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Abstract. Adsorbed water molecules on an ionic surface may exhibit an ordered
monolayer on the surface. The ordered structure gives it many unique properties
that are distinct from either liquid water or ice. We use molecular dynamics
simulations to investigate the thermal properties of monolayer water, and find
that its thermal conductivity is more similar to ice than to liquid water. The
dependence of the thermal conductivity on the charge on the substrate and the
temperature are studied. This study explores the density distribution of the water
molecules to explain the dependence relations, and examines the effect of bulk
water on the structure and thermal properties of monolayer water. Furthermore,
kinetic energy transportation in monolayer water is studied.
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1. Introduction

Adsorbed water on a solid surface is ubiquitous in nature. Understanding its properties
is important as it plays a role in many processes, including hydration in biological and
colloidal systems [1]; the diffusion of ions in nanopores, biological membranes, and ion
channels [2]–[5]; the transformation of solid phases [6]; the interface friction and cloud
formation on aerosol particles [7, 8]; and water permeation across nanochannels [9]–[13].
When the water is confined to a few monolayers on top of a substrate, the translational
entropy of the water molecules is reduced, yielding a much different behavior compared to
that observed in bulk. Recently, monolayer water strongly adsorbed on an ionic substrate
has become of significant interest [14]–[27]. The water molecules spread out on the
substrate and form a single hydration monolayer at ambient temperature. The ordered
structure exhibits many unique properties which are distinctive from either liquid water
or ice. For example, instead of resulting in complete wetting, water droplets form atop
the monolayer water. The spatial orientation of the water molecules is heterogeneous
and they form an ordered hexagonal hydrogen bond network. A theoretical model of the
hexagonal monolayer water has been proposed by Wang et al [17], [21]–[23], [26]. Later
studies investigating ordered monolayer water on different ionic substrates have been
reported using both simulations [19]–[21], [24] and experiments [14]–[16], [18, 22, 23].
Since the hexagonal structure of monolayer water resembles ice [28]–[32], it is of interest
to determine whether its thermal properties are also ice-like.

In this paper, we perform molecular dynamics (MD) simulations to study the thermal
conduction of monolayer water adsorbed on ionic substrates. We found that the thermal
conductivity of monolayer water is about 2–3 W m−1 K−1, which shows more similarity
to ice than to liquid water. The thermal conduction and kinetic energy transportation
are chirality dependent rather than isotropic. The dependence relation of the thermal
conductivity on the charge on the substrate and the temperature is split into two regions
due to the density distribution of water molecules under different conditions. The presence
of bulk water somehow breaks the ordered structure of monolayer water. Therefore, liquid-
like thermal conductivity can be observed by covering the substrate with thick bulk water.
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Figure 1. Schematic of monolayer water adsorbed on an ionic substrate. (a)
The water molecules (Water Layer) exhibit a hexagonal pattern throughout the
surface of the ionic substrate (Solid Layer). The substrate possesses positive
charges (q+, indicated by red balls) and negative charges (q−, indicated by blue
balls). In the thermal conduction process, the hottest water molecules in the left
heat sink (covered by the blue square) swap their velocities with the coldest water
molecules in the heat source (covered by the orange square). (b) The height of
the oxygen atom is labeled as h. (c) The typical temperature profiles of armchair
and zig-zag monolayer water. The heat flux runs from the heat source to the heat
sink, establishing a steady temperature gradient.

2. Simulation methodology

Monolayer water formation. As a first step, we use MD simulations to obtain ice-like
monolayer water adsorbed on an ionic substrate [17, 21, 26] as shown in figure 1(a).
The substrate (Solid Layer) possesses positive charges (q+) and negative charges (q−),
which are assigned to the diagonal atoms in the neighboring hexagons. The water
molecules are adsorbed on the surface due to the charges. By carefully removing the
extra water molecules on top of the monolayer, we obtain the configuration (Water Layer)
for the thermal conduction process. Two typical chiralities in the hexagonal pattern are
considered: armchair and zig-zag.

