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Abstract Molecular dynamics simulations were performed to study the surface proper-
ties of water in a temperature range from 228 to 293 K by using the extended simple point
charge (SPC/E) and four-site TIP4P potentials. The calculated surface tension increases
with the decrease of temperature, and moreover the slopes of the surface ten-
sion-temperature curves show a weak rise below 273 K, whereas no obvious anomalies
appear near 228 K, which accords with the previous experiments. Compared with the
measured values, the SPC/E potential shows a good agreement, and the TIP4P potential
underestimates the surface tension. The main reason for that may be the reasonable de-
scription of the surface structure of supercooled water for the SPC/E. When simulating the
orientational distributions of water molecules near the surface, the SPC/E potential pro-
duces higher ordering and larger surface potentials than the TIP4P potential.

Keywords: surface tension, supercooled water, molecular dynamics simulation.

Liquid-vapor interface has aroused wide research interest in experimental and theo-
retical fields in recent several years because of its importance in physics, biology and
environmental science®=>. As a transition phase between the two bulk systems, lig-
uid-vapor interface displays different physical and chemical properties. In particular, wa-
ter, the most popular liquid in nature, has especially large surface tension compared to
some simple liquids owing to the hydrogen-bonding structure at the surface. Therefore,
the better understanding of thermodynamic and dynamic properties associated with lig-
uid-vapor interface requires a molecular-level investigation of surface structure.

Molecular dynamics (MD) simulation is one of the effective methods to study interfa-
cial phenomena in molecular level. In the past decade, the surface properties of water
have been subjected to extensive investigation by MD method using various interaction
potentials@. Guissani and Guillot studied the liquid-vapor coexistence curve of SPC/E
water and discussed the relationship between the structural change of water molecules
and the slope of the liquid-vapor coexistence curve”. Wilson et al. simulated the surface
tension and surface potential of water at 325 K for the TIP4P model™. The corrected
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value of the surface tension is 59 mNm™', which is 13% smaller than the experimental
results. And the calculated surface potential has reasonable magnitude but opposite sign.
Alejandre et al.™ investigated the liquid-vapor equilibrium of water in the range of 316—
573 K by using the SPC/E model with the Ewald sum. The simulated surface tensions are
in good agreement with the experimental results, which suggests that the SPC/E model is a
more effective potential function for studying the liquid-vapor interface of water.

It is noted that most studies on the surface properties of water concentrate on high
temperature region, and less attention is paid to supercooled water. Although Matsumoto
and Kataoka™¥ studied the surface properties of water in a wide temperature range from
250 to 400 K with MD method, including surface tension, surface excess energy and
orientational structure near the surface, the simulated surface tensions are 50% smaller
than the experimental values, and moreover, the specific surface entropy s
(s, =—dy/dT, yis the surface tension, 7 the temperature) diminishes monotonously

with the decrease of temperature in the supercooled region, which is contradictory to the
experimental results by Floriano et al.!™. Floriano er al ™™ measured the surface tension
of water using a small-sample capillary rise method down to 245.8 K and the results
showed that s;is inclined to increase below 273 K. Therefore, it is necessary to investi-
gate the surface tension of supercooled water in detail.

In this paper, we report a study on the surface properties of supercooled water down to
228 K with a classical MD method, and the behaviors of the surface tension and surface
structure in the supercooled region are discussed.

1 Simulation method

During the simulations, the SPC/E and 4-site TIP4P potential functions are utilized.
The interaction between two water molecules is a combination of Lennard-Jones 6-12
potential function and Coulomb potential:
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where r;; is the distance between atom i and j in two different molecules; g; and g; are the
charges of atom i and j; &; and o;; are Lennard-Jones parameters. The potential parame-
ters for the SPC/E and TIP4P models are given in Table 1.

