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ABSTRACT: The two-dimensional material phosphorene has become a focus
of the scientific community recently. On the basis of molecular dynamics
simulations, we utilize phosphorene as a model material to study the behavior
of water molecules confined by two phosphorene plates with nonflat surfaces.
As the relative position of the two plates changes, the water molecules first stay
in a melting process at 230 K and then exhibit a freezing process. The disparate
variations of local confinements induced by the mismatch of the two plates are
the key for understanding this extraordinary behavior of water. Our results
imply that such nonflat surfaces could be an important factor for understanding
or controlling the dynamics of water. The phenomena reported here may
enrich the knowledge of water and inspire more applications of similar
materials.

1. INTRODUCTION

The studies on confined water at the nanoscale have important
implications in academics and in applications such as water
transport across cell membranes,1−7 water purification,8−10

surface lubrication,11,12 and protein folding.13−16 Compared to
bulk water, confined water exhibits novel behaviors. For
example, the anomalous properties of water shift to lower
temperatures in confined systems by ≈40 K relative to that in
the bulk.17 The behaviors of confined water are related to its
temperature and pressure.18 Also, they are expected to be
affected notably by other conditions, such as the distance
between two confining plates,19,20 the hydrophilic−hydro-
phobic properties of the confining plates,21,22 and the strength
of external electric fields.23−27 With molecular dynamics (MD)
simulations, Koga et al.28 proposed a phase diagram of confined
water in the temperature−pressure−distance space. Kumar et
al.17 found that different crystalline structures form for two
different distances of the plates, which were not observed in the
bulk system. Zangi et al.19 reported that the arrangement and
mobility of water molecules are sensitive to the distance
between two confining plates and a monolayer ice structure can
form under extreme confinement at 300 K. Such a monolayer
ice structure was later experimentally detected on aluminum
oxide30 and smooth SiO2

31 surfaces. Giovambattista et al.20

verified that water could form an ordered structure only when
the distances between the plates and water density are
appropriate. Furthermore, upon applying external electric
fields, the molecular water thin films will undergo either an
electrofreezing23,24,26 or electromelting process.25,27

In practice, two-dimensional (2D) materials are often used as
model confining plates to study the behaviors of confined
water.29 Since the recent synthesis of few-layered black
phosphorus,32−34 named phosphorene, the 2D phosphorous

material has become a focus of the scientific community.35−45

Phosphorene possesses a finite direct band gap and very high
carrier mobility.32 Field-effect transistors32,43 and high-
frequency nanoelectromechanical resonators46 based on
phosphorene have been reported. Owing to the puckered
structure, this new material exhibits strongly anisotropic
electronic, optical, and thermal properties,36,38,41 which are
disparate from those of other 2D materials investigated so far.
Moreover, phosphorene has shown promising application
prospects in biology, and the research on interfacial water on
phosphorene surfaces is just beginning. On the basis of MD
simulations, Zhang et al.47 studied behaviors of water on
pristine and strained phosphorene surfaces. They found
anisotropic diffusion of water and different water structures
when phosphorene is stretched transversely and longitudinally.
Compared to the flat surface of usual confining plates,23−27 the
nonflat surface of phosphorene may give rise to new insights
into behaviors of confined water. However, how such nonflat
surface affects the behavior of confined water has rarely been
discussed.
In this work, slit phosphorene pores are used as a model

system to explore the behaviors of monolayer water confined
by nonflat materials. Through MD simulations, a melting−
freezing transition of monolayer water is observed when the
relative position of the two confining plates changes. The
disparate variations of local confinements induced by the
mismatch of two confining plates are the key for understanding
this extraordinary behavior of water.
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2. METHODS

