
LI AND ZENG VOL. 6 ’ NO. 3 ’ 2401–2409 ’ 2012

www.acsnano.org

2401

February 22, 2012

C 2012 American Chemical Society

Wetting and Interfacial Properties of
Water Nanodroplets in Contact with
Graphene and Monolayer
Boron�Nitride Sheets
Hui Li and Xiao Cheng Zeng*

Department of Chemistry and Nebraska Center for Materials and Nanoscience, University of Nebraska, Lincoln, Nebraska, 68588

T
he interactions between water and
material surfaces are manifested in
thewetting properties of thematerial,

as well as in many interfacial phenomena in
a variety of chemical, biological, and tech-
nological systems.1 For example, interfacial
water can act as a lubricant in water�clay
systems,2,3 or supplies attractive interac-
tions among hydrophobic groups of pro-
teins or lipid bilayers.4�7 Moreover, under-
standing physical behavior of the interfacial
water has important implications for the
design of nanostructured devices such as
those built upon carbon nanotubes (CNTs)
or graphene nanoribbons. This is because
all nanostructured devices possess large
surface-to-volume ratios. As a consequence,
interfacial water, if present, may signifi-
cantly affect functions of these devices.
Certain nanostructured devices can be uti-
lized as sensors and, typically, these sensors
are either exposed to the open air or im-
mersed in an aqueous environment.8 To
date, the wetting behavior of water on
carbon CNTs and graphene/graphite sur-
faces has been studied by many research-
ers, either experimentally9�16 or theoreti-
cally.17�21 These studies have shown that
the wetting and dynamical properties of
water can be strongly dependent on the
chemical composition22�28 and microstruc-
ture29�34 of the contacting surfaces.
For atomically flat and homogeneous sur-

faces, such as graphene sheets, their wett-
ability (or hydrophilicity) ismainly determined
by the chemical properties of the surfaces.1

In turn, the large dipole moment associated
with the water molecules may also signifi-
cantly affect electronic properties of contact-
ing surfaces.20 Graphite is known tobeweakly
hydrophobic with an apparent water contact
angle in the range of 80�90�.10 However,

on epitaxial graphene grown on silicon car-
bide, a reported experimental contact angle is
92.5�.15 Another recent study of water dro-
plets on thin films of graphene shows that the
contact angle can be as large as 127�.16 It is
also known that one-dimensional (1D) CNTs
have low solubility inwater due inpart to their
high surface curvatures.11
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ABSTRACT

Born�Oppenheim quantum molecular dynamics (QMD) simulations are performed to investigate
wetting, diffusive, and interfacial properties of water nanodroplets in contact with a graphene
sheet or a monolayer boron�nitride (BN) sheet. Contact angles of the water nanodroplets on the
two sheets are computed for the first time using QMD simulations. Structural and dynamic
properties of the water droplets near the graphene or BN sheet are also studied to gain insights into
the interfacial interaction between the water droplet and the substrate. QMD simulation results are
compared with those from previous classic MD simulations and with the experimental measure-
ments. The QMD simulations show that the graphene sheet yields a contact angle of 87�, while the
monolayer BN sheet gives rise to a contact angle of 86�. Hence, like graphene, the monolayer BN
sheet is also weakly hydrophobic, even though the BN bonds entail a large local dipole moment.
QMD simulations also show that the interfacial water can induce net positive charges on the
contacting surface of the graphene and monolayer BN sheets, and such charge induction may affect
electronic structure of the contacting graphene in view that graphene is a semimetal. Contact
angles of nanodroplets of water in a supercooled state on the graphene are also computed. It is
found that under the supercooled condition, water nanodroplets exhibit an appreciably larger
contact angle than under the ambient condition.