Table 1 Molecular potential parameters for the SPC/E and TIP4P potential functions!!
SPC/E TIP4P
o (A) 1.0 0.9572
ZHOH (deg) 109.47 104.52
a(A) 3.166 3.154
£(kJ-mol™) 0.6502 0.6481
qo (¢) —0.8746 0
qu () 0.4238 0.52
qu (e) 0 -1.04

rom (A) 0 0.15
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The simulation domain is schematically shown in Fig. 1. Periodical boundary condi-
tions are applied in the three coordinate directions. The simulation system consists of 512
water molecules. The simulation is performed with a time step of 2.5 fs, and the simula-
tion temperature ranges from 228 to 293 K. The short-range potential cutoff is 9.8 A. At
each temperature, the bulk water system without liquid-vapor interface is equilibrated at
first and then the z dimension of the simulation cell is increased to 100 A in order to form
two liquid-vapor interfaces. The new system is equilibrated in a NVT ensemble ranging
from 10° to 5x10° time steps with the decrease of simulation temperature. The production
runs of 10° time steps are required to calculate the surface properties accurately. All of
the codes run in HP-rx2600 system at Center for High Performance Computation of

NPU.
Vapor Liquid Vapor

L

z

Fig. 1. Simulation cell. L.= 100 A for N = 512. The middle part is liquid water and vapor phase is fixed in each
side.

In the MD simulations of dipolar fluids such as water, the long-range electrostatic in-
teractions play an important role and cannot be neglected. Therefore, the Coulomb poten-
tial consists of two parts: short-range and long-range forces. The Ewald sum is an effec-
tive way to calculate the ionic interaction and it can embody the long-range force in a
simulation with periodic boundaries®*. By means of the Ewald sum, the total Coulomb
potential Ucyy is given by

2n ¢ 1 n
e =254 exp[—mjmmr DRRAD WL

eI'fC(K' la/b )
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where V is the volume of simulation cell, 4 the reciprocal lattice vector, x (= 5.6/L,) the

convergence factor, erfc(x) the complementary error function, S(%) = Zqu exp(ih-r,)

and r,, =r, —r,;. In the simulations, a cutoff is also imposed on the /-space, and the

lajb ia

maximum reciprocal lattice vectors are given by |4 [=| 1 |=5 . Because the size of
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simulation cell in the z-direction is lengthened, the maximum of |4 | should be in-

creased accordingly and is equal to 15 in this work.

2 Results and discussion
2.1 Density profiles

In order to observe the formation of liquid-vapor interface, the distribution of number
density along z coordinate is calculated. The simulation cell is divided into slabs with
0.25 A thickness, and molecule number is statistically averaged in each slab. The density
profiles at 233 and 293 K for the SPC/E and TIP4P potentials are shown in Fig. 2(a) and
(b) respectively. There exists obviously a continuous density drop between the bulk lig-
uid and vapor phases, indicating that the liquid-vapor interface forms. The density pro-
files at every temperature are found to fluctuate around the bulk density. The amplitude
of this fluctuation reaches a maximum at the liquid/vapor interface and then falls into
oscillations with a weak decay in liquid region. Moreover, the fluctuation becomes more
and more pronounced with the decrease of temperature, as shown in the insets of Fig. 2.
The oscillatory density profile is a result of surface layering structure which is often ob-
served in some liquids with low melting point and regarded as a simple geometrical re-
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Fig. 2. Density profiles at 293 K (open circles) and 233 K (dots) for the SPC/E and TIP4P potentials. The solid
lines are the fitting results according to the hyperbolic tangent function. The insets show the enlargement of liquid
density profiles.
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sponse to a sharp interface with a short-range correlation. At the free liquid surface, the
capillary wave associated with the long-range correlation often suppresses the inho-
mogeneity of density profile and damps the oscillation. Its effect on the surface layering
depends on the transverse size. In simulations, the transverse size of the simulation cell is
very small and the effect of capillary waves is often ignored. In fact, according to the
analyses of Tarazona et al.>! the layering structure is independent of temperature, and
the temperature dependence of the oscillatory density profiles shown in this simulation is
caused by the capillary wave essentially. The effect of temperature on the oscillatory am-

plitude 4,, is described by means of the transverse size L,: A ~ L;”(T”’ ) (s the decay

exponent, a function of temperature and surface tension). Therefore, the increase of the

interface area (L,<L,) can damp the density oscillation to a certain extent, but it may not

be pronounced in view of the limitation of the typical scope in the present simulations.
The density profiles are fitted by a hyperbolic tangent function:

p(Z)=%(,0L +Pv)—%(PL—Pv)tanh[(Z—Zo)/d], 3

where p. and py are bulk densities of liquid and vapor phase, zy is the position of the
Gibbs surface, and d is a parameter of surface thickness. The fitted o (z) is shown as solid
lines in Fig. 2.

