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Ab initio molecular dynamics simulation of liquid water
and water–vapor interface

Peter Vassilev,a) Christoph Hartnig, Marc T. M. Koper, Frédéric Frechard,
and Rutger A. van Santen
Schuit Institute of Catalysis, Laboratory of Inorganic Chemistry and Catalysis,
Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

~Received 10 May 2001; accepted 4 September 2001!

The results ofab initio molecular dynamics simulations of liquid water and liquid water–vapor
interface using the Perdew-Wang 91~PW91! exchange-correlation functional are presented. The
structural and transport properties of liquid water are comparable to the previous results using
Becke-Lee-Yang-Parr~BLYP! functional and experimental data. The shape and the position of the
first peak in the oxygen–oxygen radial distribution function is in good agreement with the most
recent neutron diffraction data. Theab initio molecular dynamics simulation of liquid water–vapor
interface, which is the first of its kind, suggests a preferred orientation of the surface water dipole
towards the bulk region. ©2001 American Institute of Physics.@DOI: 10.1063/1.1413515#
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I. INTRODUCTION

The structure and dynamics of liquid water have be
the subject of many theoretical and experimen
investigations.1–13 Still there is a continued interest in th
interpretation of the experimental results and in using v
ous simulation methods at different levels of theory. Most
the empirical potentials used in ‘‘classical’’ molecular d
namics~MD! simulations are essentially optimized to repr
duce the experimentally observed bulk properties. Howe
the interpretation of the experimental results~see Ref. 2 and
references therein! may lead to quite distinct pair radial dis
tribution functions~RDF!.

An alternative to the MD simulations using classical i
teraction potentials areab initio molecular dynamics meth
ods, which do not require any input from experiments
previous theoretical calculations. Recent publications ofab
initio MD simulations have shown a good prediction of t
structural and dynamical properties of bulk liquid wat
~Refs. 9–13 and references therein!. One of the main
conclusions9 is that the BLYP exchange-correlation~XC!
functional14,15 gives the best description for bulk water.
another work13 the results for HCTH/120 exchange
correlation functional were also reported to well estimate
experimental observations. The comparison between the
sity functionals reported by Spriket al.9 and Boeseet al.13

does not include the PW91 density functional.16 Further-
more, recent work of Hamman17 showed that both PW91 an
PBE18 density functionals give a good agreement with e
periment for the sublimation energy and the volume of h
agonal ice Ih. The PW91 exchange-correlation functiona
commonly used for modeling adsorption processes on t
sition metal surfaces. Since our interest is in the applica
of density functional theory methods for description
metal–liquid water interfaces, the purpose of the pres

a!Author to whom all correspondence should be addressed. Electronic
P.Vassilev@tue.nl
9810021-9606/2001/115(21)/9815/6/$18.00
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work is to assess the accuracy of the PW91 functional
simulation of liquid water.

In this work density functional theory~DFT! simulations
of single water molecule, water dimer and bulk water a
presented. The water monomer and dimer have been stu
by means of geometry optimizations, whereas molecular
namics simulations have been performed to model liquid w
ter at ambient conditions.

We present also the first results of a self-consistentab
initio molecular dynamics simulation of a thin water layer
a model for liquid water–vapor interface. The structure
liquid water–vapor interface has been studied quite int
sively using experimental19 or theoretical20–26 methods.
These studies, however, lead to different conclusions reg
ing the orientational distributions of the surface water dip
moments. In this work we study the orientational distributi
at the water/vapor interface usingab initio MD methods.