We adopt MD simulations, which have been widely utilized for
the study of water dynamics. Figure 1a displays our simulation
framework containing 472 TIP4P27,48−50 water molecules
between two parallel phosphorene plates within the XY plane.
The distance, d, between the inner surfaces of plates is 0.79 nm,
which just accommodates one layer of water molecules.
Phosphorene’s structure is referred to ref 45. Figure 1b,c
presents the top and side views of the phosphorene plate used
in our study, respectively. The unit cell dimensions are (β, α) =
(0.332, 0.438) nm. There are two sublayers in one
phosphorene plate. Atoms in one sublayer are denoted P1,
and atoms in the other sublayer are denoted P2, as shown in
Figure 1c. The bond length of P1−P1 or P2−P2 is 0.223 nm,
and the bond length of P1−P2 is 0.225 nm.
Previous works25,27 achieved electromelting at 300 and 240 K

for water molecules. In this work, we choose a canonical
ensemble (the results of usually used NVT and NPT ensembles
are the same; here, for investigating the effect of mismatch, the
volume is fixed and the NVT ensemble is chosen.) at a lower
temperature of 230 K by resorting to the MD package,
Gromacs 4.0.7.51 The van der Waals interactions between
atoms are treated by the Lennard-Jones (LJ) potential,

ε= −σ σ⎡
⎣⎢

⎤
⎦⎥( ) ( )V 4

r rLJ
12 6

, where ε is the depth of the potential

well, σ is the finite distance at which the interatom potential is
zero, and r is the distance between the atoms. The LJ
interaction parameters of phosphorus atoms are εPP = 1.6736
kJ/mol and σPP = 0.333 nm.45 Given that εOO = 0.6362 kJ/mol
and σOO = 0.3150 nm and according to the Lorentz−Berthelot
rules, water−plates interactions can be represented by LJ
parameters εOP = 1.0319 kJ/mol and σOP = 0.32401 nm. The
particle mesh Ewald method52 is used for electrostatic
interaction; evaluation of nonbonded interactions is performed

using a twin-range cutoff of 1.0 and 1.5 nm for Coulombic and
LJ potentials, respectively. We also adopt the thermostat of
Nose ́ and Hoover53,54 with a time constant of 0.5 ps. Besides,
the leapfrog integration algorithm is used, and periodic
boundaries are set in the simulation box with dimensions LX,
LY, LZ, where LX = 5.693 nm and LY = 5.970 nm. To avoid
nonphysical results, we set LZ = 30 nm, which is about 5 times
of LX or LY.

55

We change the relative position of the two phosphorene
plates along the X direction, making them mismatched. The
upper plate (plate 1) is moved along the X direction, whereas
the lower one (plate 2) is kept stationary (see Figure 1d−f). δ
denotes the relative distance between plates 1 and 2 along the X
direction, and each δ corresponds to one simulation system.
For instance, in Figure 1d, the convexities of plates 1 and 2 are
directly facing each other, which corresponds to the system of δ
= 0 nm. When δ increases to be 0.5α (0.219 nm), the convexity
of plate 2 is directly facing the concavity of plate 1, as shown in
Figure 1f. When δ = α (0.438 nm), the system is the same as
that when δ = 0 nm. In each simulation, to make δ fixed and
investigate the sole effect of mismatch between the nonflat
plates on the behavior of water, phosphorene plates are set to
be stationary. In our study, δ is increased from 0 nm to α by
0.01 nm, except when δ = 0.5α (0.219 nm) and α (0.438 nm).
The simulation for each δ set runs for 15 ns, with a time step of
2 fs, and the data from the last 10 ns are collected for analysis
(we divide the last 10 ns into five intervals to get the error bars
of each data). We consider that a hydrogen bond is formed
between two water molecules when the O···O distance is
shorter than 0.35 nm and simultaneously the O−H···O angle is
less than 30°.

Figure 1. (a) Snapshot of our simulation system with 472 TIP4P water molecules confined between two parallel phosphorene plates within the XY
plane. The distance between inner surfaces is denoted d, and d = 0.79 nm throughout this work; the four different atoms, P (phosphorus), O
(oxygen), H (hydrogen), and M (dummy atom with negative charge), are indicated. (b)−(c) Top and side views of the structure of phosphorene,
respectively, where the unit cell dimensions are (β, α) = (0.332, 0.438) nm. More details can be found in the article. (d)−(f) Sketch maps of the
mismatch between plates 1 and 2. Atoms P and Q are used as references. Plate 2 (lower plate) is kept stationary. Plate 1 (upper plate) is moved
along the X axis, and the distance between plates 1 and 2 along the X direction is denoted δ. Each δ corresponds to one simulation system. We define
δ = 0 nm when the convexities of plates 1 and 2 are directly facing each other (d). Thus, δ = 0.5α (0.219 nm) when the convexity of plate 2 is
directly facing the concavity of plate 1 (f). For further discussion, the concave and convex zones are also indicated, and these are the spaces that the
concavity and convexity of plate 2 face, respectively.
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3. RESULTS
The lateral diffusion coefficients within the XY plane (D’s) of
water with respect to δ are calculated according to the Einstein