Thermal conduction process. Two-dimensional water structures may exhibit slow
relaxation [27], therefore we apply a relaxation time of at least 1 ns so as to thermalize the
monolayer water to a given temperature, e.g., 300 K. The ordered hexagonal pattern is
equilibrated and the dipole orientation of the water molecules is stable and time invariant
in several preferential directions (see figures 5(b) and (c) below). Next, we perform thermal
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conduction by using the Müller-Plathe algorithm, which is sometimes called a reverse
nonequilibrium molecular dynamics (RNEMD) algorithm [33, 34]. A schematic for the
RNEMD algorithm is shown in figure 1(a). The monolayer water is divided into 100 slabs,
where the first and the last slabs are assigned to be the heat sinks while the middle
(51st) slab is the heat source. The hottest water molecules in the first heat sink swap
their velocities with the coldest water molecules in the heat source. Over time, it leads
to a symmetric temperature profile, which is computed by averaging events over a time
interval of 100 ps:

Ti(slab) =
2

3NikB

∑
j

p2
j

2m
(1)

where Ti(slab) is the temperature of the ith slab, Ni is the number of water molecules
in this slab, kB is the Boltzmann constant and pj is the momentum of the jth atom in
this slab. They typical temperature profiles of armchair and zig-zag monolayer water are
shown in figure 1(c).

The thermal conductivity of monolayer water is obtained by considering Fourier’s law:

κ =
J/(W ×H)

2dT/dL
(2)

where J is the heat flux transferred between the heat source and the heat sink, W is the
width of the monolayer water, H is the height of the monolayer water, and dT/dL is the
temperature gradient in response to the heat flux. The height of the monolayer water H
can be obtained by considering the average height of the water molecules:

H = 〈h〉 (3)

where h is the height of the water molecule as shown in figure 1(b). For simplicity, we
use the height of the oxygen atoms to represent the height of the water molecules in our
considerations. Later we show that the distribution of height h of the water molecules
(density distribution) determines the dependence relations of thermal conductivity upon
the charge q and temperature T . Therefore, we will discuss the distribution profiles of h
in detail in section 3.

Model and simulation details. Two simulation boxes are considered: the first has
dimensions 35 × 2.5 × 20 nm3 with the armchair edge along the length. The second has
dimensions 34×2.4×20 nm3 with the zig-zag edge along the length. The periodic boundary
condition is applied in all directions. Similarly, in the study of thermal conduction of bulk
water covered on the substrate, the thickness of the bulk water is about 5 nm. The
dimension is 8.8 × 2.5 × 5 nm3 with the armchair edge along the length. A periodic
boundary condition is applied which makes the bulk water actually confined in two solid
layers. The interaction between the different atoms takes a similar form, consisting of the
contributions from the electrostatic, dispersion, and repulsive forces:

Eij =
kCqiqj
rij

+ 4εij

[(
σij

rij

)12

−
(
σij

rij

)6
]

(4)

where kC is the electrostatic constant, qi (qj) is the charge of the ith (jth) atom, rij is
the distance between the two atoms, and εij and σij are the associated Lennard-Jones
parameters. The TIP3P model is used to simulate water. The Lennard-Jones parameters
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Figure 2. (a) Density distribution of the oxygen atom as a function of its height
above the surface. I, II and h0 indicate the position of the first peak, the second
peak, and the first trough in the density profiles, respectively. (b) h0 as a function
of the charge q on the substrate. (c) Density distribution of the oxygen atom for
different temperatures T .

between the oxygen atom and atom in the solid layer are εso = 0.01 kcal mol−1 and
σso = 3.2 Å, and the atoms in the solid layer are fixed. Therefore, the interference of
the substrate with the thermal conduction in monolayer water can be neglected. The
long-range Coulomb force is evaluated with the PPPM method [35], which splits the long-
range effect into short-range and long-range components. A minimum timestep of 1 fs is
employed with a velocity-Verlet integration scheme. An open-source package, LAMMPS
is used to perform all the MD simulations [36].