II. COMPUTATIONAL METHOD

The ab initio MD simulations in this paper have bee
carried out using ViennaAb Initio Simulation Package27,28

~VASP! which is a DFT-based code for systems with period
boundary conditions. The forces acting on the atomic nu
are computed from a self-consistent solution of the Koh
Sham equations.29 The interactions between the ions and t
electrons are described using Vanderbilt-type30 ultrasoft
pseudopotentials provided by Kresse and Hafner.31 The code
uses a plane-wave~PW! basis set and for the exchang
correlation part of the energy functional, we used the gen
alized gradient approximation proposed by Perdew a
Wang16 ~PW91!. An essential difference of the molecula
dynamics method implemented inVASP with the Car-
Parrinello MD32 is that the electronic wave functions are n
included in the equations of motion of the system. The el
tronic ground state is computed self-consistently at each
step.
il:
5 © 2001 American Institute of Physics
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9816 J. Chem. Phys., Vol. 115, No. 21, 1 December 2001 Vassilev et al.
The initial configuration for theab initio simulation was
taken from an equilibrated run performed with the MD pac
ageMOLDY.33

A number of input parameters of theVASP program, such
as the energy cutoff for the PW basis set, the size of perio
unit cell, the number ofk-points sampled in the Brillouin
zone, are of importance for the accuracy of the calculat
In the next section we will first present several tests of
accuracy using simple systems containing one water m
ecule and a water dimer in a cubic box. Sections III B. a
III C. concernab initio MD simulations of bulk liquid water
and a thin water layer which are discussed in relation
previous MD results. For comparison, additional classi
MD simulations were performed for systems containing
64 and 128 water molecules using the SPC/E potential.34

III. RESULTS AND DISCUSSIONS

A. Water molecule and dimer in a cubic box

Water Molecule in a Cubic Box: Computational Param
eters.To estimate the proper computational setup, we p
formed a series of calculations concerning the dependenc
the total energy and the optimized geometry of a water m
ecule on the cell dimensions, the number ofk-points, and the
quality of the plane-wave basis set. First the unit cell s
was varied in the range of 8.0 to 15.5 Å, while keeping t
energy cutoff of the PW basis set constant at 500 eV. O
theG-point was used for the integration of the band energ
In this range of box sizes there was only a small (,0.01 eV!
increase in the computed total energy. The final geomet
of the molecule were practically the same — we found d
ferences of less than 0.002 Å and 0.3° for the O–H bo
length andH–O–H bond angle, respectively. The conve
gence with respect to the number ofk-points in the Brillouin
zone was tested using the same cutoff and a unit cell of
lengthL59.861 Å.~This unit cell size was also used for th
simulation of bulk liquid water and will be referred to as th
MD unit cell.! Switching from theG-point—only to a 333
33 Monkhorst-Pack-type mesh35 ~corresponding to 8 irre-
duciblek-points! — resulted in a difference in the compute
total energy of less than 131025 eV. The basis set depen
dence was evaluated by varying the energy cutoffEcut from
300 to 600 eV. The total energy converged to within 0.01
for Ecut greater than 400 eV with no significant changes
the optimized geometry of the molecule for cutoffs abo
325 eV.

To conclude, the MD unit cell size, aG-point-only sam-
pling of the Brillouin zone, and a cutoff of 400 eV are su
ficient for anaccuratedescription of a water molecule. Th
estimated O–H bond length of 0.973 Å andH–O–Hangle of
104° are the same as the results obtained9 using the BLYP
functional and are in a reasonable agreement with the exp
mental values of 0.958 Å and 104°, respectively.36 Except
for the cutoff of the plane-wave basis set, which was vari
the simulations of the water dimer were therefore perform
using the above-mentioned settings.

Water Dimer in a Cubic Box.To obtain the water dime
equilibrium geometry and dissociation energy and their
pendence on the computational parameters, two series o
Downloaded 21 Apr 2005 to 131.155.151.26. Redistribution subject to AI
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culations were performed using the ‘‘accurate’’ cutoff of 40
eV and a reduced cutoff of 325 eV. The configuration und
study corresponds to thetrans-configuration with a plane of
symmetry, which has been determined experimentally.37 The
dissociation energy of the dimer~Table I! was computed as
the difference in the total energy of the dimer and the sum
the total energies of two single water molecules in the sa
unit cell size using the same cutoff. The energies were c
rected for dipole–dipole interactions between periodic i
ages in the neighboring cells as implemented inVASP. The
O—O distance~Table I! in the water dimer is shifted to a
smaller value compared to experiment37 or the BLYP result,9

but compares well to high-levelab initio coupled-cluster
results.38

From the presented results for the water monomer
dimer we conclude that, already for a cutoff of 325 eV, t
predicted equilibrium geometries and dissociation energy
in a reasonable agreement with the experimental and o
theoretical results. The simulation of bulk liquid water w
nevertheless performed using the ‘‘accurate’’ cutoff of 4
eV. The molecular dynamics of the water slab was perform
using a reduced cutoff of 325 eV, to improve the compu
tional speed.

