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ABSTRACT

The structure and dynamics of water droplets on a bilayer graphene surface are investigated using molecular dynamics simulations. The
effects of solid/water and air/water interfaces on the local structure of water droplets are analyzed in terms of the hydrogen bond distribution
and tetrahedral order parameter. It is found that the local structure in the core region of a water droplet is similar to that in liquid water.
On the other hand, the local structure of water molecules at the solid/water and air/water interfaces, referred to as the interface and surface
regions, respectively, consists mainly of three-coordinated molecules that are greatly distorted from a tetrahedral structure. This study reveals
that the dynamics in different regions of the water droplets affects the intermolecular vibrational density of states: It is found that in the
surface and interface regions, the intensity of vibrational density of states at ~50 cm™" is enhanced, whereas those at ~200 and ~500 cm™*
are weakened and redshifted. These changes are attributed to the increase in the number of molecules having fewer hydrogen bonds in
the interface and surface regions. Both single-molecule and collective orientation relaxations are also examined. Single-molecule orientation
relaxation is found to be marginally slower than that in liquid water. On the other hand, the collective orientation relaxation of water droplets
is found to be significantly faster than that of liquid water because of the destructive correlation of dipole moments in the droplets. The
negative correlation between distinct dipole moments also yields a blueshifted libration peak in the absorption spectrum. It is also found
that the water—graphene interaction affects the structure and dynamics of the water droplets, such as the local water structure, collective
orientation relaxation, and the correlation between dipole moments. This study reveals that the water/solid and water/air interfaces strongly
affect the structure and intermolecular dynamics of water droplets and suggests that the intermolecular dynamics, such as energy relaxation
dynamics, in other systems with interfaces are different from those in liquid water.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0046817

I. INTRODUCTION However, owing to thermal fluctuations, local structures in liquid
water are distorted. As a result, liquid water shows spatially and tem-
Water is one of the prerequisites for life and is the most porally complex fluctuations and numerous anomalous properties
common solvent in physicochemical processes."” Despite having are found, such as a sharp change in the thermodynamic response
a simple molecular structure, water molecules can form strong function with decreasing temperature.’ It is now considered that
hydrogen bonds (HBs) with each other in liquid water. As seen the anomalous thermodynamic properties of water are related to

in ice, water molecules tend to form a local tetrahedral structure. fluctuations between low- and high-density liquid states."
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It is known that structural, dynamical, and thermody-
namic properties of liquid water are strongly influenced by
intermolecular HB interactions. Thus, when the intermolecular
interactions among water molecules are interrupted by solvation, the
structural and dynamical properties of these molecules in an aque-
ous solution are altered,”* '* an example being the acceleration or
retardation of collective orientation relaxation (COR) of aqueous
solutions. Furthermore, hydration of proteins also changes the prop-
erties of water. For example, the density of water molecules present
at the surface of a protein is found to be greater than that of lig-
uid water.'” In this context, the fast librational and reorientational
dynamics of water molecules in the hydration layer of proteins have
also been explored.”

In addition to the presence of solutes, interfaces and surfaces
also affect the properties of water. In this regard, the structure and
intramolecular dynamics of water interfaces have been intensively
investigated using surface-specific spectroscopy. In particular, one-
and two-dimensional vibrational sum-frequency generation (SFG)
spectroscopies have been applied to intramolecular vibrations of
water at air/water interfaces.”' *° Furthermore, water molecules at
the solid-water interface have also been a subject of immense scien-
tific interest due to its importance in a broad range of physicochem-
ical and technological processes, such as surface wettability,” "
lubrication,”” and capillary condensation.”

A water droplet on a solid surface is a system with both
air/water and solid/water interfaces. In this context, the contact
angle of water droplets has been investigated both theoretically and
experimentally,” " which plays an important role in wetting kinet-
ics of water droplets on a solid interface. The behavior of water
droplets in the presence of an electric field has also been studied
and forms the basis for techniques such as inkjet and electrostatic
painting and the manufacture of nanoscale structures.”” "’ However,
not much is known about structural and dynamical properties at the
molecular level of water droplets on a solid surface.

In this study, we investigate these properties of water droplets
on a bilayer graphene surface at the molecular level using molecular
dynamics (MD) simulations. First, we examine the effect of solid-
water interaction strength on the local structure of water molecules
in water droplets on a graphene surface. Then, we investigate the
dynamical properties in terms of the intermolecular vibrational den-
sity of states (VDOS). We find that the dynamics in the core region of
a water droplet are very similar to those in liquid water. On the other
hand, the intermolecular vibrational vDOS shows a redshift in the
water/solid and water/air interface regions owing to fewer HBs being
present. We study both single-molecule and collective orientation
relaxations of water droplets. It is known that collective orientation
relaxation (COR) is slower than single-molecule orientation relax-
ation (SMOR) in liquid water. However, the present study reveals
that COR in water droplets is much faster than SMOR because of
a negative correlation between dipole moments. It is also clarified
that the peak of the librational motion in the absorption spectrum
of a water droplet is blueshifted owing to the negative correlation
of distinct dipole moments. We also find that the structure and
dynamics of the water droplets are sensitive to the water-graphene
interaction.