KEYWORDS: contact angle . water nanodroplet . graphene . boron nitride
monolayer . quantum molecular dynamics simulation . supercooled water
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1D boron�nitrite (BN) naonotubes and 2D hexago-
nal BN monolayers are structural analogues of CNTs
and graphene sheets, respectively. Like CNTs and
graphene, the BN nanostructures have also received
considerable attention particularly owing to their
unique properties such as size- and chirality-indepen-
dent band gap and exceptional resistance to oxidation.
Some previous experimental studies have demon-
strated that BN thin films exhibit weaker hydrophobi-
city (or higher wettability) than the graphene sheets, as
they yield smaller contact angles of 50�67�35,36 when
in contact with water droplets. Presumably, the higher
water wettability for the BN thin films is due to polar
nature of B�N bonds. Another important factor that
can affect wettability of a surface is the temperature of
the system. It is known that supercooled water can
exhibit many unusual thermodynamic properties, for
example, among others, negative thermal expansion,
high isothermal compressibility, and isobaric heat
capacity.37 However, few studies have been devoted
to the wettability (or hydrophilicity) of surfaces when
the surfaces are in contact with water droplets under
the supercooled conditions.
Classical MD simulations have been widely used to

study the wetting properties of graphite surfaces since
the pioneer work of Rahman and Stillinger.38 Various
water models have been examined, including simple
point charge (SPC and SPC/E),39 TIPS,40 TIP3P,41

TIP4P,41 and TIP5P42 models. However, it has been
shown that structure of the water/graphite interface
can be very sensitive to the water model selected.43

For water�CNT systems, it has been shown that the

diffusion constant of water confined to CNT is larger
along the tube axis than that of bulk water when the
flexible SPC model is used,44�47 whereas much lower
mobility of water is found when the rigid SPC model is
used.48�51 All these results suggest that the interfacial
properties predicted based on classical MD are semi-
quantitative in view of the observed model depen-
dence. Compared to those of classic MD, QMD
simulations are more reliable because the intermole-
cular forces are computed based on the first principle
rather than an empirical force field. Moreover, quan-
tum calculations are more accurate in describing
the polarization interaction, many-body effects, and
hydrogen bonding interaction. As an example, the
diffusive property of confined water between two
graphene sheets has been investigated by Cicero
et al. using QMD simulations.18 They demonstrated
the existence of a thin, interfacial liquid layer (∼5 Å)
whose microscopic structure and thickness are inde-
pendent of the distance between confining graphene
sheets. They also found that the properties of the
hydrogen-bonding network are very similar to those
of the bulk water outside the interfacial region.
In this article, we report QMD simulations of wetting,

diffusive, and interfacial properties of water nanodro-
plets in contact with graphene and monolayer BN
sheets. The computed wetting properties of graphene
and BN surfaces allow us to examine effects of non-
polar C�C bonds vs polar B�N bonds on the water/
substrate interaction. The wettability of the two sheets
can be characterized by the magnitude of the contact
angle of a water nanodroplet. Microstructures of water

Figure 1. Snapshots of awater nanodroplet during the timeevolution (in unit of ps) of thewettingprocess on agraphene sheet at
(A) 298 K and (B) 385 K, and (C) on the BN sheet at 385 K. Color code for elements: O, red; H, white; C, gray; B, green; and N, blue.
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nanodroplets, the mean squared displacement (MSD)
of water molecules, vibration spectra, and water reor-
ientation time-correlation function are computed to
gain insights into the physical behavior of water near
the substrates. We have found that the diffusivity of
water and the contact angle of water nanodroplets
near the two sheets are very similar to each other,
contrary to the conventional view that the graphene
surface is more hydrophobic than the BN surface. In
addition, for the first time, wetting properties of the
graphene when in contact with a water droplet under
the supercooled condition are investigated. Diffusivity
of water molecules under the supercooled condition is
compared with that under the ambient condition. The
graphene sheet appears to be slightly more hydro-
phobic compared to that under the ambient condition.

RESULTS AND DISCUSSION

The QMD simulations (see Computational Model
and Method) of three droplet-substrate systems are
performed at two temperatures, 298 and 385 K. Previous
density-functional theory (DFT) based QMD simula-
tions have shown that the freezing point of DFT water
is significantly higher than 273 K,∼360 K if the BLYP-D
functional is used (see Method). Hence, the 298 K con-
sidered here is actually a supercooled temperature for
the water nanodroplet, while the 385 K simulation is
likely close to the ambient condition.