3. Results and discussion

First we discuss the density distribution (distribution of height H) of the water molecules.
Later we show that this distribution determines the dependence relations of the thermal
conductivity upon the charge q and temperature T . The density distribution of the water
molecules as a function of the distance from the substrate is:

ph =
N(h)∑
hN(h)

(5)

where N(h) is the number of water molecules atop the surface at h.
In figure 2(a), the density distribution is provided for different charges q on the

substrate. It is a two-peak distribution, which indicates that even in the same monolayer,
the water molecules are not in the exact same plane but are split slightly into two slabs.
This is due to the tetrahedral arrangement of the oxygen atom under the sp3 hybridization.
In principle, water molecules are unable to establish a perfect two-dimensional geometry.
Here, the two slabs represent two configurations of the water molecules in the ice-like
structure, as shown in figure 3. The water molecules have two configurations: State 1
and State 2 [17, 21, 26]. In State 1, both hydrogen atoms are attracted by the oxygen

doi:10.1088/1742-5468/2013/06/P06009 5

http://dx.doi.org/10.1088/1742-5468/2013/06/P06009


J.S
tat.M

ech.(2013)
P

06009

Ice or water: thermal properties of monolayer water adsorbed on a substrate

Figure 3. (a) Water molecules form a hexagonal pattern throughout the surface
under two configurations. State 1: both hydrogen atoms are attracted by the
oxygen atoms of two neighboring water molecules. State 2: one hydrogen atom
is attracted by the negative charge on the substrate, and the second is attracted
by the oxygen atom in a neighboring water molecule. (b) The average height of
all the water molecules, and of the water molecules under State 1 and State 2.

atoms of two neighboring water molecules. In State 2, one hydrogen atom is attracted
by the negative charge on the substrate, and the second is attracted by an oxygen atom
in the neighboring water molecule. In each hexagon of the monolayer water, three water
molecules are under State 1 while the other three are under State 2.

In figure 3(b), the average height of all the water molecules, under State 1 and State 2
is reported as a function of the simulation time. The heights of the water molecules under
State 1 and State 2 equal I and II respectively. The height of the monolayer water equals
the trough value h0. This leads to the following relation:

H = 〈h〉 =
(I + II)

2
≈ h0 (6)

In figure 2(b), the dependence of h0 is reported as a function of the charge on the
substrate. A larger charge leads to a stronger adsorption of the water molecules on the
surface. In figure 2(c), the density distribution of the water molecules is reported for
different temperatures. The positions of the peaks and the trough are invariant. Therefore,
the height of the monolayer water is variable with q and invariant with T .

Next, we obtain the thermal conductivity of monolayer water according to
equation (2). In figure 4(a), we report the thermal conductivity κ as a function of
charge q in armchair and zig-zag monolayer water. In the actual ionic substrate models,

doi:10.1088/1742-5468/2013/06/P06009 6
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Figure 4. Thermal conductivity of monolayer water. (a) Thermal conductivity κ
and (b) the peak ratio ph(II)/ph(I) as a function of charge q on the substrates.
(c) Thermal conductivity κ and (d) the peak ratio ph(II)/ph(I) as a function of
temperature T .

the atomic charges are usually fitted by using the electron density fitting method from
density-functional theory. For example, the atomic charges of B (boron) and N (nitrogen)
are ±0.93e, those of Mg and O are ±1.2e, and those of Si and C are ±1.4e [37]–[39].
Therefore, a large value range in the MD simulations is considered to predict the properties
of monolayer water on new materials.

Figure 4(a) implies several properties of monolayer water: (1) the thermal conduction
process is chirality dependent. Higher thermal conductivity is always observed in the
zig-zag direction. Similar preferential thermal conduction has also been observed in
other hexagonal materials, such as graphene and carbon nanotube. It indicates that the
phonon scattering in monolayer water is also chirality dependent [40]–[42]. (2) Thermal
conductivity of the monolayer water is similar to ice (2.2 W m−1 K−1 at 275 K [43]) for
a small charge value (0.6–0.8e). (3) The dependence relation exhibits two regions with
different thermal behaviors. In the first region, covered by the blue square, the thermal
conductivity decreases with the charge q. In the latter region, the thermal conductivity
rises dramatically.

We consider the peak ratio ph(II)/ph(I), which represents the structure of monolayer
water, in order to understand the dependence relation of the thermal conductivity.
Figure 4(b) shows the peak ratio to be a function of charge q. Two regions are observed. In
the first region, covered by the blue square, the ratio fluctuates around 0.5. The hexagonal
pattern is stable if the charge is not too large (q ≤ 2.2e). However, the second peak almost
disappears in the second region. For a very large charge (q ≥ 2.4e), the water molecules
deviate from hexagons and the ice-like structure is destroyed. Therefore, the change in
the structure leads to different thermal behaviors in monolayer water.

doi:10.1088/1742-5468/2013/06/P06009 7
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Figure 5. (a) Schematic of bulk water on the ionic substrate. (b) The dipole
orientation of a water molecule is represented by the angle ϕ, where the gray
arrow indicates the crystallographic direction and the orange arrow indicates the
dipole vector of the water molecule. (c) Distribution of the dipole orientation of
monolayer water in the absence of bulk water (blue line) and in the presence of
bulk water (orange line).