B. Molecular dynamics simulation of liquid water

An ab initio MD simulation of liquid water was carried
out using a model of 32 molecules placed in a cubic box
size 9.861 Å, corresponding to the densityr50.998 g•cm23

at ambient conditions. All atoms, including the hydrogen
were treated classically with no quantum effects taken i
account. The Verlet integration scheme was used with a t
step of 0.5 fs and no constraints to the molecular geomet
were applied. The starting configuration was obtained fr
an equilibrated ‘‘classical’’ simulation performed wit
MOLDY. The system was equilibrated for 1 ps, after whi
statistical data were collected for 3.5 ps. The average t
perature during the microcanonicalNVE ensemble simula-
tion was 307 K.

Enthalpy of Vaporization.A thermodynamic property of
a molecular liquid that is relatively easy to estimate from o
simulations is the enthalpy of vaporization. The enthalpyH
of a thermodynamic system is given by the expressionH
5U1pV, whereU is the internal energy of the system an
p and V are the pressure and the volume, respectively. T
evaluation ofU from a MD run is straightforward by aver
aging the total energy of the system. The internal energy
the model liquid state~32 molecules in a box! was calculated
in this way. Considering a system of classical particles,

TABLE I. Calculated O–O distance and binding energy of water dim
compared to the results using CCSD~T!38 and BLYP9 and experiment.37,41

r~O–O!/Å Edimer/kJ•mol21

Ecut5325 eV 2.88 23.5
Ecut5400 eV 2.89 23.9

CCSD~T! 2.91 21.0
BLYP 2.95 18

Experiment 2.98 22
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



tia
-

ga
u

er
e

th
o
-

e
,
lt

er
u

du
t
–
en
ir
0

.
u

tin
-

ni

en
6
ib
he
ou
o

he
a
ta
YP

-

,
pr
o
in

-

y

D
a
a
x-

ich
or
ted

ll

4
also
out
he

2.7

he
nly

sent

9817J. Chem. Phys., Vol. 115, No. 21, 1 December 2001 Ab initio molecular dynamics simulation of water
internal energyU can be expressed as a sum of the poten
energy of the optimized~equilibrium! geometry and the av
eraged kinetic energy of the thermal movementEk . For the
purpose of evaluating the enthalpy of vaporization, the
phase water is considered a gas of noninteracting molec
with N59 degrees of freedom~including translations!. Thus,
the total average kinetic energy of a molecule at a temp
ture T is Ek5NkT/2 and the gas occupies a molar volum
Vm as an ideal gas. Following this scheme and taking
pressurep51 atm, the computed enthalpy of vaporization
liquid water is 39 kJ•mol21 ~307 K! in satisfactory agree
ment with the experimental value of 43.9 kJ•mol21 ~298
K!.36

Radial Distribution Functions.We have evaluated th
radial distribution functions~RDF! of the three atom pairs
i.e., O–O, O–H, and H–H. The comparison with the resu
from neutron diffraction data is shown on Fig. 1. The det
mination of the O–O pair distribution function based on ne
tron diffraction has been subject to a number of revisions
to experimental uncertainties.2 Most noticeable is the fac
that, the position and the shape of the first peak of the O
RDF at 2.7Å are in good agreement with the most rec
experimental result2 giving a peak at around 2.75 Å. The pa
radial distribution functions using BLYP and HCTH/12
density functionals were found9,13 to compare very well with
the older experimental data,1 which are also shown on Fig. 1
It should be noted that the molecular structure in our sim
lation is more ordered compared to the experiment, resul
in a lower value of the first minimum in the RDF. The com
puted RDF is in fact quite sensitive to the size of the u
cell. In a recent work Silvestrelliet al.11 reported a signifi-
cant improvement in the RDF’s compared to experim
with the increase of the size of the system from 32 to
deuterated water molecules. The shape of the O–H distr
tion function is also influenced by quantum effects of t
hydrogen atoms, which are not taken into account in
model ~for a quantum mechanical study and the extent
quantum effects on the RDF’s, see for example Ref. 7!. In
conclusion, accounting for the limitations of the model, t
radial distribution functions for the PW91 density function
compare well with the experimental neutron diffraction da
and are not notably inferior to those obtained with the BL
functional.