The remainder of the paper is organized as follows: The com-
putational details are outlined in Sec. II. The results are discussed in
Sec. 111, and conclusions are given in Sec. I'V.
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Il. COMPUTATIONAL DETAILS

We perform classical MD simulations for water droplets on
a graphene surface. The water droplets are modeled using the
TIP4P/2005 rigid water model, which is known to correctly repro-
duce the structural and dynamical properties of liquid water."’ Ini-
tially, a cube of one thousand water molecules is placed in the middle
of the graphene surface to model a water droplet. After a few steps of
MD simulation, this water cube takes the form of a droplet, as shown
in Fig. 1.

The flat solid surface is modeled using the bilayer (AA stack-
ing) of graphene sheets with an interlayer spacing of 3.4 A and a
C-C bond length of 1.42 A. The graphene sheets are considered
to be representative of a flat solid surface with different interaction
strengths. The carbon atoms of the graphene sheets are modeled
using the AMBERY6 force field."" A single graphene sheet is very
flexible, and thus, ripples on the graphene surface are found to have
some effect on the wettability of a water droplet. > However, the
effect is negligible in the current case as the number of layers con-
sidered in this work does not cause ripples and can be considered as
arigid substrate as also considered by earlier workers.”’ The interac-
tion potential between a carbon atom of the graphene surface and
a water molecule is taken from the work of Werder et al.”’ The
potential parameters are listed in Table I. The Lennard-Jones (LJ])
potential depth between a carbon atom and the water droplet (ec-o
in kcal/mol) is increased by 20%, 40%, and 60% to examine the effect
of enhanced interaction strength with the graphene surface. The
droplet size on the surface depends on the strength of interaction
with the surface and reaches a radius of 1-3 nm. The simulations are
performed using the LAMMPS software’’ in the NVT ensemble at
300 K with periodic boundary conditions and the particle-particle-
particle-mesh (PPPM) treatment of long-range electrostatic inter-
actions. A cutoff of 14 A is used for nonbonded interaction, and the
SHAKE algorithm is used to constrain the bonds between the hydro-
gen and oxygen atoms of water molecules. Although the periodic
boundary conditions and PPPM are used in this study, the interac-
tions between water droplets are effectively removed by considering
a large simulation cell compared to the droplet size. The length of
the simulation is 30 ns with a time step of 1 fs. We confirmed that

(b)

FIG. 1. Top (a) and side (b) views of the graphene surface and water droplet at
300 K. For clarity, the full extent of the system is not shown. The carbon atoms of
the graphene sheet are shown in gray and the hydrogen and oxygen atoms of the
water droplet in white and red, respectively.
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TABLE I. Lennard-Jones force field parameters for graphene-water interaction.

Atom pair ¢ (kcal/mol) o (A)
C-C 0.086 3.4
C-0 0.094 3.19

the system is equilibrated within 20 ns by analyzing the fluctuation
in the total energy of the system. For the data analysis, the trajec-
tories from the last 10 ns run are stored at an interval of 10 fs. In
addition, we perform an independent simulation of the liquid water
in the NVT ensemble to compare the results of the water droplets.
The simulation is carried out in a cubic box containing 1000 water
molecules of a density of 1 g/cc at 300 K. The other simulation details
are the same as the water droplets.

lll. RESULTS AND DISCUSSION
A. Structural analysis of water droplet

Figure 2 shows the distribution of water molecules in the direc-
tion perpendicular to the graphene surface with different graphene-
water L] interactions. The shape of the water droplet depends on
the strength of its interaction with the graphene surface. In the
case of usual interaction (ec-o = 0.094 kcal/mol) with the graphene
surface (red line), the water droplet does not spread much on the
surface, resulting in a broad distribution of molecules in the direc-
tion perpendicular to the surface. Water droplets with stronger
interactions with the graphene surface show a larger peak in the
distribution of atoms near the surface (at low z), indicating the
spreading of molecules on the surface. As the interaction with the
surface increases, the intensity of the peak increases. The snapshots
in Fig. 3 indeed show changes in the shape of the droplet in var-
ious graphene-droplet systems. We examine the contact angle of
the water droplets by using a graphical binning approach.”® As
shown in Table I, the contact angle decreases with increasing water—
graphene 1nteract10n The present result is in good agreement with
previous results."

(@) &,.,= 0.094 keal/mol

(b) &..,=0.113 kcal/mol
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FIG. 2. Number distribution of oxygen atoms in surface—droplet systems. ec_o
represents the LJ cross-interaction potential. The red line shows the result with
the usual interaction, and the green, blue, and brown lines correspond to 20%,
40%, and 60% enhancement in the LJ potential (in kcal/mol), respectively.