Wetting Properties and Contact Angles. Snapshots of a
water nanodroplet during the spreading either on a
graphene sheet or on a BN sheet are shown in Figure 1.
QMD trajectories for the droplet�graphene system at
298 K are shown in the Supporting Information video 1.
Both the graphene and BN surfaces exhibit partial
wetting behavior (or weakly hydrophobic behavior)
since the water droplet does not spread over the entire
graphene or BN sheet in the simulation systems. As
shown in Figure 1, after 10 ps simulation, the initial
cubic configuration of water droplet turns into a hemi-
spheric configuration. This equilibration process is
much faster at 385 K than at 298 K. In the simulation
at 385 K, a few water molecules are observed to depart
from the droplet and become vapor molecules. How-
ever, this phenomenon is not observed in the simula-
tion at 298 K. During the first 10-ps simulation, it can be
seen that the peak height of the water droplet at 385 K
is slightly higher than that at 298 K, suggesting the
wettability of the graphene is slightly lower when the
water droplet is in the supercooled state.

The contact angle is defined as the angle between
the substrate and a tangential line of the droplet
surface, where the tangential line must passes through
a 3-phase contact point while the plane made by the
tangential line and its projection to the substrate must
pass the center of the droplet. The computational
method for calculating the contact angle is similar to

that used in ref 1. As shown in Figure 1 (and Supporting
Information, video 1), the systems appear to be fully
relaxed within the first 10 ps. We compute the contact
angle by using the MD trajectory of the last 10�20 ps.
To compute the contact angle, we first define a z-axis
through the center of mass of the droplet and normal
to the substrate. We then divide the system into cubic
meshes with each mesh having spatial dimensions of
0.5� 0.5� 0.5 Å3. The average density of water in each
mesh is calculated, and all the meshes with water
density greater than 0.3 g/cm3 are recorded. For a
selected layer of meshes with nearly equal-density, a
circle (in parallel with the substrate) with its center
located on the z axis is fitted. As such, the radius of the
circle is obtained as a function of the height, that is,
R(z). It should be noted that for nanodroplets, the
molecular volume of water must be taken into account
in the curve fitting. In other words, the radius of a water
molecule (1.4 Å) should be added to the final values of
R(z). Figure 2 shows the density profile of a water
droplet on the BN sheet at 385 K. The contact angle
(θ) is obtained based on fitting the density profiles by
using the function R(z) = Az2 þ Bz þ C (see Figure 2).
Note also that for nanodroplets, the measured contact
angle is sensitive to the height of the plane that
represents the contacting surface of the substrate.
Here, we define the first peak position of the density
profile in the z direction as z = 0 for the contact-angle
measurement. This zero height is about 3.0 Å above the
center of the sheets in the z-position, and it also marks
the z-position of the first water layer.

Based on the QMD trajectory from 10 to 30 ps,
the measured contact angles of a water nanodroplet
on the graphene is ∼87� at 385 K, close to the

Figure 2. Illustration of the contact-angle measurement
based on QMD simulations. The blue line denotes to the
liquid/air interface (averaged over the last 10 ps) for the
water droplet on the monolayer BN sheet; the red curve
marks the fitted surface of the water droplet. The contact
angle (θ) is the angle between the (black) tangent line and
the xy plane (marked by the vertical black line). Note
that the xy plane is located about a molecular layer of
water higher than the contacting surface of the BN sub-
strate (z = 0).
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experimentally measured contact angle of water on
the epitaxial graphene grown on silicon carbide
(92.5�).15 The computed contact angle of the water
nanodroplet on graphene under the supercooled con-
dition is∼96� at 298 K, about 9� larger than the droplet
under the ambient condition. Our simulation suggests
that the wettability of a solid surface under the super-
cooled condition is slightly weaker than under the
ambient condition. Surprisingly, the contact angle on
a flat BN sheet is 86�, much larger than previously
reported experimental values (52� or 67�), implying
that the atomically flat monolayer BN sheet has very
similar wettability (or hydrophobicity) as the graphene
sheet.