Self-Diffusion Coefficient.An important dynamic charac
teristic of a liquid is the self-diffusion coefficientD. As the
oxygen atoms are much heavier than the hydrogen atoms
considered the movement of the oxygen atoms to be re
sentative for the movement of the center-of-mass of the m
ecules. The self-diffusion coefficient can be computed us
the mean-square displacement~MSD! or the velocity auto-
correlation function.39 The value for the self-diffusion coef
ficient is 0.831029 m2

•s21 using the MSD of the oxygen
atoms ~Fig. 2, N53 directional degrees of freedom! and
1.231029 m2

•s21 from the integration the oxygen velocit
autocorrelation function. The difference in the results forD,
using the two definitions, is due to the relatively short M
simulation time. It is, however, more important to notice th
the value ofD and the shape of the MSD function implies
liquid-like behavior of a bulk water. Compared with the e
Downloaded 21 Apr 2005 to 131.155.151.26. Redistribution subject to AI
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perimental result of 2.3031029 m2
•s216, the computed

value confirms the reduced mobility of the molecules, wh
is related to the small size of the unit cell. The result f
BLYP for a system of the same size, but using 32 deutera
water molecules, was reported as 1.031029 m2

•s21 11 and
1.331029 m2

•s219. The influence of the size of the unit ce
was demonstrated by Silvestrelliet al.,11 who reported an
increase ofD by a factor of around 2.5 for a system of 6
deuterated water molecules compared to 32. This result
agrees with the classical MD simulations that we carried
for models containing 32, 64, and 128 water molecules. T
computed self–diffusion coefficients are 1.8, 2.7 and
31029 m2

•s21, respectively.
Assuming transferability of the results concerning t

size of the system, the estimated value for PW91 is not o

FIG. 1. ~a! O–O, ~b! O–H and~c! H–H radial distribution functions: the
computed RDF’s are given by solid lines; dotted and dashed lines repre
Soper’s experimental data from 20002 and 1997,1 respectively.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9818 J. Chem. Phys., Vol. 115, No. 21, 1 December 2001 Vassilev et al.
comparable to the BLYP, but both density functionals are
a reasonable agreement with the experiment. Boeseet al.13

computed a self-diffusion coefficient of 2.731029 m2
•s21

for a system of 32 molecules using the HCTH/120 dens
functional. This result therefore appears to point to a mo
ity of the water molecules, which is too high compared
experiment.

Vibrational Power Spectrum.We also examined the vi
brational properties of the system in terms of the vibratio
power spectrum, which is defined as the Fourier transfor
tion of the velocity autocorrelation function.39 The power
spectrum~Fig. 3! was computed using the hydrogen veloc
autocorrelation. The broad peak at 2900–3800 cm21 corre-
sponds to the intramolecular stretching; the bending vib
tions are recognized at around 1600 cm21. The broad peak
in the region 400–1000 cm21 represents intermolecula
modes. These results agree well with the experimental in
red and Raman spectral data.3–5

C. Molecular dynamics simulation
of water–vapor interface

Our model for water–vapor interface is based on a s
tem containing a thin water slab. The model was construc
by taking a configuration from the equilibratedab initio
simulation of bulk water and placing it in a rectangular b
obtained by doubling the original size in thez-direction. The
resulting simulation unit cell is 9.86139.861319.723 Å and
contains 32 water molecules in a slab of a thickness 9.86
and a vacuum region of the same size. For this simulation

FIG. 2. Mean-square displacement~MSD! of the O atoms normalized to the
number of directional degrees of freedomN. The solid line represents th
three-dimensional MSD of bulk water; dashed and dotted lines corresp
to two-dimensionalxy and one-dimensionalz MSD of the water slab, re-
spectively.