We now examine preferred orientations of water molecules in
the first layer of the droplet on the graphene surface. Here, we ana-
lyze the orientation of water molecules based on two angles: One is
the angle « between the H-H vector (the line joining the two hydro-
gen atoms) and the normal to the graphene surface, and the other
is the angle 3 between the dipole moment and the normal to the
graphene surface. Figures 4(a) and 4(b) show the two-dimensional
probability distributions of « and f in the systems having the usual
and 60% enhanced graphene-water interactions, respectively. The
result shows that water molecules orient themselves preferentially in
three different orientations: The most preferable orientation is («, )
= (~90°, ~100°), and the others are (a, ) = (~40°, ~55°) and («, f8)
=(~140°, ~55°), respectively. The present result on the preferred ori-
entation distribution of water droplets on a graphene surface is con-
sistent with previous studies."”" Figure 4(c) shows that the distri-
bution of the H-H vector parallel to the graphene surface increases
with increasing water—graphene interaction. Figure 4(d) shows that

FIG. 3. Snapshots of the water droplet
having (a) the usual interaction and (b)
20%, (c) 40%, and (d) 60% enhanced
interactions. For clarity, the full extent of
the system is not shown.

J. Chem. Phys. 154, 164704 (2021); doi: 10.1063/5.0046817
Published under license by AIP Publishing

154, 164704-3


https://scitation.org/journal/jcp

The Journal

of Chemical Physics

TABLE II. Contact angle of the water droplet for different water-graphene
interactions.

0.094
95+ 3

0.113
76 +£2

0.131
53+1

0.150
34+1

ec-o (kcal/mol)
Contact angle (deg)

the bimodality of the distribution of the angle between the dipole
moment and the surface normal becomes more intense with increas-
ing water—surface interaction. Furthermore, it is found that the total
dipole moment of water molecules in the first layer points upward
with respect to the normal to the graphene surface. In addition,
the distributions of orientation do not change much by changing
the interaction strength between the water droplet and graphene
surface.

Next, we examine the distribution of the number of HBs
per molecule in the water droplets and liquid water. Two criteria
are used for identifying an HB between any two water molecules:
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The distance ro..0 between the oxygen atoms of both molecules
should be <3.4 A, and the angle Oy..0 should be <30° (here, a
dotted line denotes an intermolecular vector, whereas a solid line
denotes an intramolecular vector).”’ Figure 5(a) presents the frac-
tion of water molecules forming a particular number of HBs in
the water droplets and liquid water. It shows that ~55% are four-
coordinated water molecules in liquid water, whereas ~45% of water
molecules are involved in forming four HBs in the water droplets.
The fraction of water molecules forming a higher coordination num-
ber, i.e., >4, decreases as the interaction between water and the
graphene surface increases, while the fraction forming a lower coor-
dination number, i.e., <3, increases with increasing water-graphene
interaction. Thus, the nature of the graphene-water interaction
affects the coordination number of water molecules in the droplet
in comparison to that of liquid water. However, the change in
the distributions of the fraction of HBs is not much by changing
the interaction strength between the water droplet and graphene
surface.

