on graphene surfaces and found that the structure of the
two-dimensional hydrogen bonding network parallel to the interface has two structures:
the ordered polygonal structures and the disordered non-polygonal structures [15]. In
the vertical direction, the first layer of interfacial water near the graphene surface and the
second layer of interfacial water form a vertical hydrogen bond, and the structure is closed.
Therefore, the water on the second layer behaves like bulk water. Kato et al. analyzed
the data based on the persistent homology method and investigated which structure of
the interfacial water on graphene is responsible for the two sub-peaks of the density
distribution seen at low temperatures [17]. It was found that their peaks correspond to
water clusters with tetrahedral structures existing between the layers of interfacial water.
It was also suggested that the rotational motion of these clusters may appear as the peaks
due to freezing.

As described above, interfacial water on the carbon materials has different structures
and physical properties from bulk water. Among the properties of interfacial water, recent
studies have reported interesting thermodynamics and electric field response. First, we

will introduce the previous studies on thermodynamics.

1.2 Disappearance of solid-liquid phase transition point of interfacial

water around a carbon nanotube (CNT)

The interfacial water around a CNT exhibits peculiar thermodynamic properties that differ
from those of bulk water. Saito et al. used PL spectroscopy to measure the dielectric con-
stant of the interfacial water around various semiconductor CNTs in the temperature range
from —130°C to 20°C [18]. If the interfacial water around CNT exhibits a solid-liquid
phase transition at 0°C like bulk water, its dielectric constant should change discontinu-

ously at 0°C. However, the dielectric constant of the interfacial water changed continuously



even when the temperature was lowered to —130°C. Therefore, they concluded that the
interfacial water around CNT does not show solid-liquid phase transition even at —130°C.
However, the structure of water in this temperature range of —130°C to 20°C (hereafter

referred to as the solid—liquid crossover region) has not yet been clarified.

1.3 The extremely small dielectric constant of confined water between

graphene and hexagonal boron nitride (h-BN) substrates

Next, we introduce the previous study on the electric field response of interfacial water.
According to the experiment of the previous study, the dielectric constant of water with a
thickness of about 1 nm confined in the nanospace between the hexagonal boron nitride
(h-BN) substrate and graphene, measured by scanning dielectric microscopy based on
electrostatic force detection with an AFM [19], was &€ ~ 2.1 [20]. This is an extremely
small value compared to that of bulk water at room temperature (s?‘ﬂk ~ 80) [21,22]. As
the thickness of the confined water is increased, the dielectric constant of the confined
water gradually increases and approaches that of bulk water at about 200 nm. In the
previous study, it was hypothesized that this is due to the existence of a structure with
restricted rotational degrees of freedom in the water near the surfaces, but this remains to
be elucidated.

The dielectric properties of the water confined between the substrate and the graphene
are important properties for the realization of graphene field-effect transistors (FETS).
Graphene is attracting attention as a substitute for silicon as the channel material in FETs
because it exhibits high mobility [23-25]. Nagashio et al. have reported that, when water
exists in the nanospace between the graphene layer and substrate of a graphene FET,
it strongly influences the FET’s characteristics [26]. That is, the characteristics of the

graphene FET are affected by the dielectric properties of the confined water.



1.4 Purpose of this study

As described above, there are unresolved issues in the thermodynamics and electric field
response of water at surfaces. In this study, we use simulations to clarify the thermo-
dynamics, which is a static property of interfacial water, and the electric field response,
which is related to the dynamics of interfacial water. Therefore, we have the following

two objectives.

1. To clarify the structure and dynamics of interfacial water around CNT in the solid—

liquid crossover region.

2. To elucidate the physical origin of the dielectric properties of confined water between

graphene and h-BN.

This thesis is organized in the following sections. Section 2 introduces the MD
method, the simulation technique used in this study. Section 3 describes our work on
the thermodynamics of interfacial water around CNT in the solid-liquid crossover region.
Section 4 describes the dielectric properties of water confined in the nanospace between

graphene and h-BN substrate. Section 5 provides a summary of the overall study.



2 Molecular dynamics (MD) simulation method

MD simulation method is a method for determining the motion of atoms and molecules
by numerically solving Newton’s equations of motion using forces acting between them.
Compared to quantum mechanical, such as first-principles calculations based on density
functional theory, classical MD simulations require less computation time and can handle
larger systems. There are also methods such as the finite element method, which divides a
continuum into meshes and solves partial differential equations, that can be used for very
large systems of 100 nm or more. However, this method cannot simulate structural data
such as the polarization and hydrogen bonding of water molecules, nor can it simulate the
dynamics of water molecules. Therefore, in this study, we used classical MD simulations,
which are not too computationally demanding and can observe the structure and dynamics

of water. In this chapter, we explain the MD method used in this study.

2.1 Velocity-Verlet algorithm

In MD simulations, the Newton’s equation of motion for a particle with mass m is given
by

d*ri(t)
m-—-—
dt?

= Fi(1). ey
Here F;(¢) is the force applied to particle i at time ¢, which is the combined force of
the interaction between the particles and external forces such as the electric field. Since
the positional relationship between particles changes with time ¢, the interaction between
particles is time-dependent. In general, it is necessary to solve a complex set of differential
equation for a many-body system. Therefore, it can be simplified by replacing the left-hand
side with a Taylor series expansion of the difference equation. The Taylor expansion of the

coordinates r; (¢ + At) and the velocity v;(¢ + At) from time ¢ to At after At is performed

around At = 0, and the approximation up to the second order term gives the following

7



expression

. o dr;(1) 1 d? rl(t) 3
ri(t+At) =ri(t) + 7 At + — a2 + O(Ar), 2)
. 2,
bi(t 4+ A1) = vi(0) + LDy o 1AV 0 A, 3)

ar T ae
From dr;(t)/dt = v;(t) and Eq. (1), Eq. (2) and Eq. (3) can be transformed as follows

Fi(1)

ri(t+ A1) = ri(2) +vi (1) Ar + —= . LA+ O(AP), 4)

F(t) L 1 dF(t)

3
Mo, )

vi(t+At) =v;(t) + —=

We perform a Taylor expansion around Ar = 0 concerning F;(# + At) and make an

approximation up to the first-order term, we obtain

Fi(1+ A1) = Fi(t) + dfi"t(t )Ar+0(AP), 6)
dF;(t) F;(t+At) - Fi(t) 2
T A + O(Ar”). (7
Thus, Eq. (5) can be transformed as follows
vi(t+ A1) =v(1) + 2i (F;(t + At) + Fi(1)) At + O(AP). (8)
m

The Velocity-Verlet algorithm provides initial coordinates r;(0) and initial velocity v;(0)
and solves Eq. (4) and Eq. (8) to obtain coordinate and velocity data for Az intervals [27].
First, substitute r;(0) and v;(0) into Eq. (4) to obtain r;(0+ Ar). Substitute this coordinate
into the potential function and calculate F;(0 + At), which is then substituted into Eq. (8)
to obtain v;(0 + Ar). By repeating the above method, the coordinates and velocity data for

each time step At are calculated by the MD calculation.