Figure 4(c) reports the thermal conductivity κ as a function of temperature T .
Similar properties are implied. (1) Zig-zag monolayer water always exhibits higher thermal
conductivity. (2) The thermal conductivity of monolayer water is similar to ice under
various temperatures. (3) The dependence relation exhibits two regions with different
thermal behaviors. Similarly, in figure 4(d), the peak ratio ph(II)/ph(I) as a function of
the temperature T also exhibits two distinct regions, which correspond to two different
thermal behaviors. In the first region, the peak ratio decreases with temperature, which
indicates that the vibration of the water molecules in the first slab weakens faster than
that in the second slab at a lower temperature. In the second region, the ratio fluctuates
about 0.5, which indicates that the vibrations in both slabs strengthen at the same rate
under a higher temperature.

As a comparison, we also consider the thermal conduction of bulk water on the
ionic substrate, as shown in figure 5(a). The momentum exchange of water molecules
is performed in the whole bulk water system, and the thermal conductivity is measured
by considering the whole bulk water system. This thermal conductivity, which includes the
ordered monolayer and the additional liquid atop the substrate, is about 0.8 W m−1 K−1.
It is similar to the thermal conductivity of liquid water (0.6–0.7 W m−1 K−1 at room
temperature [44]). Therefore, the thermal properties of bulk water are liquid-like rather
than ice-like. There are two reasons contributing to the liquid-like thermal conductivity
of bulk water: (1) compared with the liquid, the ordered monolayer only accounts for a
small portion of bulk water. Therefore, the thermal conductivity of bulk water is affected
more by the liquid. (2) The presence of the liquid somehow breaks the ordered structure of
monolayer water. In order to illustrate how this ordered structure is damaged by the liquid,
we consider the dipole orientation distribution of water molecules [17], [21]–[23], [26].

doi:10.1088/1742-5468/2013/06/P06009 8
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As shown in figure 5(b), the dipole orientation of water molecules is represented by
the angle ϕ, the angle formed between the projection on the x–y plane of a water molecule
dipole orientation (the orange arrow) and the crystallographic direction (the gray arrow).
The dipole orientation distribution shows the extent of order/disorder in the hexagonal
pattern in monolayer water. The dipole orientation distribution is defined as:

pϕ =
N(ϕ)∑
ϕN(ϕ)

(7)

where Nϕ is the number of water molecules with the dipole orientation angle ϕ. Figure 5(c)
shows the dipole orientation distribution of monolayer water without the liquid part (the
blue line, in the absence of bulk water) and with the liquid part (the orange line, in the
presence of bulk water). The distribution shows that the preferential dipole orientation
has clear peaks at ϕ =0, 2

3
π, and 4

3
π in monolayer water in the absence of the liquid part,

and has greatly weakened peaks in the presence of the liquid part. Therefore, the liquid
part of bulk water is dominant and reduces the impact of the ordered monolayer water,
which consequently leads to the liquid-like thermal conductivity in bulk water.

Furthermore, we investigate kinetic energy transportation in monolayer water. A
schematic is shown in figure 6. The basic idea is to add a high-energy kick in the center of
monolayer water, then after a time period to observe the kinetic energy difference between
the current monolayer water and the initial monolayer water without the excitation [45,
46]. The kinetic energy difference represents the transportation ability of thermal energy
in different directions.