In a previous simulation study, it has been shown
that the hydrophobicity of a substrate decreases lar-
gely with an increase of the surface dipole of the
substrate.1 In our DFT calculation, the electron density
fitting gives rise to atomic charges of boron (0.93e) and
nitrogen (�0.93e) for the monolayer BN sheet, result-
ing in a sizable local dipole moment. To have a better
understanding of the wettability or the hydrophobicity
of the monolayer BN sheet, we have also performed
two independent classic MD simulations using the
flexible SPC model of water. The system temperature
is controlled at 250 K. In the first MD simulation, a water
nanodroplet with the same size as in the QMD simula-
tion is located on a flat and rigid monolayer BN sheet.
In the second simulation, some random wrinkles (with
vertical amplitude <0.5 Å) are introduced on the

monolayer BN sheet. The contact angle of the water
droplet on the flat BN sheet is notably larger than that
on thewrinkled BN sheet, as shownby the snapshots of
the droplets near the end of two simulations (see
Figure 3). Clearly, the higher wettability (or weaker
hydrophobicity) of the wrinkled BN sheet is due to the
appearance of vertical dipoles on the wrinkled BN
surface. Our classical MD simulations confirm that only
dipoles normal to the substrate can strongly enhance
wettability of the substrate. However, in a real-world
experiment, it is very difficult to achieve a perfectly flat
monolayer BN sheet without any defects. This may be a
main reason that the experimentally measured contact
angle for water droplets on the BN surface is appreci-
ably smaller than the contact angle computed from the
QMD simulation.

Microstructure of Water Nanodroplets and Interfacial Proper-
ties. To analyze structures of water nanodroplets on
the graphene or BN sheet, we calculate the density
distributions of oxygen and hydrogen atoms along the
z direction normal to the substrate. To this end, we
select 36 atoms on the substrate (C atoms on graphene
or B and N atoms on BN) around the origin of z axis.
Thirty-six vertical and identical cylinders are created
with their central axis passing through the 36 atoms
and with their radius being half of the length of either
the C�C or B�N bond. We then count the number of
oxygen and hydrogen atoms within each of 36 vertical
cylinders during the last 10 ps QMD simulations. The
computed density distributions of oxygen and hydro-
gen for the three droplet�substrate systems are
shown in Figure 4. The first and second molecular
layers of water next to the substrate can be clearly
identified for all three systems. The first and second
main peaks (Figure 4) for the droplet�BN system
are notably higher than those for the droplet�
graphene systems, indicating that the interaction
between the BN surface and water is stronger than
between graphene and water. Moreover, the height
of the second main peak is much lower for the
droplet�graphene system at 385 K than it at 298 K,
indicating that under the supercooled condition
vicinal water becomes structured (or more ordered)
in the interfacial region than under the ambient
condition.

As shown in Figure 4A,B, in these droplet�substrate
systems, the first peak for hydrogen is higher than
the first peak for oxygen, but the area under the
hydrogen peak is apparently less than twice of the
area under the oxygen peak. Between the first and
the second peaks for oxygen, small hydrogen peaks
can be found, indicating that some water molecules
in the first vicinal water layer have their OH bonds
pointing toward the droplet side (i.e., not in parallel
with the substrate). Because an oxygen atom entails
more atomic charge (in magnitude) than a hydrogen
atom, the net charge next to the substrate on

Figure 3. Snapshots of a water droplet on (A) an atomically
flat and (B) a wrinkled BN sheet in the end of classical
molecular dynamics simulation with a flexible SPC water
model.
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average is nonzero but slightly negative. This net
negative charge will induce a counter-charge at the
contacting surface of the graphene sheet. For our
droplet�graphene system, the fitted total positive
charges on the contacting surface of graphene are
about 1.3e based on DFT calculation (via integration
of the calculated electron density). To our knowl-
edge, the phenomenon of water-induced charge on
the contacting surface of graphene has not been
reported in the literature. The classical MD simula-
tion cannot predict such surface charges unless a
polarizable model for the graphene carbon atoms is
employed. Our DFT calculation of the surface charge
can provide a benchmark test for the polarizable
carbon model.