2.2 Lennard-Jones potential

Since MD method involves solving the equations of motion for each atom, the force exerted
on each atom must be described. This interaction between atoms is given by a potential

functiong(r), which is expressed as follows

_0¢(ri)
6rl- '

F; = )

The Lennard—Jones (LJ) potential ¢y j(r) is a widely used potential function that describes

the interaction between two atoms. This potential is written as

(o

wr=se[ (2 (2]

r

where r is the distance between the two atoms, o has the dimension of length, and &
has the dimension of energy. o is the value that defines the distance between the atoms,
which is the minimum of the potential function, with a minimum at 2%0', and —¢ is its
minimum value. The first term indicates repulsion due to overlapping electron clouds,
and the second term indicates attraction due to permanent dipoles and London dispersion
forces. The exponential part of each term is called the (g, p) potential. In this study,
the representative (6,12) potential is used. In the following, we will discuss the Universal
Force Field (UFF) [28] and SPC/E potentials [29], which are used as LJ potentials in this

study.

2.2.1 Universal Force Field (UFF) potential

Rappe et al. created the UFF potential, a generic force field of the LJ potential type
covering almost all elements in the periodic table [28]. The original work describes o
and ¢ between homogeneous elements. The parameters of the UFF potential between

dissimilar elements A and B are calculated using the Lorentz-Berthelot combining role



below,

EAB = VEAEB, (11)
OA + 07
TAB = A2 B (12)

where €a,04,€p and op are parameters of the LJ potentials of elements A and B,

respectively.

2.2.2 SPC/E potential

In this study, we used the SPC/E (extended single point charge) model, which is a rigid
body model as water molecules, for our simulations [29]. The SPC/E potential ¢(r),
which describes the interaction between water molecules, is divided into intermolecular

force ¢y(r) and electrostatic interaction terms ¢q(r) and is expressed as follows

¢(r) = ¢Ly(r) + dq(r). 13)

The intermolecular forces ¢y ;(r) are indicated by the following LJ potentials

A B
¢LJ(7") = m - }"_6’ (14)

where A = 0.37122 (kJ/mol)!/® .nm and B = 0.3428 (kJ/mol)!/12 . nm. The electrostatic

potential is defined as

¢q(r) = Z,: 47:80 _ qrizj' (15)
The model gives charges on oxygen and hydrogen of —0.8476 eC and 0.4238 eC, respec-
tively. The hydrogen-oxygen spacing is 0.1 nm and the angle HOH is 109.47°.

The SPC/E model has density (Exp : 0.9970 g/ cm’ [30], SPC/E : 0.9984 g/ cm’ [30D)
and self-diffusion coefficients (Exp : 2.2990 m?/s [31], SPC/E : 2.7849 m?/s [32]) that

are closer to experimental values than the TIP3P model, which is also a three-site model.

10



The melting point of ice Ih (hexagonal ice crystal) in the SPC/E model is 279 K+ 5K in the
MD calculation with the Ewald sum, which is close to the melting point of real ice [33].
Four-site models such as TIP4P with one negatively charged dummy atom added [34] and
five-site models such as TIP5P with two added [35] can give more accurate melting points
and dielectric properties, but the SPC/E model is superior in computational efficiency.
In this study, we used the SPC/E model because the motion of many water molecules is

calculated for a long time.

11



2.3 Nosé-Hoover thermostat

In order to perform MD in the canonical ensemble (NVT ensemble), a thermostat is
introduced to control the temperature of a system. There are several thermostat methods
that can add and remove energy from an MD system. In this work, we adopted the Nosé—
Hoover thermostat. The Nosé-Hoover thermostat represents the energy exchange with a
virtual heat bath by introducing a new dynamical variable, s [36,37]. The velocity vector

and time variables are as follows

t

t/ = (16)
s

V. = SFi, (17)

where ¢ and V" are the time and velocity in the real system, and ¢ is the time in the
extended-system, which includes both the real system and the heat bath. In the following
explanations in this chapter, primed variables refer to variables in the real system. As
the value of s changes, the velocity of the real system changes, and the temperature also
changes, representing the exchange of thermal energy between the real system and the
heat bath. As the value of s changes, the velocity of the real system changes, and the
temperature also changes, representing the exchange of thermal energy between the real
system and the heat bath. Since a change in the value of s results in a change in the velocity
of the real system and a temperature change, it can be used to describe the exchange of
thermal energy between the system and the heat bath. The Lagrangian £ of N atoms in
this extended system is defined as
Sk 2.2 0 .

ngzmis #} ~E+ =8~ gksT Ins, (18)

where Q is the mass of the heat bath and g is the degree of freedom of the system,

g = 3N + 1. The third term represents the kinetic energy of s and the fourth term

12



represents the potential energy of s. The Euler-Lagrange equation is used to derive the

following equations of motion, which are solved by MD calculations

1 0E 2§

m;F; = o mi?’;i’ (19)
N
. .0 ngT
= msi? - . 20
05 Zm SF; . (20)

i=1
The distribution function of this extended-system is known to be consistent with the

canonical ensemble [36, 37].

13



2.4 Long range coulomb interaction
The interaction between two charged particles separated by a distance r in the MD calcu-

lation is as follows

1 qi4
E:¢(r)+z4n80. i1
-

21

rij
where the first term is the potential function and the second term is the Coulomb inter-
action. Since both the potential function and the Coulomb interaction will have values
no matter how large r is, the cutoff distance r. is determined and the interaction is cal-
culated only in the range r < r.. However, considering that the Coulomb interaction
is inversely proportional to r and thus decays slowly, while the radial distribution of the
number of particles increases by 47r>Ar, we cannot ignore the Coulomb interaction at
a distance. Therefore, the Ewald method [38] and the particle-particle-particle-mesh
(PPPM) method [39] are two methods to calculate the long-range Coulomb interaction.
The Ewald method can handle interactions at long distances by splitting the Coulomb
interaction into two components that converge quickly in reciprocal space and real space.
Specifically, the former replaces the actual charge distribution with a spatially extended
one, such as a Gaussian distribution, and the latter is the difference between the actual
charge distribution and its spatially extended distribution. The Coulomb interaction ¢, in

the Ewald method is
¢pg=E+Er+E;+ Eg, (22)

where E, represents the difference between the actual charge distribution and the spread
distribution that converges quickly in real space, and E corresponds to the spread charge
distribution with Gaussian distribution that converges quickly in reciprocal space The E

is the term that subtracts the Gaussian distribution of its charge and E; is the correction

14



term. If there are N charges in a cell of volume V = L3, they are each described as follows

erfc(a|r;; + Ln|)

E =3 Ly qu,q, P (23)

nez’ i=1 j= Y

12 /day ~
Ei =5 Z S FICOTES (24)

k;tO
o N

E,=-—> ¢}, (25)

Eq= (1+28)L3 (Zq, ) : (26)

where n is a 3-dimensional vector indicating the number of image cells due to periodic
boundary conditions, k is the wave number, and g is the Fourier transform of the charge
density. The 1/4ng( is omitted. The « is a parameter with the inverse dimension of the
length and is called the Ewald parameter. The complementary error function erfc(x) is

defined by

erfc(x) = % /00 exp(—12)dt. 27)
T Jx

Because the convergence of the complementary error function is fast, £, converges quickly
in real space.