180 T . . 1 pg 7.00e-05
(b) ' 600005
1 L , i
3 i -- 5.00e-05
5
N -- 4.00e-05
e -- 3.00e-05
- N...
45 | e 00e-05
2. & 1.00e-05
0 1 1 1 —| B8 0.00e+00
0 45 90 135 180
0.01
~~~
=
N
QL
0.00 . 3 . v

1
0 45 135 180

FIG. 4. Probability distributions of angles « and j3 of water molecules in the first layer of the droplet having (a) the usual interaction and (b) the 60% enhanced LJ interaction.
The probability distributions of « and f3 in the water droplets are shown in (c) and (d), respectively.
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FIG. 5. (a) Fraction of the number of HBs in water droplets and liquid water. The red bars correspond to the usual graphene-water interaction, and the green, blue, and
brown bars correspond to the graphene-water systems with 20%, 40%, and 60% enhanced LJ interaction potentials, respectively. (b) Fraction of the number of HBs formed
by water molecules in the interface, core, and surface regions of the water droplet having the usual interaction with the graphene surface. The result for liquid water is also

shown.

Unlike molecules in liquid water, water molecules in a droplet
exist in a heterogeneous environment because of the presence of
the graphene/water interface and the droplet surface. Therefore, we
examine here the HB coordination of water molecules in a water
droplet by dividing the water molecules into three regions: interface,
surface, and core regions. The interface region is defined by the first
layer of the water droplet on the graphene surface, i.e., z < 8.2 A asin
Fig. 2. The outermost layer of water molecules above the first layer
on the graphene surface is considered as a surface region, while the
rest between the interface and surface regions is considered as a core
region. The number fractions of water molecules in the three regions
of the water droplets with the different surface-water interactions
are shown in Table II1.

Figure 5(b) shows the fraction of the number of HBs in the
three regions of the water droplet having the usual graphene-
water interaction (ec_o = 0.094 kcal/mol). For water molecules
in the core region, the distribution of the fraction of HBs is
similar to that of liquid water. On the other hand, in the sur-
face and interface regions, the local HB structure is greatly dis-
torted, i.e., the fraction of three-coordinated water molecules (~40%)
is higher than that of four-coordinated water molecules, and
the fraction of two-coordinated water molecules in these regions
(~20%) is much higher than that in the core region and in liquid
water (~7%).

To elucidate the local structure of the water droplets, it is
further analyzed in terms of the tetrahedral order parameter g

TABLE Ill. Number fraction of water molecules in different regions inside the water
droplets.

Number fraction of water

Water droplet L]

potential (kcal/mol) Interface region Core region Surface region
ec-o =0.094 0.163 0.505 0.331
ec-0=0.113 0.215 0.468 0.318
ec-o0 =0.131 0.278 0.398 0.323
ec-o0 =0.150 0.351 0.313 0.336

defined as’’

Me

4
> (cosyjn+ 1)’ (1)

3
j=1 k=j+1

J

where v, is the angle formed by lines joining the oxygen atom
of water molecule i and its four nearest-neighbor oxygen atoms of
molecules j and k. This is an index quantifying the similarity of the
water structure to the perfect tetrahedral structure: A perfect tetra-
hedral structure yields q = 1, while the value of g decreases as the
local structure is distorted from tetrahedral.

Figure 6(a) shows the tetrahedral order parameter of
water molecules in water droplets and liquid water. The large
q values (q > 0.7) for liquid water indicate a locally tetrahedral
arrangement of water molecules. In addition, the shoulder at g ~ 0.5
arises from a disordered local structure due to HB defects in the sys-
tem. By contrast, in the water droplet, the fraction of water molecules
with a locally distorted tetrahedral structure increases remarkably,
i.e., the distribution is small (large) for g > 0.6 (¢ < 0.6) and has a
long tail even for g < 0. Figure 6(a) also shows that the peak of the
distribution at g ~ 0.7 decreases and shifts to ~0.5 with increasing
water—graphene interaction.

To investigate the origin of the distortions of the local structure
in the water droplets, we examine the local tetrahedral structure of
water molecules in three regions. Figure 6(b) shows the distribution
of g in a water droplet having the usual graphene-water interaction.
The distribution of g in the core region is almost identical to that
of liquid water, as shown by the fraction of the number of HBs in
Fig. 5(b). In contrast to the local structure in the core region, the local
tetrahedral structure is found to be greatly distorted in the surface
region: The distribution for g > 0.5 is weakened and has a long tail
for q < 0 owing to the increase in the number of HB defect molecules
with less than four-coordination compared with the distribution in
the core region. The present result shows that the distribution for
q > 0.7 in the interface region is less than that in the surface region,
indicating that the local tetrahedral structure is further distorted.

B. Vibrational density of states of water droplet

Next, we investigate the dynamics of the water droplets. First,
we examine the intermolecular vibrational density of states (vDOS)
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FIG. 6. (a) Probability distributions of the tetrahedral order parameter in a water droplet with different graphene-water interactions and liquid water. The color coding represents
the increment in the LJ potential between the surface and water droplet, with red corresponding to the case of usual interaction with the surface. (b) Region-wise tetrahedral
order parameter of water molecules in a water droplet with the usual interaction with the graphene surface. The tetrahedral order parameter of liquid water is also shown.

calculated from the Fourier transform of the velocity time correla-