The surface thickness ¢, defined as the “10—90 thickness”, is a function of d, ¢t =
2.1972d. For both the SPC/E and TIP4P potentials, the surface thickness decreases with
the decrease of temperature as shown in Fig. 3. Moreover, in the simulation temperature
range, the surface thickness for the TIP4P is about 5% larger than the SPC/E potential.
According to Schwartz’s measurements™ %, the surface thickness of water reaches 7.2 A
at 293 K, much larger than the values of 2.3 and 2.4 A obtained in this work. The differ-
ence between the simulations and experiments is attributed to the surface capillary waves
involved in the experimental measurements. The present results for the SPC/E model is
also smaller than that of Matsumoto et al. for the CC potential™?, which may relate to the
molecular structures defined by these potential functions. The CC and TIP4P potentials
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Fig. 3. “10—90 thickness” as a function of temperature for the SPC/E and TIP4P potential functions.
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yield weaker interaction force, smaller liquid densities and higher vapor densities, result-
ing in the larger surface thickness.

2.2 Surface tension

Surface tension is one of the important parameters to characterize the surface structure
and chemical activity and associates closely with some surface anomalies. In order to
understand quantitatively the surface properties of water in the supercooled region, we
simulated the surface tension of water as a function of temperature from 228 to 293 K.

The surface tension can be obtained by calculating the components of the pressure

tensorm:
A/1
7/:3<5(er+]3”)_]3”>’ (4)

where Py, P,, and P.. are the X, Y and Z element of the pressure tensor, and 4 = L,L, is
surface area. The element of the molecular pressure tensor is

N N-1 N u
VPaﬂ :Zmi(vi)a(vi)ﬁ+zz Z (”g;)a(fiajb)ﬂ: (5)
i=1 i=1 j>i a,b=I1

where N is the number of molecules; m;, v; are the molecular mass and the velocity of the
center of mass; u the number of sites in a water molecule; r; the distance between the
molecules i and j; and f'the force between atom a in molecule i and atom b in molecule ;.
The electrostatic long range interactions make an important contribution to the surface
tension and are involved by using the Ewald sum in the simulations based on eq. (2). The
tail correction to the surface tension is also performed.

The surface tensions of supercooled water as a function of temperature for the SPC/E
and TIP4P models are shown in Fig. 4. The open circles are the measured values by
Floriano et al.[m; and the solid lines are the best fit for the simulated results. The ex-
perimental data above 273 K have been measured extensively and can be accurately fit-

ted by Vargaftik equation™®):

A
- )

where T.= 647.15 K, B = 0.2358 mNm_l, A=1.256 and b = —0.625. In general, the sur-
face tension in the supercooled region is obtained approximately from the extrapolation
of eq. (6), shown as the dashed line in Fig. 4. It can be seen that the absolute values of the
slope of temperature-surface tension curve diminish as the temperature decreases. How-
ever, the experimental data given by Floriano display that the temperature dependence of
the surface tension begins to increase below 273 K. For the present simulated results, the
surface tensions are in good agreement with the measured values in the supercooled state
for the SPC/E potential, and are somewhat smaller while 77> 273 K. Once the tempera-

ture decreases below 273 K, the temperature dependence of the surface tension starts to
slowly rise and the specific surface entropy, ss, correspondingly increases with the de-
crease of temperature, as plotted in Fig. 4, which is more evident for the TIP4P potential.
This change tendency agrees qualitatively with the experimental results and is contrary to
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Matsumoto and Kataoka’s results. It is suggested that there may be a second inflection
point in the surface tension-temperature curve in the low temperature region as the first
one at about 200°CH, Although the present results show that the temperature depend-
ence of the surface tension is strengthened below 273 K, the increase appears so slow
that we cannot confirm the location of the inflection point from the relatively smaller
simulation data. And the more extensive simulations in a wide temperature range, espe-
cially at larger surpercooling, are required.
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Fig. 4. Surface tension of supercooled water. The solid diamonds and open triangles are calculated values with the
SPC/E and TIP4P potentials, respectively. The open circles are measured results in ref. [11]. The solid curves are the
best fit to the simulated results. The dash line is the prediction of Vargaftik equation.

In addition, no anomalous behavior of the surface tension like some bulk properties of

supercooled water appears when the temperature approaches 228 K%, Floriano™! ex-

plained that the divergence of the surface free energy per mole, 7an/ ?, at 228 K is
mainly caused by the mole volume V7, independent of y. However, it is near 228 K that
the anomalous behavior of )/Vrﬁ/3 appears, and if the behavior of the surface tension is
unknown at 228 K, the above interpretation looks inadequate. The present simulations
provide a complete picture of the surface tension near 228 K and can more rigorously
elucidate this question.