Unlike carbon atoms, boron and nitrogen atoms
exhibit opposite charges. Hence, the density distribu-
tions of oxygen and hydrogen atoms on top of the BN
sheet will be very different from those on the gra-
phene. As shown in Figure 4C, because the boron
atoms possess positive charges, which tend to attract
more oxygen atoms nearby, the first oxygen peak
(calculated from boron-based cylinders) is much high-
er than the hydrogen peak. On the other hand, the first
hydrogen peak (calculated from nitrogen-based
cylinders) is much higher than the first oxygen peak
(see Figure 4D). Overall, there are ∼1.2e net positive
charges on the contacting surface of BN sheet based
on the DFT calculation.

The orientation distributions of water molecules,
computed based on the angle (j) between an OH
bond ofwatermolecules and the z axis, can also exhibit
the layered microstructure for droplet near the sub-
strate. According to a previous study,52 interfacial
water molecules can be divided into three groups: (1)
those with the “dangling” (D) OHs which point toward
the substrate and lying next to the substrate, (2) those
with the “tangent” (T) OHs which are nearly parallel to
substrate, and (3) those with the “bulk” (B) OHs which
point away from the substrate. The orientation state
can then be distinguished by the angle with respect to
the normal vector (z axis), namely, 150�180� for the D
state, 70�120� for the T state, and 0�20� for the B
state. In Figure 5, we show that most of the water
molecules in the first water layer next to the substrate
adopt T orientation in all three systems. It is known that
watermolecules tend to adopt parallel positions near a
hydrophobic substrate, while near a hydrophilic sub-
strate, most water molecules tend to adopt the orien-
tation with one OH pointing toward the substrate.
Here, the orientation distributions of water molecules
in the first water layer are nearly the same in all three
systems, about 5%, 50%, and 5%molecules in the D, T,
and B states, respectively. Thus, our QMD simulations
show that both graphene and BN sheets are hydro-
phobic. In the second water layer next to the substrate,
most water molecules still adopt the T orientation.
It is worthy of noting that in the first water layer, the

Figure 4. Density distribution (arbitrary unit) of oxygen and hydrogen atoms of water in the direction (z) normal to (A,B) the
graphene sheet, or (C,D) the monolayer BN sheet.
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maximum distribution centers around j ≈ 110�, in-
dicating that the OHs slightly point away from the bulk.
This state can be referred to as the clathrate T orienta-
tion. However, in the second water layer, most OHs
slightly point toward the droplet with the maximum
distribution being around j ≈ 80�. This state can be
referred to as the anticlathrate T orientation. There are
also small peaks corresponding to OHs adopting the D
orientation in the second water layer. In the systems of
droplet�graphene at 298 K and droplet-BN at 385 K,
the third water layer near the substrate can be also
distinguished, with most water molecules still lying
parallel to the substrate. However, in the droplet�
graphene system at 385 K, the water beyond the second
water layer behaves like the bulk, where the orienta-
tion of water molecules is fairly random. It should be
mentioned that, for the classical model systems shown
in Figure 3, the interfacial water molecules adopt the T
orientation near the flat BN sheet, whereas most water
molecules adopt the D orientation near the wrinkled
BN sheet.

Diffusive Property, Vibration Spectra of Water. To investi-
gate diffusivity of watermolecules in the nanodroplets,
we calculate the mean square displacement (MSD)
of the oxygen atoms (Figure 6A). According to the
Einstein relation, the self-diffusion constant (D) can be
calculated from the slope of MSD�time curve. The
water droplets at 385 K have nearly the same self-dif-
fusion constant for both droplet�graphene (D = 4.0�
10�5 cm2/s) and droplet�BN (D = 3.7 � 10�5 cm2/s)
systems, in excellent agreement with the experimental
value (D = 2.4 � 10�5 cm2/s) for the bulk water in the
ambient condition. The diffusion constant for the
droplet�graphene system at 298 K (D = 1.5 �
10�5 cm2/s) is smaller than that at 385 K, indicating
that although the supercooled water has appreciably
lower diffusivity than the ambient water it is still
considerably higher than that of bulk ice whose diffu-
sion constant is typically on the order of 10�9 cm2/s.53

In addition, the Fourier transform of velocity auto-
correlation functions gives rise to vibration spectra of
watermolecules (see Figure 6B). Threemajor peaks can

Figure 5. Distance�orientation distribution of water OH bonds as a function of the distance z and the angle j in three
systems: (A) W125-C-298K, (B) W125-C-385K, and (C) W125-BN-385K, respectively. Color code: Gray, red, yellow, green, light
blue, dark blue, and black are in the order of high to zero probability distribution.