tion function (TCF). Intermolecular vibration motions have inten-
sively been studied by far-IR, Raman, and neutron scattering exper-
iments."”>”" Below 400 cm™', two peaks are observed at ~60 and
~200 cm™". These peaks at ~60 and ~200 cm™" have been assigned
to the O-O-0O HB bending and O-O HB stretching motion, respec-
tively.”>” There is a general consensus about the origin of the band
at ~200 cm™', whereas there is some debate about the origin of
the band at ~60 cm™'.”"" On the other hand, above ~400 cm™,
a broad band extending to ~1000 cm™" is observed."”*”* Note that
three bands are found in Raman spectroscopy.””>”® The band from
~400 to ~1000 cm™" is assigned to the libration motion. Figure 7(a)
shows the vDOS of the oxygen and hydrogen atoms in the water
droplets and liquid water. It is known that in liquid water, the vDOS
of the oxygen atom has two characteristic peaks at ~60 and ~230
cm™! and the vDOS of the hydrogen atom has a main peak at
~520 cm™! and a weak shoulder at ~900 cm™", as shown in a pre-
vious study.r"i In the water droplets, the three main intermolecular
motions are redshifted to ~50, ~200, and ~500 cm™" in the vDOS of
the oxygen and hydrogen atoms, respectively, and the vDOS intensi-
ties at ~200 and ~50 cm ™" are, respectively, weakened and enhanced
compared with the vDOS of liquid water. In contrast to the differ-
ence between the vDOS of liquid water and water droplets, those
between the vDOS of water droplets with different interactions are
small.

To elucidate the difference between the vDOS of the water
droplets and liquid water, we examine the vDOS of water molecules

in the three regions of the water droplet having the usual graphene-
water interaction. As can be seen from Fig. 7(b), the vDOSs of the
oxygen and hydrogen atoms of water molecules in the core region
are almost identical to those in liquid water. On the other hand, those
in the interface and surface regions are very different from those in
liquid water. In the interface region, the peak of the HB stretching
motion is shifted to ~200 cm™ !, and the vDOS intensity from ~70
to ~150 cm™! increases. In the surface region, the HB stretching
peak is shifted to ~200 cm™', and an increase in the vDOS inten-
sity is found at lower frequencies, i.e., below ~50 cm” L. The vDOS
of the hydrogen atoms in the interface and surface regions shows a
redshift in the librational motion, except for the core region. Fur-
thermore, the shoulder peak at ~900 cm™' becomes very weak in
these regions. The larger redshift of the HB stretching in the surface
region is attributed to the absence of water molecules outside the
region.

As we have observed that the fraction of HB defects increases
in the interface and surface regions, we investigate the HB number
dependence of the vDOS in three regions of the water droplet hav-
ing the usual water—graphene interaction. Figures 8(a)-8(c) show
the vDOS of the two-, three-, and four-coordinated water molecules
in three regions of the water droplet. Water molecules in the core
region are almost the same as those in liquid water regardless of the
number of HBs. It is found that the vDOS intensity at ~200 cm™" is
weakened and that at ~50 cm ™" it is enhanced with decreasing HB
number from four in all the regions. Furthermore, the peak posi-
tion of the vDOS at ~50 cm ™" is found to exhibit a redshift with

(b)

— Liquid-water

(a) — £e=0094

/\ £0=0.113
— £ =0.131

Density of states (arb. units)

Density of states (arb. units)

— Liquid-water
Interface-region

— Core-region

— Surface-region

FIG. 7. (a) vDOS of the oxygen (solid
lines) and hydrogen (dashed lines)
atoms in the water droplets and liquid
water. (b) Region-wise vibrational vDOS
of the oxygen (solid lines) and hydrogen
(dashed lines) atoms of water molecules
in the liquid water and water droplets
having the usual interaction with the
graphene surface. The vDOSs of the
oxygen and hydrogen atoms in liquid

water are also shown.
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FIG. 8. vDOS of the oxygen (solid lines) and hydrogen (dashed lines) atoms of (a) two-, (b) three-, and (c) four-coordinated water molecules in different regions of the water
droplet. The black, yellow, green, and violet lines are the vDOSs of the liquid water, interface, core, and surface regions, respectively. The vDOSs of the libration motion are

expanded in the inset.

decreasing HB number. The changes in the intensity of the vDOS
at ~50 and ~200 cm™" and the redshift of the band at ~50 cm™" are
larger in the interface region and especially in the surface region.

In the case of hydrogen atoms, the vDOS of those in the core
region of the water droplet is almost identical to that of liquid water
irrespective of the HB number. It should be noted that the vDOSs
of hydrogen atoms, even those of the water molecules with four HBs
in the interface and surface regions, are distorted toward low fre-
quencies, i.e., the vDOSs in the interface and surface regions are
weakened on the high-frequency side and strengthened on the low-
frequency side of the main peak of the librational motion. With
decreasing HB number, the peak position of the librational motion
in each region is shifted to a lower frequency, e.g., ~400 cm™',
and the shoulder peak at ~50 cm™' almost disappears for water
molecules with two HBs. It is also worth noting the emergence of
a peak at ~250 cm™" in the vDOS of the hydrogen atoms of water
molecules with fewer than four HBs is in the interface and surface
region. The present results show that the difference between the
vDOS of the water droplets and liquid water can be attributed to
the presence of the interfaces, particularly the surface region cor-
responding to the air/water interface, with water molecules having
fewer HBs.

To understand the generality of this result, we simulate a water
slab system consisting of 1000 water molecules, which is a two-
dimensional periodic water structure with the air/water interface in