Here we use 14 × 14 nm2 monolayer water which is first thermalized to a very low
temperature. Then, we add excited kinetic energy to the center region with diameter of
1.1 nm. The excitation is realized by the generation of velocities in the water molecules
that belong to the center region to 300 K. At a given time t, the kinetic energy of a water
molecule at position r in the excited system is labeled as Eext(r, t). At the same time,
the kinetic energy of a water molecule in the same position in another system (without
excitation, starting from the same initial condition) is labeled as E0(r, t). Therefore, the
kinetic energy transportation density is defined as:

ρext(r, t) =
〈Eext(r, t)− E0(r, t)〉

〈
∫

sEext(r, t)− E0(r, t) ds〉
(8)

where 〈〉 stands for the average value obtained by independent simulations. Here 35 × 2
independent simulations (one with excitation and another one without excitation) are
carried out to obtain the results. In figure 6, we show ρext(r, t) as a function of simulation
time t. The outer edge of the transportation density roughly exhibits a hexagonal pattern
in monolayer water. Therefore, the ability to transport thermal energy is anisotropic in
monolayer water. This provides another explanation of the chirality dependent thermal
conductivity observed in figures 4(a) and (c).

4. Conclusion

MD simulations are performed to investigate the thermal properties of monolayer water
adsorbed on a substrate. Due to its ordered hexagonal structure, the thermal conductivity
of monolayer water is numerically similar to that of ice. The thermal conductivity of
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Figure 6. Kinetic energy transportation density ρext(r, t) as a function of time
in monolayer water. The center of the monolayer water is excited and the outer
edge of the excitation is indicated by dotted lines.

monolayer water and its kinetic energy transportation are anisotropic. In contrast, the
thermal conductivity of bulk water on an ionic substrate is numerically similar to that
of liquid water, as the impact of the ordered monolayer water can be neglected. Our
study indicates that the ice-like structure leads to ice-like thermal behavior in monolayer
water and this characteristic should be considered by studying interfacial water related
phenomenon.
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J. Am. Chem. Soc. 131 12838
[30] Li H and Zeng X C, 2012 J. Chem. Theory Comput. 8 3034
[31] Choi E-M, Yoon Y-H, Lee S and Kang H, 2005 Phys. Rev. Lett. 95 085701
[32] Jinesh K B and Frenken J W M, 2008 Phys. Rev. Lett. 101 036101
[33] Muller-Plathe F, 1997 J. Chem. Phys. 106 6082
[34] Xiong D, Wang J, Zhang Y and Zhao H, 2012 Phys. Rev. E 85 020102
[35] Darden T, York D and Pedersen L, 1993 J. Chem. Phys. 98 10089
[36] Plimpton S, 1995 J. Comput. Phys. 117 1
[37] Li H and Zeng X C, 2012 ACS Nano 6 2401
[38] Soetens J, Millot C, Hoang P and Girardet C, 1998 Surf. Sci. 419 48
[39] Ma Y and Garofalini S H, 2008 J. Chem. Phys. 128 084505
[40] Hu J, Ruan X and Chen Y P, 2009 Nano Lett. 9 2730
[41] Zhang G and Li B, 2005 J. Chem. Phys. 123 114714
[42] Yamamoto T, Watanabe S and Watanabe K, 2004 Phys. Rev. Lett. 92 075502
[43] Slack G A, 1980 Phys. Rev. B 22 3065
[44] Neindre B L, Bury P, Tufeu R and Vodar B, 1976 J. Chem. Eng. Data 21 265
[45] Zhao H, 2006 Phys. Rev. Lett. 96 140602
[46] Yang J, Zhang Y, Wang J and Zhao H, 2011 Phys. Rev. E 83 052104