FIG. 3. Computed power spectrum of bulk liquid water~dotted line! and
liquid water slab~solid line!.
Downloaded 21 Apr 2005 to 131.155.151.26. Redistribution subject to AI
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reduced the accuracy of the computation in favor of speed
lowering the energy cutoff for the plane-wave basis set fr
400 to 325 eV. As shown previously~Table I!, the accuracy
of the calculation should be still reasonable.

The equilibration of the system was performed in tw
stages:~i! a MD simulation run at 335 K for 1.4 ps, followe
by ~ii ! a simulation at 300 K with Nose´ thermostat for 1.5 ps
During these runs we observed a rearrangement of the w
molecules, particularly at the surface and the thickness of
water layer slightly expanded to about 10 Å. Next, data c
lection was performed for a period of 4 ps. The time step
all these simulations was 0.5 fs.

Density profile along the surface normal.The limited
size of our system does not allow a ‘‘real’’ bulk region in th
middle of the slab. Therefore, it is not possible to produ
realistic data for the water density distribution along the s
face normal~Fig. 4!. The result is also strongly influenced b
the reduced mobility of the molecules, as discussed below
connection to the MSD and self-diffusion. It should b
pointed out, however, that theab initio O-distribution along
the z-axis agrees qualitatively with the result from a mu
longer classical MD simulation. Indeed, the classical M
result, obtained using the same number of molecules, cle
shows the existence of a layering in the model with two ou
layers L1 and L3 and one inner layer L2. The observ
maxima in the density profile correspond to the maxima
tained from theab initio simulation. The presence of ‘‘gaps
in the ab initio O-distribution function is due to the limited
simulation time. However, as seen from the H–distributio
the water molecules still interact via hydrogen bonds.
should be mentioned here that a classical molecular sim
tion of 4 ps, which is the length of theab initio simulation,
produces a similar density profile along the surface norma
the ab initio simulation.

Mean-Square Displacement and Self-Diffusion.As can
be seen from Fig. 2, which shows the computedxy (N52)
andz (N51) components of the MSD of the O atoms, on
‘‘cage movement’’ effects are observed, resulting in the sm
slope of the curve at longer times. This picture contradi
the findings in earlier~classical! MD simulations,22,25 where
an increase of the self-diffusion coefficient in the surfa

nd
FIG. 4. Density distributions along thez-axis. The solid and dotted line
correspond to the oxygen and the hydrogen distributions from a 4 psab
initio MD simulation. The dashed line~zero shifted to 1! corresponds to the
oxygen distribution from a 250 ps classical MD simulation. All distributio
functions are normalized to the bulk density. The preferred orientation of
water dipoles concluded from theab initio MD is shown on the right.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9819J. Chem. Phys., Vol. 115, No. 21, 1 December 2001 Ab initio molecular dynamics simulation of water
transition zone compared to the bulk region was repor
These simulations were performed using much bigger s
tems containing 350 or more water molecules. The diff
ences in the transport properties are a result of the comb
effect of the small size of the MD unit cell and the number
molecules. Under these conditions the mobility of the m
ecules is highly reduced due to geometrical constraints
space confinement. This effect is much stronger for the t
dimensional slab system compared to the three-dimensi
simulation of 32 bulk water molecules as the number
translational degrees of freedom is reduced.

Orientational Distribution of the Molecules.It is gener-
ally accepted in the literature that the coupling between
translational and rotational motions of water molecules
liquid water is weak. With this assumption, the molecu
orientational distributions should not be affected by the lim
tations of the model to such an extent as the transport p
erties. To test the validity of this assertion, we perform
classical MD simulations of water slabs containing 32 a
128 molecules. Even for a system of 32 molecules and si
lation time of 4 ps, the result qualitatively reproduces t
molecular orientation computed for a system of 128 m
ecules with a 5 nssimulation time, with an uncertainty in th
maximum of the angular distribution of around 10°. Th
suggests that in spite of the relatively poor density pro
obtained from a 4 pssimulation with 32 water molecules, th
qualitative conclusions regarding the dipole orientat
should still be valid.