Figure 6. (A) Mean square displacements of water molecules on the graphene sheet at 298 or 385 K, or on BN sheet at 385 K.
The origin (or 0 ps) in the time axis can be any time in the QMD simulation after the system reaches thermal equilibrium
(typically after 10 ps). (B) Calculated vibration spectra of watermolecules in the three systems based on the Fourier transform
of velocity autocorrelation functions.

A
RTIC

LE



LI AND ZENG VOL. 6 ’ NO. 3 ’ 2401–2409 ’ 2012

www.acsnano.org

2407

be seen in the frequency range of 0�4000 cm�1, where
the broad peak in the range of 3000�4000 cm�1

corresponds to the OH bond stretching mode, the
sharp peak at ∼1600 cm�1 corresponds to H�O�H
bending mode, and the broad peak in the range of
0�1000 cm�1 corresponds to intermolecular vibration.
The peak position and the shape of vibration spectra
are weakly dependent on the temperature. The peak of
intermolecular vibration is red-shifted, while the peak
of OH bond stretching is blue-shifted from 298 to
385 K, indicating that the intermolecular hydrogen
bonds become weaker with increasing temperature.
However, the nearly perfect superposition of the spec-
tra for the droplet�graphene and droplet�BN systems
suggests that the vibration spectra are little affected by
the substrate as long as the nanodroplet is sufficiently
large.

The reorientation dynamics of theD, T, and B states
can be used to characterize dynamic properties of
water near the substrate. Water reorientation can be
expressed by the second-order Legendre polynomial
of the time-correlation function

C2(t) ¼ ÆP2[
F
u(0) 3

F
u(t)]æ ð1Þ

whereFu(t) designates the orientation of the water OH
bond at time t. Figure 7 shows the decay of C2(t) of the
interfacial water in the D, T, and B state, computed
from the QMD simulations. It can be seen that the
decay of C2(t) of the D state is much faster than that of
the T and B states, consistent with the classic MD
simulation.54 The decay of C2(t) can be fitted to a
single-exponential function

C2(t) ¼ e�t=τrot (2)

which has been previously reported in ultrafast IR
spectroscopy measurment55,56 and classic MD simula-
tions. Here, τrot is the time constant of the decay. It has
been shown that the SPC/Emodel gives τrot = 2.5 ps for
the bulk water in the ambient condition, but the
tangent (T) state of water in the first molecular layer
next to a hydrophobic substrate has a much slower
reorientation rate, with τrot = 4.8 ps.52 The τrot mea-
sured from NMR is 1.5�2.5 ps for the water in contact
to hydrophobic peptides and hydrophobic patch of
protein.56,57 In the present QMD simulations, τrot of the
T state is 3.0 and 1.0 ps at 298 and 385 K, respectively.
The latter value is in good agreement with the NMR
measurements.

CONCLUSIONS

We have performed quantum molecular dynamics
simulation to the study wetting process of water
nanodroplets in contact with a graphene ormonolayer
BN sheet. To account for the intermolecular van der
Waals interactions, Grimme dispersion correction is
included in theQMDsimulations. OurQMD simulations
show that both graphene andmonolayer BN sheets are
weakly hydrophobic with nearly the same contact
angles for water (87� and 86�, respectively). For water
droplets in a supercooled state and in contact with
graphene, the contact angle becomes appreciably
larger (∼96�). Although themonolayer BN sheets entail
large local dipole moments, our QMD simulation
shows that the atomically flat BN sheets are still
hydrophobic due to the lack of a net dipole normal
to the sheet. In real experimental conditions, however,
most monolayer BN sheets may not be perfectly flat
and may contain defects. As a result, local dipoles
normal to the BN sheets arise, which could render
the BN sheets apparently much more hydrophilic (i.e.,
having much higher wettability).
The different distributions of O and H atoms near

the graphene or BN sheets result in a net electric field
at the substrate-droplet interfaces. Our QMD simula-
tions show that the water nanodroplet (with 125
molecules) yields 1.3e charges on the contacting
surface of the graphene, and 1.2e charges on the
contacting surface of the BN sheet. In view that
graphene is a semimetal with a zero electronic band
gap, such charge induction may affect electronic
structure of the contacting graphene. The calculated
orientation distributions show that on a graphene or
BN sheet, most water molecules in the first molecular
layer next to the substrate tend to adopt tangent
orientation, while the second and the third molecular
layers exhibit similar tendency for the water orienta-
tion, but less distinguishable.
The calculated diffusion constant of water from the