relation, = ⟨ − + − ⟩→∞D x t x y t ylim ( ( ) (0)) ( ( ) (0))
t t i i i i

1
4

2 2 ,

to measure water mobilities, and the results are shown in
Figure 2a. When δ = 0 nm, a puckered monolayer ice structure

forms (see Figure 2b). Such a puckered ice structure matches
well with the puckered structure of phosphorene plates. The
mobility of ice remains nearly unchanged for δ ≤ 0.04 nm, with
lateral diffusion coefficients fluctuating slightly on the order of
10−8 cm2 s−1. When δ ranges from 0.04 to 0.1 nm, D increases
gradually. Then, it sharply increases when δ = 0.11 nm (about
0.25α) and reaches the order of 10−6 cm2 s−1 when δ = 0.12 nm
(about 0.27α). After that, D fluctuates around 1.6 × 10−6 cm2

s−1 (which is comparable to the lateral diffusion coefficients of
ref 27 and the bulk water at 230 K, 3.788 × 10−6 cm2 s−1) when
0.13 nm ≤ δ ≤ 0.5α. At δ = 0.5α, it is found that water
networks are disrupted (see Figure 2b), which greatly increases
the mobility of water. These indicate that the monolayer water
performs a melting process when δ is increased from 0 nm to
0.5α (the Lindemann criterion could also be a suitable
justification for the melting process21). With increasing δ, D
drops suddenly and water molecules arrange in an orderly
manner again (see Figure 2b), implying a freezing process. In
general, as δ varies from 0 nm to α, we observe a melting
process and a freezing process, which are symmetric with
respect to δ = 0.5α. Since the variation of configurations of
confining plates caused by δ is also symmetric with respect to δ
= 0.5α, freezing is an inverse process of melting. Thus, in the
following discussions, only the melting process (i.e., 0 nm ≤ δ
≤ 0.5α) is considered. The effect of global confinement
(Section 4.1) and local confinement (Section 4.2) on the
system and the hydrogen bonding (Section 4.3) are discussed.

4. DISCUSSION
4.1. Effect of Global Confinement. Due to the puckered

structure of phosphorene, as δ increases from 0 nm to 0.5α, the
interaction between water and plates changes. The average
interaction energy between each water molecule and plates with
respect to δ is calculated with LJ potentials, and it is plotted in
Figure 3a. With an increase in δ, the interaction energy
increases, which implies that the global confinement caused by
plates strengthens. Thus, water molecules are squeezed further
away from the surfaces of the plates. Figure 3b shows the
density distributions of water along the Z direction, and the
positions of oxygen atoms represent the mass centers of water
molecules. The value of the horizontal ordinate (Z) is the
distance from the inner surface of plate 2. Z = 0.395 nm is the
middle plane of the system. When water is solid, the
arrangement of water molecules is ordered and the density
distribution of water is more concentrated. Thus, the peaks in
Figure 3b are higher and thinner. With an increase in δ, the
peaks get lower and wider. Under such an enhancing global
confinement, water is squeezed and its solid characteristic
diminishes. Regarding the pressure, we have calculated the
lateral pressure of water within the XY plane, PXY (see Figure
3c). PXY fluctuates around 3.2 bar for δ = 0−0.04 nm, and then
it increases to be around 4.6 bar for δ = 0.12−0.219 nm. The
perpendicular pressure, PZ, is much greater (about 26 000
times) than PXY (see Figure 3d). This is attributed to the strong
confinement effect of the nanosystem. Also, PZ increases with
an increase in δ. Figure 3e plots the density of water in the
system, ρt, as a function of δ. As δ increases, ρt fluctuates
around 0.84 g/cm3.