To describe the orientation of the molecules, one c
define an angle variableu between the dipole moment of
water molecule and thez-axis of the unit cell, which is also
the axis perpendicular to the surface~Fig. 4!. An angle of
u590° corresponds to an orientation of the dipole paralle
the surface plane. We divided the water layer along thez-axis
into three sublayers each of a thickness of around 3.5 Å.
choice of the positions of the dividing planes corresponds
the sublayers as observed from the density profiles of b
the classical and theab initio MD simulations. As mentioned
before, we refer to the middle sublayer as L2, and to the
outer sublayers as L1 and L3. L1 is the outer layer from
negative side ofz, and L3 that from the positivez. In this
definition a molecule’s dipole moment points directly to t
vacuum region ifu is 180° for the sublayer L1 and 0° for th
sublayer L3. As can be seen from Fig. 5a, the results for
and L3 are quite symmetric and the preferred orientation
the dipoles is towards the ‘‘bulk’’ region.~N.B. The probabil-
ity plot has been normalized to unity; in this representat
random orientational distribution corresponds to the line
y51.) The maximum probability is at an angle of 120° wi
the outwardsurface normal, which qualitatively agrees wi
the experimental second-harmonic generation results.19 Most
of the ‘‘classical’’ simulations studies also agree with o
result,21–23,25 although two studies reported a water dipo
orientation parallel to the surface.20,24

The intramolecular O–H bond orientation can be d
scribed by an angle variablef between the bond and th
surface normal in analogy to the dipole moment orientat
angle u. The evaluation off ~Fig. 5b! showed that abou
20% of the bonds point towards the bulk at an angle
Downloaded 21 Apr 2005 to 131.155.151.26. Redistribution subject to AI
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160–180° with the outward surface normal. Compared to
result for the dipole moment, the O–H orientational distrib
tion is not that symmetric. It should be noted that the us
normalization has the effect of over-accentuating the de
tions from the homogeneous distribution at anglesf around
0° and 180°. This results in a much higher peak in the cu
for L1 aroundf50°, which only corresponds to a fractio
of the O–H bonds. The corresponding peak in the L3-cu
is slightly shifted and is aroundf5160°.

Vibrational Power Spectrum.As in the case of bulk liq-
uid water, the vibrational power spectrum was computed
ing the hydrogen velocity autocorrelation function~Fig. 3!.
Compared to the bulk water, the peak at 3750–3800 cm21 is
strongly enhanced due to free O–H groups at the surfa
This peak is indeed expected on the basis of the prefe
orientation illustrated on Fig. 4 and is in agreement with t
experimentally observed peak at 3690 cm21.40

IV. SUMMARY AND CONCLUSIONS

We presented an investigation of~non-deuterated! aque-
ous systems using DFT-based methods with a self-consis
treatment of the electrons. The Perdew-Wang 91 exchan
correlation functional used in this work gives an accepta
description of the properties of a water molecule, a wa
dimer, and liquid water. The computed enthalpy of vapori
tion of 39 kJ•mol21 is in satisfactory agreement with th
experimental value of 43.9 kJ•mol21. Taking into account
the small system size, the structural results in terms of ra

FIG. 5. Angular distributions of the water dipole~a! and the O–H bond~b!.
Solid, dotted and dashed lines correspond to sublayers L1, L2 and L3
spectively.
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distribution functions show a reasonable agreement with
most recent neutron diffraction data. The simulated O
separation is comparable to the result using the BLYP fu
tional and gives a better description of the shape and
position of the first peak than BLYP. The estimated value
the self-diffusion coefficient is also in reasonable agreem
with the BLYP results and experiment. Theab initio simula-
tion of the liquid water–vapor interface shows a preferr
orientation of the water molecule dipole towards the b
region at an angle of 120° with the outward surface norm
This result agrees qualitatively with most of the previo
classical MD simulation results and experimental data.
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