QMD simulation is in very good agreement with the
experimentally measured value for the bulk water in

Figure 7. Second-order orientation time-correlation func-
tion C2(t) of the interfacial water OHs in the dangling (D),
tangent (T), and pointing to the bulk (B) states for the
system (A) W125-C-298K, (B) W125-C-385K, and (C) W125-
BN-385K, respectively. The relative populations of these
three states are also listed in the legend.
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the ambient condition. As expected, the diffusion
constant of supercooled water is notably smaller than
that of the ambient water. The calculated IR vibration
spectra show that the vibration of water molecules in
the nanodroplets is little affected by the substrate.
However, in the supercooled state, the intermolecular

H-bond band is blue-shifted, and the O�H bond
stretching band is red-shifted. Finally, the reorientation
dynamics of OH bonds of interfacial water molecules
are investigated with the rotation time constant calcu-
lated based on the time-correlation function and are
found to be very close to the experimental value.

COMPUTATIONAL MODEL AND METHODS
In the Born�Oppenheimer QMD simulations, the water

nanodroplet with 125 water molecules, initially in cubic
shape, is located in contact with a rectangular 12 � 7 unit
cells of graphene or monolayer BN sheet. Either the graphene
or the BN sheet is composed of 336 atoms. The spatial
dimensions of the simulation supercell are about 30 Å �
30 Å � 30 Å, which are large enough to neglect the inter-
actions between the substrate/droplet and their periodic
images. The water nanodroplet is first optimized using a
density-functional theory (DFT) method before the QMD
simulations. The graphene and BN sheets are fixed in the xy
plane during the QMD simulations.
Specifically, the QMD simulations are performed using the

DFT method with the Becke�Lee�Yang�Parr (BLYP)58,59

exchange-correlation functional. The Goedecker�Teter�Hutter
(GTH)60,61 norm-conserved pseudopotentials are used for the
description of the core electrons, and the GTH-DZVP Gaussian
basis62 together with a plane-wave basis set (with an energy
cutoff of 280 Ry) are chosen to expand electronic wave
functions. It is well-known that the generalized-gradient
approximation (GGA) functionals like BLYP generally under-
estimate the intermolecular dispersion interaction. Hence, the
Grimme's van der Waals correction63,64 is included in the QMD
simulations to account for the dispersion interaction more
accurately. The QMD simulations are performed in the con-
stant volume and constant temperature (NVT) ensemble. The
Nose�Hoover�Chain coupling method is used to control the
temperature.
The freezing temperatures of bulk water have been com-

puted by Yoo et al.65 based on QMD simulations. It has been
found that the two commonly used GGA functionals, Per-
dew�Burke�Ernzerhof (PBE)66 and BLYP, give the freezing
temperatures of 417 and 411 K, respectively. By including the
Grimme van der Waals correction in the BLYP-D (BLYP plus
dispersion) functional, the computed freezing temperature
becomes 360 K,67 still much higher than 273 K of real water.
Hence, to mimic real water nanodroplet in the ambient
condition, the 385 K temperature is chosen for the QMD
simulations.
In total, three independent QMD simulations have been

carried out, namely, a water nanodroplet on the graphene
sheet at 298 K (denoted as W125-C-298K), a water nanodro-
plet on the graphene sheet at 385 K (W125-C-385K), and a
water nanodroplet on the BN sheet at 385 K (W125-BN-385K).
The time step is 1.0 fs, and the total simulation time for each
system ranges from 24 to 30 ps. The QUICKSTEP program
implemented in the CP2K package is used for the QMD
simulations.68,69
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