4.2. Effect of Local Confinement. When δ = 0 nm, the
puckered monolayer ice structure matches well with that of the
confined space (see Figure 2b). However, as δ increases, the
confining plates become mismatched and ice networks get
disrupted. To clarify what happened to water molecules when
plates are mismatched, two types of zones, concave and convex
zones, are defined accordingly. The concave and convex zones
correspond to the space with the concavity and convexity of
plate 2 (see Figure 1d−f). The boundaries between the two
zones are located at the middle points of bonds P1−P2 of plate
2 (see Figure 1c−f). When δ = 0 nm, the volumes of the two
zones are equal. As plates become mismatched, the atoms in
the lower sublayer of plate 1 move into the convex zone. Thus,

Figure 2. (a) Profile of the lateral diffusion coefficient of water
molecules within the XY plane, D, with respect to δ. The evolution of
D indicates that a melting process occurs when δ varies from 0 nm to
0.5α (0.219 nm) and a freezing process, as δ increases from 0.5α to α
(0.438 nm). Typically, when δ = 0.11 nm (dashed line), D begins to
increase sharply. δ is increased from 0 nm to α by 0.01 nm, except
when δ = 0.5α (0.219 nm) and α (0.438 nm). (b) Snapshots of the
systems when δ = 0, 0.219, 0.438 nm.
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the convex zone shrinks, whereas the concave zone expands.
Although the distance between the inner surfaces of plates, d, is
kept to be 0.79 nm, the local confinement changes. Figure 4a
displays the average water−plate interaction energies in the
concave and convex zones, and the positions of oxygen atoms
represent the mass centers of water molecules. The negative
values of energies indicate attraction between water and plates.
With increasing δ, the interaction energies between the plates
and water molecules in both zones strengthen first and then
fluctuate within a small range. However, the interaction energy

in the convex zone grows faster than that in the concave zone,
and their difference starts to increase extensively when δ = 0.11
nm. This manifests that the variations of local confinements in
the two zones are different. Figure 4b exhibits the average
water−water interaction energy, and its negative value indicates
attraction between water molecules. The water−water inter-
action energy decreases gradually in the concave zone as δ
increases, indicating strengthening attraction between water
molecules. In the convex zone, the energy increases gradually
first and then sharply at δ = 0.11 nm, which indicates a weaker

Figure 3. (a) Average water−plate interaction energies with respect to δ. The interaction energy increases as δ increases. (b) Density distribution of
water along the Z axis in systems with δ = 0, 0.06, 0.11, 0.13, and 0.219 nm. The positions of oxygen atoms represent the mass centers of water
molecules. The value of the horizontal ordinate (Z) is the distance from the inner surface of plate 2. As δ increases, two oxygen planes get closer and
the peaks drop. (c) Lateral pressure within the XY plane, PXY, with respect to δ. (d) Perpendicular pressure, PZ, with respect to δ. (e) Density of
water in the system, ρt, with respect to δ.
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attraction or stronger repulsion between water molecules. Thus,
the weaker water−plate attraction and the stronger water−
water repulsion in the convex zone lead to a higher potential
barrier for water; on the contrary, it is easier for water
molecules to diffuse into the concave zone. We calculate the
proportion of number of water molecules located in the
concave and convex zones with respect to δ, respectively, as
shown in Figure 4c. When δ ranges from 0 to 0.1 nm, the
numbers of water molecules in the two zones are almost equal,
as evidenced by the values of their proportion, 0.5. Such a
uniform distribution of water molecules corresponds to the ice
structure. When δ ≥ 0.11 nm, the equality breaks down. The
number of water molecules in the concave zone enhances
sharply when 0.1 nm ≤ δ ≤ 0.13 nm, whereas it decreases in
the convex zone. This indicates that the difference between the
local confinements in the two zones is large enough for the
uneven distribution of water molecules. When δ ≥ 0.13 nm,
their difference fluctuates within a small range. Such an uneven
distribution of water molecules is also an indication of the
breaking down of ice networks. This phenomenon corresponds
well to the result in Figure 2a.
Water molecular orientation is also studied. Figure 4d