The Ewald method, which converges quickly even over long distances, can be used
to calculate long-range Coulomb interactions, but it is computationally expensive. In the
PPPM method, Ej is calculated by mesh chopping the space and using the Fast Fourier
Transform to speed up the calculation. Each point charge is assigned to a mesh point
specified by the charge assignment function W. In LAMMPS [40], the MD package used
in this study, the kspace_style command can be used to specify the calculation method
for the long-range Coulomb interaction. The time complexity of the Ewald method
requires O(N3/?), where N is the number of particles, while the PPPM method requires

O(N log N), which is shorter than the Ewald method.
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3 Thermodynamics of interfacial water around CNT, a

static property of water

3.1 Introduction

Recently, Saito et al. confirmed experimentally using a PL spectroscopy experiment that
the dielectric constant of the interfacial water around a CNT varies linearly in a wide
temperature range from —130°C to 20°C [18]. This indicates that the interfacial water
around a CNT does not undergo a clear solid-liquid phase transition, in contrast to bulk
water, which exhibits a transition at 0°C. However, the microscopic structure of interfacial
water in the solid-liquid crossover region remains to be elucidated.

In order to clarify this issue, we focused attention on the dynamics of the interfacial
water in the solid-liquid crossover region, because the crossover can be characterized
by a change in the degrees of freedom of the molecular motion. Thus, we performed
MD simulation for the interfacial water around a CNT and calculated the rotational
autocorrelation function (RACF) for the water molecules [41,42]. In this section, we
present a new picture of the interfacial water around a CNT: the coexistence of slow and
fast dynamics in the interfacial water. Finally, we conclude that the origin of the slow and
fast dynamics is related to the water molecules in domains, consisting of polygonal water

clusters, and those in the domain wall areas, respectively.
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Fig 3. Simulation cell for MD calculations. It contains a (13,0) SWCNT (gray tube)
with 1,000 adsorbed H>O molecules (red spheres are oxygen atoms and white spheres are

hydrogen atoms). Copyright 2023 The Japan Society of Applied Physics [43]

3.2 Simulations setting

We used LAMMPS (3 Mar 2020 [40]) to perform MD simulations based on the NVT
ensemble to obtain the thermal equilibrium states of water around a CNT. As an initial
state, 1,000 H,O molecules were randomly distributed around a (13,0) SWCNT (see
Appendix A for definition of (13,0)) placed in a simulation box with dimensions of 5.50 X
5.50 x 8.52 nm? and with periodic boundary conditions imposed in the (x, y, z) directions
(Fig. 3). The direction of the SWCNT is parallel to the z axis. The Nosé—Hoover thermostat
was used to control the temperature of the system [36,37]. As force fields, we used SPC/E
for the water model [29] and UFF for the interaction between a water molecule and a
carbon atom [28]. The equation of motion was numerically solved by the Velocity-Verlet
method [27] with a time step Ar = 1.0fs. The long-range Coulomb interactions were
treated by the PPPM method [39]. The calculations were carried out for up to 570 ns

until thermal equilibrium was reached. The RACF is represented by the time correlation
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Fig 4. Distributions of oxygen atoms in water molecules along radial direction of the (13,0)
SWCNT at T = 120 K (=153°C), 140 K (-133°C), 160 K (-113°C), 180 K (-93°C),
200 K (=73°C), and 300 K (27°C). The origin of the horizontal axis was set as the (13,0)

SWCNT surface. Copyright 2023 The Japan Society of Applied Physics [43].

function of the dipole and is defined as

Cr(1) = %(3 cos 6; (1) — 1)

_ Lm0 pi@ )
2 <3 (Ipi(t)llpi(0)|) 1>’ (28)

where p;(t) is the electric dipole moment for the i-th water molecule and 6;(¢) is the
angle between p;(t) and p;(0). In Eq. (28), the angle bracket represents an ensemble
average concerning various initial states. The parameter { p;(¢)} can be calculated by MD

simulation.

18



3.3 Results and discussion

3.3.1 Density distribution of interfacial water around CNT

Figure 4 represents the distributions of oxygen atoms in water molecules along the radial
direction of the CNT for various temperatures. The origin of the horizontal axis was
set as the CNT surface. As can be seen, a double-layer structure is always observed
within the 120 K (-153°C)< T < 300 K (27°C) range that was simulated. The first
and second peaks increase and the linewidth of the second peak decreases with decreasing
temperature. This behavior agrees with results obtained in previous studies in which water
layers were formed on graphene [15,17]. Due to the steric hindrance of the CNTs, the
OH bonds of the water molecules in the first layer cannot orient toward the surface of the
CNT, but instead orient parallel to the surface and form hydrogen bonds with neighboring
water molecules. The other OH bond of these water molecules forms a hydrogen bond
with another water molecule in the same plane or orients away from the CNT surface.
OH bonds oriented away from the CNT surface can form hydrogen bonds with water
molecules in the second layer. Thus, the water molecules in the first and second layers are
bonded in a complementary fashion, forming a stable structure with hydrogen bonds that

is “closed” within the two layers.

3.3.2 RACYF for bulk water and interfacial water around CNT

Figure 5(a) shows the RACF for bulk water at T = 120 K (-153°C), 140 K (-133°C),
260 K (—=13°C), 280 K (7°C), and 300 K (27°C) as a function of time. The black curve
is the result of a least-squares fit of the RACF results to an exponential function with a
constant term. Each curve relaxes to a constant value in the limit of long time. From
Fig. 5(a), it can be seen that the RACF for bulk water shows a long time correlation at low

temperatures, but the correlation is lost in a short time above 0°C. This abrupt change in
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Fig 5. (a) RACF for bulk water at T = 120 K (-153°C), 140 K (-133°C), 260 K (-13°C),

280K (7°C), and 300 K (27°C) as a function of time. Black lines are fitting curves obtained

from a single exponential function with a constant term. (b) RACEF for the interfacial water

around the (13,0) SWCNT at T = 120 K (-153°C), 140 K (-133°C), 160 K (-113°C),

180 K (-93°C), and 200 K (=73°C) as function of time. Black lines are fitting curves

obtained with Eq. (29). Copyright 2023 The Japan Society of Applied Physics [43].
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correlation time means that the bulk water shows a solid-liquid phase transition near 0°C
in the present MD simulation with the SPC/E force field, which is consistent with previous
work [33,44].