the z dimension. A preliminary result presented in Fig. 9 shows that
the vDOS of water molecules at the air/water interface in the water
slab system exhibits the same behavior as observed in the vDOS of
water molecules in the surface region of the water droplets, whereas
the behavior of water molecules in the core region of the water slab
system is the same as that in liquid water. A detailed analysis of
the water slab system is currently underway and will be published
separately.

The present study reveals the redshift of the vDOS of all the
intermolecular motions due to the lower numbers of HBs of water
molecules in the surface and interface regions of the water droplets.
It has been revealed that the energy relaxation dynamics of the O-
H stretching and H-O-H bending of a water molecule depend on
the number of HBs of the molecule in liquid water, for example,
the energy relaxation time of these intramolecular motions of a

three-coordinated water molecule is slower (by ~10% to 40%) than
that of a four-coordinated water molecule.”®”” In addition, energy
relaxation dynamics can be investigated using pump-probe spec-
troscopy and by examining the transient changes in vDOS under
the application of external fields.””" ' The present study finds that
the vDOSs of water molecules in the surface and interface regions
are different from those in liquid water. Thus, it is expected that the
intermolecular vibrational energy relaxation dynamics at the surface
or interface region of a droplet and at a water/air interface will be
found to be different from those in liquid water.

C. Orientation relaxation of water droplet

We now investigate single-molecule and collective orientation
relaxation in water droplets. The SMOR of a water molecule, ¢(¢), is
defined as

s(o) - B0 -E0)

)
Here, we calculate the SMOR as the average of all the water
molecules in the system. The SMORs in the water droplets and
liquid water are shown in Fig. 10(a), and the relaxation times are

2

— Liquid-water
— Water-slab-core
Water-slab-surface

Density of states (arb. units)

~

1000

0200 400 600 800
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FIG. 9. vDOS of water molecules in different regions of the water slab system. The
vDOS of liquid water is also shown.
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FIG. 10. (a) SMORs in water droplets
and liquid water and (b) region-wise
SMORs in a water droplet having the
usual interaction with the graphene inter-
face. The SMOR in liquid water is also
1 shown.

1.0 T T T 1.0 T T T
1O Licuid
i \ — Liquid-water — Liquid-water
08 (a) \ — €0 =0094 ] 08 (b) Interface-region i
’ [ 1 6. =0.113 : — Core-region
0 _ — Surface-region
— e =0.131
0.6 L1 £, =0.150 7 T
= 080102030405 cO0 =
=g =
0.4F b
0.2F
1 1 1 0.0 L L L
0~00 3 15 20 0 5 15 20

10
Time (ps)

summarized in Table I'V. The present result shows that SMOR in
liquid water with a relaxation time of 5.4 ps is slightly faster than
in water droplets with a relaxation time of 5.4-6.4 ps. The dynam-
ics of SMOR in a water droplet slows down slightly with increasing
water—graphene interaction.

Figure 10(b) shows the SMORs in the three regions of the water
droplet having the usual interaction with the graphene surface. It
is found that the SMOR in the surface region is the fastest because
there are fewer HBs per water molecule and a free boundary is
present. On the other hand, the SMOR in the interface region is the
slowest because the rotational motion is hindered by the presence
of the graphene surface. As mentioned above, the number of water
molecules in the interface region increases with increasing water—
graphene interaction, and the average SMOR becomes slower with
increasing water-graphene interaction.

Next, we investigate the COR of water molecules. The COR
®(t) is defined as the normalized TCF of the total dipole moment
M of the system,

(OM(t) - 3M(0))

(1) = (oM

3)
where 6{4 (t) is the fluctuation of the total dipole moment of the
system, M, from its mean value (M), i.e., 6M(t) = M(t) - (M). In
this study, we approximate the total dipole moment M as the sum of
the dipole moments of individual water molecules j;(t),

(0 = ) @

Figure 11(a) shows the CORs in the water droplets and liquid
water. Compared with SMOR, COR shows a significant difference

TABLE IV. Orientation relaxation times, Kirkwood and dynamic Kirkwood factors, and
parallel and perpendicular components of the Kirkwood factor of water droplets and
liquid water.

Tcor (ps)  Tsmor (ps) Gk GR(0) Gy Gk.
Liquid water 11.86 5.37 3.23 1.46 3.23 323
ec-o =0.094 0.90 5.43 0.24 1.45 0.28 0.15
ec-0=0.113 1.28 5.63 026 1.14 032 0.14
ec-0 =0.131 1.43 5.84 0.30 1.23 0.38 0.13
ec-0 =0.150 2.25 6.34 0.40 1.13 0.53 0.15

10
Time (ps)

between water droplets and liquid water. It is known that in liq-
uid water, COR is approximately two times slower than SMOR."
In the present results, the relaxation times of COR and SMOR
in liquid water are ~11.9 and ~5.4 ps, respectively. By contrast,
the present study reveals that in a water droplet, COR becomes
~2.5-5 times faster than SMOR. Furthermore, the COR of a water
droplet having the usual graphene-water interaction is about 11
times faster than that in liquid water. A similar behavior is observed
for water confined in spherical nanocavities.” In the case of spher-
ical nanocavities, the effect of different interactions and cavity size
on COR is almost negligible, whereas in water droplets on graphene,
COR becomes sluggish with an increase in interaction with the
surface.

In addition to the significant acceleration of COR in the water
droplets, it also shows a large initial decay compared with COR in
liquid water. Figure 11(b) shows the absorption spectra of liquid
water and water droplets, given by

a(w) = fo = o(t) cos(wt) dt. )

The absorption spectrum of the water droplets shows a consider-
able blueshift of the librational motion compared with liquid water,
which is attributed to the large initial decay of the COR of the