The comparison of the surface tension between the SPC/E and TIP4P potentials dem-
onstrates that the SPC/E potential is a better model for reproducing the surface character-
istics of water in the supercooled state. Considering a good agreement with the experi-
mental values in Alejandre’s simulation™ up to the triple point, the SPC/E potential can
quantitatively represent the surface tension of water over a wide temperature range.

2.3 Orientational structure and surface potential

The orientation of water molecules is determined by two angles 8 and ¢ according to
the definition of Matsumoto ef al.™%. @is the angle between the surface normal vector 7.
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and molecular dipole, and ¢ is the rotational angle around the molecular dipole. It is
found that there are preferential orientation angles for SPC/E and TIP4P water molecules
near the surface. The statistical averages of the two angles in the liquid side, <@> and
<¢>, are 103° and 62° at 293 K for the SPC/E potential. In the vapor side, <> and <¢>
are 75° and 37° respectively. It can be seen that the dipole of water molecules in the lig-
uid side points to the bulk liquid and one hydrogen atom of the molecule projects to-
wards the liquid phase. On the other hand, the molecular dipole in the vapor side prefers
to point to the bulk vapor, and one hydrogen atom projects towards the vapor phase.
Moreover, these angles are independent of temperature in the simulations. For the TIP4P
potential, the values of <@> and <¢> are smaller than that for the SPC/E potential, 95°
and 54° in the liquid side, 84° and 38° in the vapor side respectively. Clearly, the degree
of orientation ordering of SPC/E water molecules near the surface is higher, which de-
termines stronger surface polarity of water.

The surface potential y is defined as the difference of the electrostatic potential be-
tween the bulk liquid and vapor phases. It is calculated according to the following rela-
tion:

7= gﬁojf; dzp(z){cos0), (7)

where u is the dipole moment of water molecules, equal to 2.351D for SPC/E and
2.180D for the TIP4P potential (1D = 3.335x10" Cm); & is the dielectric constant of the
vacuum. The calculated results are shown in Fig. 5. The surface potentials for the SPC/E
and TIP4P models are —0.58 V and —0.39 V at 293 K, respectively. Compared with the
value of —0.55 V reported by Zakharov et al.™ at 300 K using the TIP4P, the present
TIP4P results are large, which is relevant to the definition of surface potential. In Zak-
harov et al.’s simulation™, the surface potential consists of dipolar and quadrupolar con-
tributions, whereas only dipolar contribution is taken into account in this work. The ab-
solute values of the surface potential show an increasing tendency with the decrease of
temperature. If the surface potential is regarded as a linear function of temperature in the
simulation temperature range, its temperature coefficients (dy/d7) are equal to 13 and 12
mV/K for the SPC/E and TIP4P potentials respectively. The values have opposite sign to
Schiffrin’s measurement®'l. In fact, the surface potential has great uncertainty in experi-
ments and simulations, and even the results vary signs, which is induced by the measure
method, potential function and calculation technique. As few experimental results can be
obtained in the supercooled region to test the simulations, our aim is only to provide cal-
culated values to predict the surface potential of supercooled water. In addition, the sur-
face potential-temperature curves display a flat near 273 K as illustrated in Fig. 5.
Whether this behavior corresponds to a transition of molecular structure near surface or is
relevant to the second inflection point of the surface tension is still not clear. The abso-
lute values of the surface potential for the SPC/E model are always larger than that for
the TIP4P, which is consistent with the above analyses about orientation distribution of
surface molecules and the result of the molecular structure determined by potential models.
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Fig. 5. Surface potentials of supercooled water as a function of temperature. The triangles and squares are results
for the SPC/E and TIP4P potentials respectively.

3 Conclusions

MD simulations are accomplished to study the surface properties of supercooled water
from 228 to 293 K. For the SPC/E potential, the simulated surface tension agrees well
with the experimental results. Moreover, the temperature dependence of the surface ten-
sion for both the SPC/E and TIP4P potentials tends to increase in the supercooled region,
which is consistent with the experiments. The simulated orientational structure of water
molecules indicates that there exists the orientational ordering near the surface. The cal-
culated surface potential displays negative value and positive temperature coefficient.
Combined with the above results, the SPC/E potential reproduces accurately the surface
tension, causes stronger orientational ordering of water molecules near the surface, and
gives a better description of the surface properties of supercooled water.
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