Similarly, Fig. 5(b) shows the RACF for interfacial water around the CNT surface at
several temperatures (7 = 120 K (-153°C), 140 K (-133°C), 160 K (-113°C), 180 K
(=93°C), and 200 K (=73°C)) as a function of time. In contrast to Fig. 5(a), the change in
the correlation in Fig. 5(b), shows a continuous decrease with increasing 7. The gradual
change in the correlation for the interfacial water around the CNT is totally different from
that for the bulk water. This suggests that the interfacial water around a CNT does not
undergo a clear solid-liquid phase transition but rather exhibits a solid-liquid crossover.
The changes in the terminal value of each RACF are also significantly different (Appendix
B). These MD results are consistent with the results of recent experiments based on PL
spectroscopy [18].

It should be noted that Cg(¢) for bulk water relaxes three orders of magnitude faster
than that for interfacial water around a CNT. From Figs. 5(a) and 5(b), it can be seen
that the relaxation time of water around CNT is much longer than that of bulk water and
continues to fall even in the extended time calculation of # = 30 ns. This extremely long
relaxation time means that the rotational degrees of freedom of CNT-adsorbed water are
more limited than in bulk water, even near room temperature. Conversely, the fact that
CNT-adsorbed water has a finite relaxation time even at low temperatures suggests that
the water molecules are not completely frozen.

These results are in good agreement with the timescale of the rotational motion of
water at the polar interface [45,46]. Fig. 6 shows a schematic diagram of the water
structure at the polar interface and the timescale of rotational relaxation in each region.
The water is divided into three regions from the vicinity of the polar interface. There is no

uniform way to name the water in each region, and the representative names are listed. The
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Fig 6. Schematic diagram of the structure of water at the polar interface. Circles indicate
water molecules and arrows indicate polarization. The names of each region are not
uniform, and representatives are listed. The 7 denotes the relaxation time of the rotational

motion.

relaxation time of RACEF for water around CNT is about a few ns, a timescale close to that
of freezing water in Fig. 6. For bulk water, it is about a few ps, which is also the relaxation
time of bulk water in Fig. 6. Since the CNT is a non-polar interface, the water at the CNT
interface is not as strongly constrained as the water near the polar interface (non-freezing
water, which slows down the rotation significantly), but it is somewhat constrained by van
der Waals forces, so it is expected to relax similarly to the freezing water in the second

layer from the polar interface.

3.3.3 Coexistence of slow and fast dynamics in interfacial water around CNT

To analyze the results of the RACF for the interfacial water around the CNT and bulk
water shown in Fig. 5, we performed curve fitting for each results. Assuming that the
rotational correlation is a Markov process that depends only on the immediately preceding
state, the rotational autocorrelation function is represented by an exponential function.
In addition, it is known that in ordinary non-glassy liquids, the typical time-dependent

correlation function exhibits an exponential relaxation with a single time constant, the
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Fig 7. Temperature dependence of time constants 7g (blue marks) and ¢ (red marks). The
blue and red dashed lines are the fitting curves obtained by exponential fitting of the 7

and 7y results, respectively. Copyright 2023 The Japan Society of Applied Physics [43].

so-called Debye-relaxation [47,48]. We fitted the RACF results with a single exponential
function; the RACF for bulk water could be fitted, but not that for interfacial water.
Therefore, we assumed that a double exponential (double exp) function with two different
time constants could be used for fitting, and we used the least-squares method to fit the

RACEF results with double exp functions. The double exp functions can be expressed by

Cr(f) = Agexp (—TL) + Arexp (—Tif) (29)

S

where Ag, Ag, Tg, and 7y are the fitting parameters. The subscripts represent slow and fast.
Ag and A correspond to the amount of water molecules with fast and slow relaxation of
rotational correlations. 7 and 7r are the time constants.

The black lines of Fig. 5(b) are the results of fitting the RACF for the interfacial water
by the double exp function (Eq. (29)), and the fit is good at all temperatures, with R?
values in the range of about 0.90 to 0.99.

Figure 7 shows the temperature dependence of the time constants 75 (blue marks) and
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Fig 8. Variation of v (the ratio of Af to Ay) with temperature. A larger vy indicates a larger
proportion of water molecules with slow relaxation. The black line is the fitting curve
obtained with an exponential function. Copyright 2023 The Japan Society of Applied

Physics [43].

7¢ (red marks) of the double exp function (Eq.(29)). Both the dashed lines are the result
of exponential fitting of the 7y and 7¢ results, with the blue dashed line corresponding to
75 and the red dashed line to 7¢. It can be seen that the values of both 7, and 7¢ tend
to decrease exponentially with increasing temperature, and in particular that 7¢ is two
orders of magnitude higher than 7¢. This suggests that it is reasonable to separate the two
exponential functions of the double exp function into slow and fast relaxation terms.

The fact that the interfacial water around a CNT can be fitted with a double exp function
is due to the structure of hydrogen bonds in the interfacial water. We now recognize that
the double-layer structure of interfacial water around a CNT in Fig. 4 is similar to that
of on graphene obtained in our previous works [15,17]. In the previous work based on
MD simulation, we have reported that such water layers form hydrogen bonds in a plane

parallel to the graphitic surfaces, and that the bond structure consists of two types: ordered
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structures (polygons) and disordered structures (non-polygons) [15,17]. Other groups also
showed that stable polygonal water clusters appear on the graphitic surface [49-52], using
ab initio simulations based on density functional theory.

It is speculated that the first term in Eq. (29) corresponds to the ordered structures and
the fast relaxation term corresponds to the disordered structures, but it is not clear whether
the dynamics and the interfacial water binding structures really correspond. Therefore,
since the size of the ordered structure is expected to decrease with increasing temperature,
we investigated the temperature dependence of y = Ag/ Ay, which is the ratio of the amount
of slow-converging water molecules to the amount of fast-converging water molecules.
Figure 8 shows the temperature variation of y = Ag/As. It can be seen that y decreases
exponentially with increasing temperature. In the low-temperature region below —93°C, y
is large, i.e., the ratio of water molecules with slow dynamics to those with fast dynamics
is large. The results are consistent with a previous study showing that most of the
adsorbed water molecules form domains consisting of the ordered structures and a few
water molecules behave as domain wall areas consisting of the disordered structures in this
low-T range [15]. On the other hand, from —73°C to —13°C, the number of slow-dynamics
water molecules is almost equal to the number of fast-dynamics water molecules, and above
—13°C, the water molecules with fast dynamics are dominant, but the water molecules
with slow dynamics have not completely disappeared. However, the existence ratio is
small due to the extremely short lifetime of the domains. These results show that the
domain size decreases with increasing temperature due to thermal fluctuations. Thus, the
two terms with different rates of relaxation of the double exp function correspond to two
structures, ordered and disordered structures, and these structures change continuously in

the solid—liquid crossover region.
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3.3.4 Number of hydrogen bonds per molecule

In this subsection, we provide a numerical basis for our speculation in the previous
subsection by counting the number of hydrogen bonds per water molecule in the interfacial
water around the CNT. In the present study, the hydrogen bonds are defined as those for
which the distance between oxygen atoms is less than 0.35 nm and the OOH angle is less
than 30° [53].