droplets.

To understand the difference between the dynamics of the total
dipole moment in the water droplets and in liquid water, the COR is
divided into two terms,

(D(t) = q)self(t) + q)cross(f), (6)

where

(i(ﬁi(o ~ ) - @ (0) - <fw>>)

(Dself(t) = = <6M2> >

7)

i#j

N
(Z ((t) = (M) - (#(0) - (M))>

(Dcross(t) = (8)

(6n7)

Here, ®¢(t) is proportional to the SMOR given in Eq. (2).

Figure 12(a) shows that in liquid water, @cross(t) is positive
and slower than ®g(t), and thus, COR is slower than SMOR.
On the other hand, as shown in Fig. 12(b), in the water droplets,
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Dross (1) and Ogei¢(t) have opposite signs, which leads to cancellation
of these terms. As a result, in the water droplets, COR is faster than
SMOR.

Figure 13 shows the absorption spectra corresponding to the
self- and cross-terms of liquid water and a water droplet having the
usual water-graphene interaction. The absorption spectrum of the
self-term of the water droplet is very similar to that of liquid water.
However, we find large differences between the spectra of the cross-
term of the water droplet and liquid water, for instance, in the water
droplet, a positive and a negative peak are found at ~750 and at
~480 cm™ ', respectively, whereas in liquid water, a positive peak and
two negative peaks are found at ~650 and at ~480 and ~900 cm™*,

sum of individual dipole moments in a water droplet, the collective
dipole moment is sensitive to the fluctuation of an individual dipole
moment, as found in an isolated water cluster.®” The small value of
G in the presence of an interface is responsible for a low value of
static dielectric constant &y.”” " Thus, we also expect small & for the
water droplets, although ¢ for water droplet is not unambiguously
determined owing to its irregular shape.

Furthermore, a relation between the relaxation time of the
COR, 7cor, and that of the SMOR, 7smor, can be derived using
Gk, based on the Mori-Zwanzig equation for the dipole moment
correlation matrix,”

respectively. Consequently, the differences between the distinct cor- TCOR = ADi TSMORS 9)
relation of the dipole moments in the water droplets and liquid water G (0)
give rise to significant differences between the TCFs and spectra of |/ p .0
these systems. It is noted that the blueshift in the libration motion (oM7)
of the water droplets is due to the dipole cross correlations, not the Gk = W, (10)
stiffness of the water interaction.
A difference between the correlations of dipole moments is IN < s 1\71( £)-5 1\7[(0))
found in a static quantity, namely, the Kirkwood g-factor, Gk. Sinfcj Gg(w) _ 0 Q a1

it is known that the convergence of dielectric properties is slow,
we have ensured that the reported Gk values in this work are con-
verged in the time limit of our simulation (see Fig. S1 of the supple-
mentary material). As summarized in Table IV, in liquid water, Gk
is greater than three, which indicates a constructive correlation of
dipole moments of water molecules ((6M*) > N(y?), i.e., there is a
positive correlation between distinct dipole moments). On the other
hand, in water droplets, Gk is found to be less than unity owing to
a destructive correlation of dipole moments ({8M*) < N{(u?), i.e.,
there is a negative correlation between distinct dipole moments).
Because the magnitude of the total dipole moment is smaller than the

Jo= deemor SN (fu(6) - (0)) .

Here, GR(0) is a dynamical analog of G, expressing the correlation
in the memory function of the collective orientation relative to that
of individual orientations, and the subscript Q in GR denotes the
time evolution in projected space. It is expected that $2(0) is close
to unity because of the ratio of fast dynamics of the memory func-
tion. As mentioned above, a constructive correlation between dipole
moments is found in liquid water, Gk > 1, and thus, the relaxation
time of COR is much longer than that of SMOR in liquid water. On
the other hand, a destructive correlation, Gk < 1, is found in water

1.0 T T T 40 T T T
— Liquid-water — &g =009
ot cgmem @ 4 [ sgem, ()

) FIG. 12. Self-correlations (dotted line)
€ Sy 0_¥ -------------------------- and cross correlations (dashed line) of
S L S the CORs in (a) liquid water and (b) a

e water droplet having the usual interaction
20F -7 8 with the graphene surface.
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droplets. As a result, in water droplets, COR becomes faster than
SMOR. A similar acceleration mechanism of COR is found in water
clusters and confined water molecules.’”*’

Table TV shows that the Kirkwood factor gradually increases
with increasing water—-graphene interaction. To understand the
effect of the water-solid and water-air interactions, we analyze
the parallel and perpendicular components, Gk, and Gk, ,, of the
Kirkwood factor with respect to the graphene surface,

Gk = 3(2Gk + Gky), (12)
where
3(M3
GK” = ]\§(y2|>>: (13)
2
Gy, = 20 (14)

T N@

with (Mﬁ) = J(M; + M;) and (M?) = (M:). The perpendicular
component of the dipole moment is in the direction of the surface
normal vector.

We find that the total dipole moments along the z axis in
the interface and surface regions are largely canceled, and Gk, is
almost independent of the water—graphene interaction. On the other
hand, we also find that Gk gradually increases with increasing
water—graphene interaction. As a result, Gk increases with increas-
ing water—graphene interaction. A small fluctuation in the perpen-
dicular component of the total dipole moment is also found in the
nanoconfined water between graphene sheets.”

We now examine the TCFs of the parallel and perpendicular
components of the total dipole moment in water droplets. It should

o) (cm'l)

be noted that these TCFs are similar within statistical error in liquid
water. Figure 14(a) shows that the TCF of the perpendicular compo-
nent, @, (t), is faster than that of the parallel component, Q) (#), in