doi:10.1088/1742-5468/2013/06/P06009 11

http://dx.doi.org/10.1038/379219a0
http://dx.doi.org/10.1038/379219a0
http://dx.doi.org/10.1038/417515a
http://dx.doi.org/10.1038/417515a
http://dx.doi.org/10.1073/pnas.0710437105
http://dx.doi.org/10.1073/pnas.0710437105
http://dx.doi.org/10.1021/nn100251g
http://dx.doi.org/10.1021/nn100251g
http://dx.doi.org/10.1021/la2036086
http://dx.doi.org/10.1021/la2036086
http://dx.doi.org/10.3189/002214310792447752
http://dx.doi.org/10.3189/002214310792447752
http://dx.doi.org/10.1088/0957-4484/19/10/105711
http://dx.doi.org/10.1088/0957-4484/19/10/105711
http://dx.doi.org/10.1103/PhysRevLett.101.257801
http://dx.doi.org/10.1103/PhysRevLett.101.257801
http://dx.doi.org/10.1021/ja804586w
http://dx.doi.org/10.1021/ja804586w
http://dx.doi.org/10.1002/anie.201002564
http://dx.doi.org/10.1002/anie.201002564
http://dx.doi.org/10.1088/0256-307X/25/3/092
http://dx.doi.org/10.1088/0256-307X/25/3/092
http://dx.doi.org/10.1021/ja029721j
http://dx.doi.org/10.1021/ja029721j
http://dx.doi.org/10.1021/jp053042o
http://dx.doi.org/10.1021/jp053042o
http://dx.doi.org/10.1063/1.2192510
http://dx.doi.org/10.1063/1.2192510
http://dx.doi.org/10.1103/PhysRevLett.103.137801
http://dx.doi.org/10.1103/PhysRevLett.103.137801
http://dx.doi.org/10.1063/1.3456698
http://dx.doi.org/10.1063/1.3456698
http://dx.doi.org/10.1021/jp109244c
http://dx.doi.org/10.1021/jp109244c
http://dx.doi.org/10.1021/ja208687a
http://dx.doi.org/10.1021/ja208687a
http://dx.doi.org/10.1021/jp108595d
http://dx.doi.org/10.1021/jp108595d
http://dx.doi.org/10.1039/c1sm05096f
http://dx.doi.org/10.1039/c1sm05096f
http://dx.doi.org/10.1021/la202359c
http://dx.doi.org/10.1021/la202359c
http://dx.doi.org/10.1021/jp300679v
http://dx.doi.org/10.1021/jp300679v
http://dx.doi.org/10.1007/s12210-011-0143-3
http://dx.doi.org/10.1007/s12210-011-0143-3
http://dx.doi.org/10.1073/pnas.1301596110
http://dx.doi.org/10.1073/pnas.1301596110
http://dx.doi.org/10.1103/PhysRevLett.93.116101
http://dx.doi.org/10.1103/PhysRevLett.93.116101
http://dx.doi.org/10.1021/ja904708f
http://dx.doi.org/10.1021/ja904708f
http://dx.doi.org/10.1021/ct300476f
http://dx.doi.org/10.1021/ct300476f
http://dx.doi.org/10.1103/PhysRevLett.95.085701
http://dx.doi.org/10.1103/PhysRevLett.95.085701
http://dx.doi.org/10.1103/PhysRevLett.101.036101
http://dx.doi.org/10.1103/PhysRevLett.101.036101
http://dx.doi.org/10.1063/1.473271
http://dx.doi.org/10.1063/1.473271
http://dx.doi.org/10.1103/PhysRevE.85.020102
http://dx.doi.org/10.1103/PhysRevE.85.020102
http://dx.doi.org/10.1063/1.464397
http://dx.doi.org/10.1063/1.464397
http://dx.doi.org/10.1006/jcph.1995.1039
http://dx.doi.org/10.1006/jcph.1995.1039
http://dx.doi.org/10.1021/nn204661d
http://dx.doi.org/10.1021/nn204661d
http://dx.doi.org/10.1016/S0039-6028(98)00789-4
http://dx.doi.org/10.1016/S0039-6028(98)00789-4
http://dx.doi.org/10.1063/1.2839862
http://dx.doi.org/10.1063/1.2839862
http://dx.doi.org/10.1021/nl901231s
http://dx.doi.org/10.1021/nl901231s
http://dx.doi.org/10.1063/1.2036967
http://dx.doi.org/10.1063/1.2036967
http://dx.doi.org/10.1103/PhysRevLett.92.075502
http://dx.doi.org/10.1103/PhysRevLett.92.075502
http://dx.doi.org/10.1103/PhysRevB.22.3065
http://dx.doi.org/10.1103/PhysRevB.22.3065
http://dx.doi.org/10.1021/je60070a018
http://dx.doi.org/10.1021/je60070a018
http://dx.doi.org/10.1103/PhysRevLett.96.140602
http://dx.doi.org/10.1103/PhysRevLett.96.140602
http://dx.doi.org/10.1103/PhysRevE.83.052104
http://dx.doi.org/10.1103/PhysRevE.83.052104
http://dx.doi.org/10.1088/1742-5468/2013/06/P06009

	Ice or water: thermal properties of monolayer water adsorbed on a substrate
	Contents
	Introduction
	Simulation methodology
	Results and discussion
	Conclusion
	Acknowledgments
	References