Figure 9 shows a histogram of the hydrogen-bond number, n, existing in the interfacial
water around a (13,0) SWCNT at (a) T = —133°C where v > 1, (b) T = —53°C where
v ~1and (c) T =27°C where y < 1. As can be seen in Fig. 9(a), a single peak appears
near n = 4, which corresponds to the domain with the ordered structures. When the
temperature is increased to 7 = —53°C, where y ~ 1, two peaks (a higher peak at n ~ 4
and a lower peak at n < 4) appear, indicating the coexistence of ordered structures with
slow dynamics and disordered structures with fast dynamics. When the temperature is
further increased to 7' = 27°C, where y < 1, the peak at n ~ 4 disappears and a peak
appears at a lower position, n ~ 3.2. This gradual change in the histogram corresponds
to a gradual change from the ordered phase with slow dynamics to the disordered phase
with fast dynamics. On the other hand, the number of hydrogen bonds in bulk water had
a single peak, and the peak gradually shifted toward a lower with increasing temperature

(Appendix C).
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3.4 Summary

In conclusion, we calculated the RACF for interfacial water around a (13,0) SWCNT using
an MD simulation. The RACF for interfacial water was found to change gradually, and this
indicates that the interfacial water does not undergo a clear solid—liquid phase transition.
The absence of a solid—liquid phase transition as obtained by MD simulation confirms the
recent experimental results obtained by PL spectroscopy [18].

Some previous studies have revealed that the water molecules on graphitic surfaces
have two different structures; one is a polygonal cluster forming domains, and the other is a
disordered structure within domain wall areas. Therefore, the RACF can be approximated
by a double exp function. The decrease in the amount of water molecules with slow
dynamics with increasing temperature is consistent with the decrease in domain size. This
indicates that water molecules with slow dynamics correspond to water molecules forming
the domain and fast dynamics correspond to water molecules forming the domain wall
areas. Then, the ratio of domains to domain wall areas gradually decreases with increasing
temperature, and water molecules with disordered structures become dominant.

These results reveal, for the first time, the structure of interfacial water around a CNT
in the solid-liquid crossover region from the dynamics of water molecules. The RACF
approach to rotational dynamics should be useful to investigate the phase transition of water
confined inside an SWCNT because it is an interesting low-dimensional system [54-61].

Such work is left for a future study.
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4 Electric field response of interfacial water between graphene
and h-BN substrates, a property related to water dy-

namics

4.1 Introduction

Previous studies have shown that the dielectric constant of 1 nm-thick confined water
is & ~ 2.1 [20], which is much smaller than that of bulk water at room temperature
(s?“lk ~ 80) [21,22]. With increasing thickness of the confined water, the dielectric
constant increases gradually and becomes almost the same as that of bulk water when the
thickness reaches ~200 nm.

In this section, we attempt to reproduce the unique dielectric response of water
molecules confined in a nanospace from the linear response region to saturation po-
larization using an atomistic simulation approach. In addition, we give a physical origin
of the significant change in dielectric constant from the confined water to bulk water.
Some studies have shown that water adsorbed onto a graphitic surface and h-BN substrate
surface has a unique structure and properties [8—15,17,62]. Thus, the purpose of this
section is to clarify the characteristic feature of the dielectric constant of the confined

water from the viewpoint of the nanoscale structure and dynamics of confined water.
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Fig 10. Simulation cell for the graphene/water/h-BN model. The thickness of confined
water between the graphene and h-BN surface was varied from 0.338 to 100 nm. Copyright

2023 The Japan Society of Applied Physics [63].

4.2 Simulation model and methods
4.2.1 MD simulation settings and model

We theoretically investigate the dielectric properties of the confined water in the nanospace
between graphene and a h-BN substrate through a MD simulation under an electric field
applied perpendicular to the substrate. We used the MD simulation package LAMMPS (3
Mar 2020) [40] to investigate the confined water with an electric field applied perpendicular
to the substrate. All of the simulations were calculated using the NVT ensemble, and we
controlled the temperatures of the system (300 K) using the Nosé—Hoover thermostat [36,
37]. The cross-sectional area in the x—y direction of the simulation box was 1.71 x 1.97

nm?; the thickness between the graphene and substrate was varied from 0.338 to 100 nm
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and was filled with water molecules (Fig. 10). We determined the thicknesses as the
distance where the minimum energy is reached by gradually moving the graphene closer
to the h-BN substrate (1.0 X 10~ nm/fs) confining a given number of water molecules
in the nanospace. The length of the simulation box in the z direction is much longer
than the cutoft distance of 0.85 nm. We imposed periodic boundary conditions in the
(x,y, z) directions. We used SPC/E for the rigid water model [29] and the UFF potential
for the force fields between water and other molecules [28]. The equation of motion was
numerically solved using the Velocity-Verlet method [27] with Ar = 0.5 fs. Long-range
Coulomb interactions were treated using the Ewald method [38]. The h-BN charges were

set to 1.97 x 107'? C for boron and —1.97 x 10~!° C for nitrogen [62].

4.2.2 Orientational polarization

The SPC/E model used in this study is a rigid body model, and there is no dielectric po-
larization due to the electric field, only orientational polarization due to permanent dipole
moments. We discuss the electric field response of polarization when only orientational
polarization is considered. Assuming that the distribution of permanent dipole moments
follows a Boltzmann distribution, the number of dipoles dn such that the angle between
the electric field E and the permanent dipole moment m,, is between some angle 6 and

6 + d6 is given by
dn = Aexp(-U/ksT)dQ, (30)

note that kg is the Boltzmann constant, 7" is the temperature, d€2 is the solid angle to d6,
U is the potential energy and U = —m,, - E = —mpE cos 6, and A is the proportionality
constant. Since the solid angle dQ2 is equal to the area of the unit sphere between 6 and

0 + d#, it is the product of the circumference length 27 sin 6 and the width of the circular
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Fig 11. Variation of the Langevin function L(x) concerning x = m,E/kgT. At constant
temperature 7, the horizontal axis corresponds to the electric field strength. In the weak
electric field region, the Langevin function varies linearly with a slope of x/3 (dotted line)

and saturates to a maximum value of 1.0 (dashed line) in the strong electric field region.

area d6 and it is expressed as follows
dQ =2msin6d6. 31

The probability p(6)d6 that the dipole moment takes the direction 8 and 6 + d6 is

Aexp(-U/kgT)dQ  exp(mpE cos0/kgT) sin 0d6

(0)do = = .
b foﬂ Aexp(-U/kgT)dQ foﬂ Aexp(mpE cos 8/kgT) sin 6d6

(32)

The mean value of the electric field E-directed component of the permanent dipole moment