water droplets, for example, 7, ~ 0.68 ps (0.64 ps) and 7 ~ 1.00 ps
(2.17 ps) in a water droplet having the usual (60% enhanced) inter-
action. It is noted that an increase in the water—graphene interac-
tion does not significantly change 7,, whereas it largely changes
7). The interaction dependency of 7, and 7| is attributed to the
change in Gk, and Gk with a change in water-graphene inter-
action. Furthermore, @, (f) exhibits more pronounced oscillations
than @ (). This is also due to the negative correlation between
distinct dipole moments, i.e., a small Gx makes the total dipole
moment more susceptible to the fluctuations of individual dipole
moments. Similar rapid and pronounced oscillations are found in
the perpendicular component of a nanoconfined water system.”
As a result, the libration peak in the absorption spectrum of the
perpendicular component in a water droplet is shifted to a higher
frequency than those in the parallel component and in liquid water
[Fig. 14(b)].

IV. CONCLUSIONS

In this study, we investigated the structural and dynamic prop-
erties of water droplets on a graphene surface by performing MD
simulations. First, we studied the local structure of the water droplets
in terms of HB number per molecule and the tetrahedral order
parameter. In particular, we examined these properties of water
droplets by dividing the system into three regions: a (water/solid)
interface region, a core region, and a surface (water/air interface)
region. We found that the local structure of water molecules in the
core region is very similar to that in liquid water. However, the
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present study has revealed that the local structure is greatly dis-
torted in the interface and surface regions owing to the presence
of the water/solid and water/air interfaces: three-coordinated water
molecules are the most abundant, and thus, the local structure is dis-
torted from tetrahedral. Furthermore, we found the change in the
structure of the water droplets on the graphene surface as the inter-
action with the surface increases, i.e., the decrease in contact angle
corresponding to the spreading of water molecules on the surface.
In addition, we found that the local structure becomes less ordered
with increasing water—graphene interaction.

We investigated the dynamics of water droplets by calculat-
ing the intermolecular vibrational vDOS. It was revealed that the
vDOS at ~50 cm™! increased and that at ~200 cm™" decreased in
the surface and interface regions. We also found that the librational
motion of the hydrogen atoms in the surface and interface regions
was redshifted compared with that of liquid water. We found that
the changes in the vDOS of the droplets compared with that of
liquid water are due to there being fewer hydrogen-bonded water
molecules, such as three- and two-coordinated water molecules, in
the interface and surface regions of the water droplets. These results
suggest that the energy relaxation dynamics in a water droplet, espe-
cially in the surface and interface regions, can be different from
those in liquid water. In addition, we found that the vDOS of the
intermolecular translational and librational motions of molecules
in the surface region of a water slab system is very similar to
that of water molecules in the surface region of a water droplet.
Thus, the present results imply slower intermolecular energy relax-
ation dynamics at the water/air interface compared with the
bulk.

We also studied both single-molecule and collective orienta-
tion relaxations of water droplets. We found that SMOR of water
droplets is slightly slower than that of liquid water. We also found
that COR is faster than SMOR in water droplets and that it is more
than 11 times faster in droplets than in liquid water. This is due to
the negative correlation between different dipole moments in water
droplets, as shown by the Mori-Zwanzig equation. The present anal-
ysis also showed that the negative correlation of the distinct dipole
moments yields a blueshift of the librational motion in the far-
infrared spectrum of water droplets, compared with that of liquid
water. It is of great importance to recognize that this blueshift of
the librational motion is due to the negative correlation between
dipole moments, not to a stiffer intermolecular interaction. Further-
more, the present study showed that SMOR slows down slightly with
increasing water—graphene interaction. In addition, we found that
with increasing interaction, the Kirkwood g-factor, i.e., the correla-
tion between dipole moment, increases, although still less than one,
and COR slows down.

We examined the parallel and perpendicular components of the
total dipole moments, and we observed pronounced oscillations of
the perpendicular component due to the large cancellation of the
total dipole moment. A similar behavior is found in nanoconfined
systems. It is therefore expected that the differences in dynamical
behavior between water molecules in liquid water and in the sur-
face regions of water droplets will also be observed in other systems
in which air/water interfaces are present. Furthermore, we found
that with the increase in water graphene interaction, oscillations in
the perpendicular component become apparent and the increase in
blueshift in the spectrum of the perpendicular component as well

ARTICLE scitation.org/journalljcp

as the slowdown of relaxation time of the parallel component is
observed.

The intermolecular dynamics of water molecules at interfaces
are not well understood. Therefore, it is of interest to investigate
the intermolecular translational and orientational dynamics of water
molecules in these systems both experimentally and theoretically.

SUPPLEMENTARY MATERIAL

We have provided a figure in the supplementary material to
show the convergence of the Gk factor in our simulation.
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