presents the probability distribution of angles between water

molecular dipole moments and the Z axis in concave and
convex zones. For one water molecule, water dipole is defined
as the vector sum of two H−M atoms (here, M denotes the
dummy atom, which carries negative charge). And the angle
between the water dipole and Z axis is also averaged over the
molecules and trajectories. With increasing δ, water molecular
dipoles in both zones tend to be parallel to the plates. This can
be understood from Figure 3a. As δ increases, water is squeezed
by the stronger confinement. Also, because the two plates are
more symmetric, interactions between water and plates are
more symmetric too. Besides the strengthening and more
symmetric confinement of the plates, the unequal amount of
water molecules in the two types of zones may also lead to the
parallel preference. When the distribution of water molecules is
even, the molecules exist in the form of a puckered structure,
and the attraction between water molecules in different oxygen
planes (also in different zones) makes water molecules not
parallel to the plates. However, as δ increases, the confinement
becomes stronger and more symmetric, which makes water
molecules parallel to the plates, and the unequal distribution of
water molecules weakens the attraction between water
molecules in different zones, causing water molecules to be
parallel to the plates. Note that the occurrence of the sharpened

Figure 4. (a) Average water−plate interaction energies in the concave and convex zones (described in Figure 1d−f) with respect to δ. The
interaction energies in both zones increase with increasing δ, whereas their difference starts to increase extensively when δ = 0.11 nm. (b) The
average water−water interaction energy for the concave or convex zone as a function of δ. (c) The proportions of numbers of water molecules
located in the concave and convex zones. The numbers of water molecules in two zones are almost equal until δ ≥ 0.11 nm. (d) The probability
distribution of angles between the Z axis and water molecular dipoles within the two types of zones in systems with δ = 0, 0.06, 0.11, 0.13, and 0.219
nm. As δ increases, the water dipoles in both zones tend to be parallel to the plates.
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peak at 90° implies the remarkable concentrated distribution of
water molecules whose dipoles are parallel to the plates. Such a
distribution originates from the extremely strong confinement
of our systems (d = 0.79 nm, which only accommodates one
layer of water molecules).
4.3. Hydrogen Bonding. A manifestation for the transition

of states of water is the variation of hydrogen bonding. We
check this by calculating the average number of hydrogen
bonds (H-bonds) formed by one water molecule with its
neighboring water molecules in the same oxygen plane, Nintra,
and with the water molecules in another oxygen plane, Ninter, as
plotted in Figure 5a. According to Figure 3b, it is obvious that

two water sublayers appear (as measured by the O positions)
and are symmetric with respect to the middle plane of the
system. Then, oxygen planes can be separated by the middle
plane. Nintra increases gradually before δ = 0.11 nm and then
remains nearly unchanged. Ninter decreases gradually first and
drops sharply when δ ranges from 0.11 to 0.13 nm. Figure 5b
shows the sum of Nintra and Ninter, Ntotal, with respect to δ. H-
bonds present a constraint between water molecules, so the
reduction in the number of H-bonds indicates the disruption of
ice networks and increases water mobility. Thus, the tendency
of Ntotal corresponds well to the results in Figure 2a. Obviously,
Ntotal has a similar evolution to that of Ninter, indicating that
Ninter plays a predominant role in the variation of hydrogen

bonding. Because the numbers of water molecules in the
concave and convex zones are unequal, the original puckered
ice structure is disrupted. Thus, the H-bonds between two
oxygen planes are broken, and Ninter diminishes, indicating that
the melting process occurs.

5. CONCLUSIONS
In summary, on the basis of MD simulations, we have treated
phosphorene as a model material to show the water melting−
freezing transitions induced by the mismatch of confining plates
with nonflat surfaces. As δ varies from 0 nm to 0.5α, a melting
process is observed at 230 K, and an inverse process occurs
when δ increases from 0.5α to α. Upon increasing the degree of
mismatch between the plates (δ = 0 nm to 0.5α), water is
squeezed by the strengthening degree of global confinement.
Furthermore, the disparate variations of local confinements in
the concave and convex zones lead to the uneven distribution
of water molecules, which disrupts the network of water
molecules.
This work explores that the water dynamics can also be

greatly affected by the nonflat surface of plates with
confinement, which suggests a new melting mechanism for
water at an even lower temperature than that in previous
works25,27 and provides a guidance for acquiring liquid water at
a temperature below the freezing point. The phenomena
reported herein might enrich the knowledge on water and
inspire more applications of similar materials.
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