<(mp)E> is
((mp)g) = mp/ cos@p(0) do. (33)
0

The magnitude of the orientational polarization Py, is the number density of the permanent

dipole moments 7, times this average. From Eq. (32) and Eq. (33) the magnitude of the
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orientational polarization P}, is expressed as follows

_ npmmy /07r cos 0 exp(mpE cos 8/kgT) sin 6d6
foﬂ exp(mpE cos §/kgT) sin 0d6

Py (34)

the denominator is the number of dipoles per unit volume, so it is removed from the

integral. Now, if cos @ = y and mpE /kgT = x, then Eq. (34) is as follows

Ly
/_ ve*Vdy
P, = anpll—x' (35)
/_ L€ Ydy
Integrating the numerator by parts, Eq. (35) becomes
Lyeow' — 1 vy Sret _ ¢foen
ye|_ _pe-ay
Pp = anP [x ] e}x_exx/ 1 = npmp - eX—p—X X = npmpL(x)a (36)
X X
where L(x) is the following Langevin function
e 1 1
L) =58 2 - cothr— - (37)
ef—e™* x X

L(x) and P, are approximated when x < 1, i.e., when the electric field is small, as follows

1 1 x x 1 x
L = thx—-=-+-—-—+-+-—=—~ = ) 38
(x) = cothx x x 3 5 x 3 (38)
2
npmpE
S 39
P 3kgT %

Thus, the change in orientational polarization concerning the electric field is linear in the
weak electric field region, as shown in Fig. 11, and in the strong electric field region the

dipoles begin to align completely and the orientational polarization saturates.
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Fig 12. Density distribution of water molecules in confined water with 4.27-nm thickness
sandwiched between the graphene layer and the h-BN substrate. The origin of the vertical
axis is considered the h-BN surface. Copyright 2023 The Japan Society of Applied

Physics [63].

4.3 Results and discussion

4.3.1 Structures of the confined water

We first discuss the microscopic structure of the confined water calculated by MD sim-
ulation. Figure 12 presents the averaged density distribution of water molecules in the
confined water with 4.27-nm thickness sandwiched between the graphene and the h-BN
substrate at 300 K. The origin of the vertical axis in the figure is considered the h-BN
surface; the graphene is located 4.63 nm above the h-BN surface. The thickness of the
confined water is determined on the basis of the distance between the graphene and the
h-BN surface minus the van der Waals radii of carbon and boron atoms.

Figure 12 also shows the three peaks within 1 nm thickness from both of the surfaces;
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the two regions can thus be regarded as interfacial water. By contrast, the region 1 nm
away from the two surfaces is regarded as a bulk region in which the density is consistent
with that of bulk water. The obtained 1 nm thickness of interfacial water near the graphene
or h-BN surface is consistent with previous MD results [15,17,62]. Hereafter, we refer to
these three peaks as the first, second, and third layers of interfacial water, in order from the
surfaces. The densities of the first and second layers near the h-BN surface are 4.29 and
1.89 g/cm?, respectively, whereas those of the first and second layers near the graphene
are 4.09 and 1.81 g/cm?, respectively. The third layer is partially cohesive due to hydrogen
bonding with the dense second layer and is slightly denser than the bulk water region [17].
The first and second peaks near the h-BN surface are slightly larger than those near the
graphene, as presented in Ref. 62. This difference in peak intensity arises because the van
der Waals interaction among the water molecules and h-BN substrate is slightly stronger

than that among the water molecules and graphene.

4.3.2 Dielectric response for the weak electric field

In the weak electric field E, electric polarization P(E) of the confined water can be
described by P(E) = goxE, where g is the dielectric constant of vacuum and y is the
electric susceptibility. The electric polarization P(E) is expressed in terms of the dipole

moment per unit volume, which is given by,

P(E) =

N
M
v Z cos 6;, (40)

i=1

<I|3

where V is the volume of confined water, as obtained by subtracting the van der Waals radius
of carbon and boron atoms from the thickness between the h-BN substrate and the graphene,
and M is the total dipole moment (M = m Zf\il cos 6;). Here, m (= 7.83 x 1072 C m)
is the magnitude of the dipole moment of a water molecule, 6; is the angle between the

z-axis and the dipole moment of the i-th water molecule, and N is the number of water
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molecules. Therefore, the total dipole moment M is M = VP(E) = Ve x E and responds
linearly to the electric field E, leading to the following relationship from linear response

theory,

Veox = kBiT{<M2> ), @1)

where kp is the Boltzmann constant and 7 is the temperature of the system. The averages
(M) and (M?) in Eq. (41) were calculated as the long-time average of the system in the

zero electric field. Thus, the electrosensitivity y is as follows, [64—66]

1

_ 2y 2
= Ve M%) = (M)}, (42)

X

Note that the electric susceptibility y is connected to the relative dielectric constant &, via

the relation y = &, — £c. £ Obtained from the following Clausius—Mossotti equation,

Eoo — 1 3 dra
o t+2  3(v)

(43)

where v is the volume of the molecule and « is the polarizability, but in SPC/E, the rigid
non-polarizable model used this study, @ = 0, so €& = 1, and Eq. (42) is transformed as

follows [67, 68],

1

2 2
o (M) = ), (44)

g =1+

Figure 13 (a) shows the thickness dependence of the relative dielectric constant & ()
of the confined water, where # is the thickness of the confined water. Within a thickness
of a few nanometers, the dielectric constant is &,(%) ~ 2, which is much smaller than our
calculated dielectric constant for bulk water (P = 72.89, which is in good agreement
with the results of previous studies [69,70]). As the thickness increases, & approaches
the relative dielectric constant of bulk water. This thickness dependence is consistent with

the experimental results in Ref. 20.
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Fig 13. (a) Thickness dependence of the dielectric constant of confined water between
the graphene and the h-BN substrate. (b) Thickness dependence of the characteristic
electric field E. (&) for the confined water sandwiched between the graphene and the h-BN
substrate. The dotted line (EElllk = 0.416) indicates the characteristic electric field of the
bulk water. The red dashed line (Ey, = 0.7 [25]) indicates the breakdown electric field of

the h-BN substrate. Copyright 2023 The Japan Society of Applied Physics [63].
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water, respectively. The dashed line indicates the fully polarized value P(E)/Ps = 1.
The characteristic electric field is given by E.(h) = Ps(h)/gox (h). Copyright 2023 The

Japan Society of Applied Physics [63].
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4.3.3 Dielectric response beyond linear response

In Sec. 4.3.2, we discussed the dielectric response of confined water in a weak electric
field, wherein polarization can be described by P(E) = goyE. Meanwhile, in the limit
of a strong electric field, the water is fully polarized as P(E) = Nm/V(= Ps). Thus, the

characteristic electric field is given as

_Nm

Ec=———, 45
V sox () ()

and the system shows crossover from the weak electric field regime to the strong one
through E = E.. The h dependence of E.(h) is presented in Fig. 13 (b). In the limit
of h — oo, the characteristic electric field approaches E"¥ = 0.416 V/nm of the bulk
water (refer to the dashed line in Fig. 13 (b)). The breakdown electric field Ey of the
h-BN substrate is important for evaluating the effect of confined water on the transport
characteristics of a graphene FET. If E} is higher than E.(h), the confined water alters
the graphene FET characteristics. As shown in Fig. 13 (b), E. for confined water with
h < 100 nm is much higher than E, = 0.7 V/nm for the h-BN [25]; therefore, the confined
water with 2 < 100 nm does not affect the graphene FET characteristics.

We calculate the P(E) of confined water by calculating P(E) = 3 Z?L | €os 6; through
an MD simulation with an electric field applied. Figure 14 shows P(E) for several
thicknesses, where P(E) is normalized by each saturation value Ps. In the figure, the dotted
lines represent P(E) = gox E obtained by Eq. (42); they coincide with the polarization
results obtained by the MD simulation under a weak electric field. In addition, we confirm
that the systems exhibit crossover from the weak electric field regime to the strong one
across E = E.. Thus, we have succeeded in theoretically reproducing the polarization of
the confined water from weak to strong electric fields in the nanospace between graphene

and a h-BN substrate.
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Fig 15. The solid black line is the RACF of water molecules in the first layer (4.2-4.4
nm) on the graphene side of Fig. 12, the solid blue line is the RACF of water molecules in
the second layer (3.9-4.2 nm) on the graphene side, and the solid red line is the RACF of
water molecules in the bulk water region of confined water (1.4-3.4 nm). Copyright 2023

The Japan Society of Applied Physics [63].

4.3.4 Rotational dynamics and OH bond structures of confined water

Because the static dielectric constant is the real part at angular frequency O of the complex
dielectric relaxation spectrum represented by the Fourier transform of the time correlation
function of the total dipole moments [71], the rotational motion of water molecules is
closely related to the dielectric spectrum. We calculated the RACF (Eq.(28)) of water
molecules to clarify the degrees of rotational dynamics in each region of the confined
water [41,42].

Figure 15 shows the RACEF results for each region in the 4 = 4.27 nm confined water.
The RACF in the first water layer on the graphene surface relaxes more slowly than that

in the bulk water region, and the correlation with the initial time persists longer. The
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RACEF in the second water layer relaxes faster than that in the first layer but slightly slower
than that in the bulk water region. That is, the interfacial water has a limited degree of
rotational freedom compared with the water in the bulk water region. Note that the RACF
results for the first and second layers on the h-BN surface are essentially similar to the
results for the first and second layers on the graphene surface.

To understand the origin of the rotational dynamics limitation of water molecules in
the interfacial water, we examined the orientation of the OH bond of the confined water on
the graphene side. Figure 16 shows the distribution of OH bonds in confined water with
h =4.27 nm. Angle ¢ represents the angle between the unit vector in the z-axis direction
and the OH bond of the water molecules. When cos¢ = 1, the OH bond is oriented
toward the z-axis; when cos ¢ = 0, it is horizontal to the z-axis; and when cos ¢ = —1, it
is oriented in the opposite direction to the z-axis.

Figure 16(a) shows that the distribution in the bulk region is completely random, which
indicates that the water molecules are in free rotational motion. Therefore, the RACF in
the bulk region relaxes extremely quickly (Fig. 15). By contrast, the distribution of OH
bonds in the second layer (Fig. 16(b)) and the first layer (Fig. 16(c)) on the graphene side
is not random. Figure 16(b) shows that the distribution of the second water layer has a
peak at cos ¢ = 1; thus, the number of OH bonds oriented to the first water layer increases.
This effect is attributed to the water molecules in the second layer forming hydrogen
bonds with those in the first layer. Therefore, compared with the structure of the bulk
water region, the structure of the second water layer is slightly restricted in its freedom of
rotation. The distribution of the first layer has two peaks: one at cos ¢ = —1 and another
near cos ¢ = 0 (Fig. 16(c)). The former peak indicates that water molecules in the first
layer interact via hydrogen bonding with the water molecules in the second layer, whereas
the latter peak indicates that the water molecules interact via hydrogen bonding within the

first layer in a direction parallel to the graphene interface. Hydrogen bonds between water
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Fig 16. Distribution of OH bond orientations of confined water with 2 = 4.27 nm in (a)
the bulk water region, (b) the second layer on the graphene side, and (c) the first layer on

the graphene side. Copyright 2023 The Japan Society of Applied Physics [63].

molecules in the same layer and between water molecules in the first and second layers
lead to orientation of the water molecules, limiting their freedom of rotational motion.
Note that the slightly positive shift from the perfect z-axis parallel direction, cos ¢ = 0,
occurs because the SPC/E is a rigid model and cannot take ¢ = 90° in the case of hydrogen
bonding with the water molecules in the second layer. The distribution of OH bonds in the
interfacial water on the h-BN substrate side is also almost identical. The third layer had
only slightly more hydrogen bonds oriented toward the second layer, but the distribution
of OH bonds and RACEF results were almost identical to those in the bulk water region.
These results are consistent with those of our previous study which indicated that the
interfacial water forms two-dimensional polygonal hydrogen bonds in the plane [15, 17].

Although the water thickness in the present study differs from that in our previous studies,
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the distribution of the OH orientation is similar; thus, the thickness 4 does not strongly
depend on the structures and dynamics of the interfacial water, except when #h is very
thin. According to both our previous study and the present study, the interfacial water has
a two-dimensional polygonal hydrogen-bonded structure [15,17]. The unique structure
of interfacial water causes the restriction of its rotational motion, resulting in a small
dispersion of the electric dipole moment. Therefore, the dielectric response of the confined
water with a few-nanometer thickness is likely to be weaker than that in the bulk water
region. The monotonic increase of the dielectric response with increasing thickness & of
the water can be explained by a series connection between the dielectric constant of the
interfacial water and the bulk water [20].

For extremely thin 4 with only a single water layer, all OH bonds are parallel to the
interface and rotational freedom is limited, resulting in a very low dielectric constant.
When the thickness of the confined water becomes sufficiently greater than that of the
interfacial water, the dielectric response of the bulk water region begins to dominate and

&; approaches Pk = 72.89.
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4.4 Summary

In summary, we investigated, through MD simulation, the dielectric response of confined
water in the nanospace between graphene and h-BN substrates. We found that the dielectric
constant of confined water with nanometer thickness is £, ~ 2, which is much smaller than
that of bulk water (™% = 72.89). As the thickness / increases, &; also increases when
h exceeds a few nanometers and then approaches ™. This & dependence reproduces
the previous experimental data reported in Ref. 20. By applying an electric field to the
confined water and bulk water, we clarified the polarization properties beyond the linear
response region and showed that the behavior in the linear region is consistent with linear
response theory. In addition, we found that the saturation electric field Ps of the confined
water with 2 < 100 nm is much higher than the breakdown electric field of h-BN. This
result gives an important perspective for graphene FETs with a h-BN gate insulator: the
polarization of confined water does not affect the FET characteristics. Calculations of
the RACF and the distribution of OH bonds of confined water revealed that the rotational
degrees of freedom of the interfacial water are limited compared with those of the bulk
water region. Because the dielectric constant is related to the fluctuations of the electric
dipole moment, the limitation of the dynamics might be the cause of the small dielectric
constant of the interfacial water. The increase in the thickness 4 of the confined water,
as well as the increase of the dielectric constant &, is due to the relative decrease in the
fraction of interfacial water compared with the bulk water region. Previous study has
hypothesized that the reduction in the dielectric constant of confined water is due to the
limited rotational degrees of freedom of the water molecules [20], and the present study
demonstrates this hypothesis quantitatively by examining the distribution of RACF and

OH bonds.
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5 Conclusion

In this thesis, the thermodynamics and electric field response of water confined in the
nanospace of a graphitic surface have been studied by analyzing the dynamics and structure
of water molecules using MD calculations.

In Section 1, we introduced the fact that water is a familiar substance to us and that
water exhibits different properties when bound to a material interface compared to bulk
water. In addition, recent studies on the structure and properties of water confined in
the nanoscale of a graphitic surface, which is an atomically flat and ideally hydrophobic
surface, were also presented.

In Section 2, we introduced the simulation methods mainly used in this study, including
the MD calculation algorithm, the potential function, and the thermal control method.

In Section 3, we described a study of the solid—liquid phase transition of water around
CNT. Experiments in previous studies have shown that water around CNT does not freeze
even when the temperature is lowered to —130°C [18]. We compared the temperature
variation of the dynamics of water around CNT with that of bulk water using RACF. As
a result, the relaxation speed of RACF changed rapidly around the freezing point of bulk
water, confirming the solid-liquid phase transition. On the other hand, the relaxation
speed of RACF of water around CNT changed continuously with the temperature change,
indicating that the solid-liquid phase transition disappeared as in the experiment. The
RACEF results can be fitted by a double exp function with a slow relaxation term and a fast
relaxation term. These two terms correspond to polygonal and non-polygonal structures,
and the ratio of these two structures is found to vary continuously in the solid-liquid
CrOSSOVer region.

In Section 4, we discribed our research on the dielectric properties of water confined

at the interface between graphene and h-BN substrates. Recent experimental studies have
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reported that the dielectric constant of water confined at the interface between graphene
and h-BN substrate is very small [20]. We have reproduced a similar structure by MD
calculations and investigated the thickness dependence of the dielectric constant of the
confined water. We confirmed that the dielectric constant is very small when the thickness
of the confined water is very thin. As the thickness of the confined water is increased,
it gradually approaches the dielectric constant of the bulk water. The analysis of the
dynamics and structures of the confined water revealed that when the confined water is
thin and consists only of interfacial water, the dielectric constant is small because of the
rotationally restricted structure. As the thickness increases, the proportion of the bulk
water region that can rotate freely increases, and the dielectric constant recovers.

As described above, the structure and dynamics of water reveal the thermodynamics
and the electric field response of water aggregated at the graphitic surface. Both phenom-
ena were found to be caused by the layered structure of water near the surface due to the
interaction with the surface, which restricts the degree of freedom of rotation. Although
we focused on water at atomically flat graphitic surfaces, our method can be applied to
the analysis of water at various surfaces. We hope that our method will be applied to the

study of water properties at various surfaces such as SiO,, mica and so on.
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Appendices

Appendix A Chirality of CNT

Figure 17 shows a hexagonal lattice of graphene, with carbon atoms at the vertices of a
regular hexagon. The vector connecting any two vertices O and A is called the chiral
vector Cj,. This chiral vector Cj, can be expressed by using the basic lattice vectors a; and

a, as
C, =na; +may = (n,m), (46)

where m, n is an integer satisfying 0 < |m| < n, and this integer combination (n,m) is
called chirality. Note that the chirality of the figure is (4,1). Points B and B’ are the points
where the line segment perpendicular to the chiral vector from points O and A collides
with the vertex of graphene, respectively. Connecting O and A, and B and B’, we obtain
a cylinder, which is a CNT. Therefore, the chirality determines the winding of the CNT
and its structure. When n = m it is called an armchair nanotube, when m = O it is called
a zigzag nanotube, and otherwise it is called a chiral nanotube. The conductivity changes
depending on the winding method, and if (n — m)/3 is an integer, the nanotube is a metal,

otherwise it is a semiconductor.

Fig 17. Hexagonal lattice of graphene. The Cj, is a (4,1)-chiral vector. The a; and a; are

the basic lattice vectors of the hexagonal lattice.
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Appendix B Terminal values of the RACF for interfacial

water around CNT and bulk water

We adopted the terminal value Cipy of the RACF as an order parameter to distinguish
between the liquid and solid phases (i.e., because the system is in the liquid phase when
Cierm relaxes to zero). Figure 18 shows a plot of the Ciery for water adsorbed onto the
CNT surface at various temperatures, together with a plot of the Cey, for bulk water. The
relaxation time of interfacial water is much longer than that of bulk water, especially at
low temperatures. Therefore, the value around ¢ = 30 ns is considered as the Ciyy and
shown in Fig. 18.

In the case of bulk water, the Ciy decreases abruptly at 0°C as T increases. This
result means that the bulk water undergoes a phase transition from the solid phase to the
liquid phase at T = 0°C. However, in the case of the interfacial water around a CNT, the
Cierm Increases gradually around —90°C with decreasing 7. The gradual change of Cierm
for the interfacial water around the CNT is totally different from that for the bulk water.
This suggests that the interfacial water around a CNT does not undergo a clear solid-liquid
phase transition but rather exhibits a solid-liquid crossover.

In addition, the crossover temperature (approximately —90°C) is much lower than
the 0°C solid-liquid phase-transition temperature for bulk water. These MD results are

consistent with the results of recent experiments based on PL spectroscopy [18].
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Appendix C The number of hydrogen bonds per molecule
in bulk water

Figure 19 is a histogram of the number of hydrogen bonds per molecule in bulk water.
There is no coexistence of two different structures at one temperature as in the results for
water around the CNT, but a single peak at all temperatures. At low temperatures below
the melting point (Fig. 19 (a)) at T = —133°C, most water molecules have a hydrogen bond
density of around 4. As the temperature is raised below the melting point (Fig. 19(b))
at T = 27°C, the number of water molecules with different numbers of hydrogen bonds
increases and the distribution becomes broader. For the temperature increase in the
temperature range above the melting point, we confirmed that the peak position shifts
towards the one with fewer hydrogen bonds. This corresponds to the disorganization of
the hydrogen bond structure of water molecules with increasing temperature and shows

the same behavior as in the previous study on the number of hydrogen bonds [72].
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