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Abstract: The effect of the environment on the properties of water in the bulk and at the surface of a
cluster is studied by all-electron Born—Oppenheimer molecular dynamics. The vibrational spectrum of surface
and bulk water is interpreted in terms of the molecular orientation and the local changes in the H-bond
network of the cluster. Our results show that, in spite of the presence of a surface moiety of “acceptor-
only” molecules, the H-bond network is significantly more labile at the surface than in the bulk part of
cluster, and single donor—acceptor arrangements are largely dominant at the interface. Further, although
surface water molecules depict in average a single H atom protruding into the vapor, molecules exhibit
significant orientational freedom. These results explain the apparently opposite experimental observations
from infrared sum frequency generation and X-ray spectroscopy of the liquid—vapor interface. The dipole
moment, intramolecular geometry and surface relaxation are also analyzed at light of the different H-bond

regions in the cluster.

I. Introduction

Liquid water is a singular fluid both because of its importance
on many physical, chemical and biological processes and for
its unique properties related to a labile network of hydrogen
bonds (H-bond). A comprehension of the H-bond network is
fundamental to explain the changing properties of water resulting
from different chemical and physical environments.' * A drop
of water or a relatively large cluster is a prototypical system
where different regions are characterized by a specific organiza-
tion of the H-bond network. Thus, molecules at the surface have
similar properties to those at the liquid—vapor planar interface
while molecules in the interior of the cluster, the bulk molecules
referred here, resemble those of the liquid. A molecular
characterization of the surface of aqueous drops is particularly
relevant in atmospheric science problems, specifically in the
understanding of heterogeneous atmospheric chemical pro-
cesses.” ® Although the liquid—vapor interface of bulk water
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and drops has been the subject of many experimental® > and
molecular dynamics (MD)'®~?* studies, several issues regarding
the dynamics and the microscopic structure of the surface remain
unresolved. Here we shall focus on the changes of the H-bond
network that stem from surface effects on a cluster of 32 water
molecules, and, which are, at the origin of different experimental
characterizations of the water liquid—vapor surface. Wilson et
al.'! reported the identification of a moiety of “acceptor-only”
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water molecules from X-ray experiments at the water surface.
This observation engenders the possibility that a significant
fraction of surface water molecules have two free hydrogen
atoms protruding into the vapor phase. This hypothesis however
finds no support from the interpretation of the experimental
vibrational spectrum®'*!'®2 of surface water from which, Du
et al.” predicted more than 20% of surface water molecules with
a single H atom dangling away from the surface with an angle
of 38° with the surface normal. Moreover, the authors’ argued
that if both H atoms were free, then, two sharp peaks would
appear in the vibrational spectrum. Ab initio MD'® of the
liquid—vapor interface also predicted the existence of a surface
“acceptor-only” moiety. A profounder molecular characterization
of the liquid—vapor interface is therefore in need to explain
what prevents surface water “acceptor-only” molecules from
displaying symmetric and antisymmetric vibrational peaks.

Another related issue concerns surface relaxation, which is
characterized by a larger intermolecular O—O distance between
surface molecules. Experimental'*'? X-ray absorption studies
predicted a 5.9% increase of the O—O separation. Kuo and
Mundy'® further observed surface relaxation from Voronoi
volume analysis. Recently, however, Cappa et al.?® presented
evidence that these'®'? previous experimental results concern-
ing surface relaxation, and the finding of an “acceptor-only”
moiety could have resulted from experimental artifacts, and the
X-ray absorption spectrum of the liquid—vapor interface is
actually similar to that of liquid water. At light of these different
observations we present here results for a cluster, for which
surface effects are dominant, allowing a comparison between
the H-bond network in a spherical surface and that of the
liquid—vapor planar interface. The method chosen to carry out
this study was, density functional theory®”® based, all-electron
Born—Oppenheimer molecular dynamics (BOMD).

Il. Methods

The present BOMD was carried out in the microcanonical
ensemble for a cluster with 32 water molecules using a MD code
developed by the authors coupled to the program Gaussian 03.°
The equations of motion were integrated with a Verlet “leap-frog”
algorithm and a time-step (Af) of 0.9 fs. The electronic energy and
forces were calculated with the Perdew-Burke-Ernzerhof™® general-
ized gradient approximation (PBE-GGA) exchange-correlation (XC)
functional and a 6—31+G(d,p) basis set with a tolerance of 107%
Ha in the energy. The choice of the functional and time-step in the
present study was driven by results of preliminary MD simulations
of clusters with 8 water molecules at room temperature, where
different XC functionals and time-steps were examined. The choice
of the PBE-GGA functional resulted from the fact that vaporization
of the cluster was not observed for different, nonequilibrated,
starting configurations. On the other hand, due the computational
cost of all-electron BOMD, the choice of a time-step slightly larger
than the typical value of 0.5 fs commonly used in simulations of
liquid water, is desirable. The combination of the Verlet “leap-
frog” algorithm with a time-step of 0.9 fs, results in conservation
of the total energy and linear momentum within the limits of
accuracy of the present calculations. The water molecules were
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Figure 1. Water molecules oxygen and hydrogen (divided by two) atoms
radial density profiles. The dashed line represents the oxygen density profile
calculated for concentric layers of 1.5 A to estimate the density (1.0 g.cm™)
in the liquid region. The error bars are the standard deviation at each 1.5 A
layer.

given, at time zero, the experimental geometry>! (ro_y = 0.957 A,
oon = 104.5°), of the isolated monomer, and were displayed on
the surface of two concentric spheres, 2.91 A apart, around a central
molecule. The first sphere surface accommodated 6 molecules and 25
water molecules were spread at the surface of the second. The
molecules were then randomly rotated between 0 and 27 and the cluster
was equilibrated for 3.8 ps followed by a production stage of 7.1 ps.
The atomic velocities were scaled for a temperature of 300 K during
the first 1.35 ps of equilibration. The profiles reported herein, for the
7.1 ps run, were also calculated at different time blocks of ~1.75 ps
of the equilibration and production stages to ensure that 3.8 ps were
enough for the cluster to attain equilibrium and to monitor property
changes within different periods of the simulation. The average
temperature of the cluster was 317 £ 24 K.

The dipole moment of the water molecules was calculated from
natural population analysis** (NPA) and Mulliken*? atomic charges.
Although deficient for a quantitative analysis of the dipole moment
of the isolated monomer these methods do not suffer from the
problems of electrostatic potential methods for large molecules or
clusters.>* The NPA method highly overestimates the dipole
moment of the water monomer. For the PBE/6—31+G(d,p) water
monomer geometry (ro-y = 0.973 A, opon = 104.9°) the dipole
moment of the isolated water molecule is unpa = 2.8 D to be
compared with the experimental 1.855 D.*>> A significantly lower
value is obtained from Mulliken population analysis, tmulliken =
2.0 D, although this value is more sensitive to the size of the basis
set.** More importantly, however, for the purposes of the present
study, is to understand whether or not the chosen population
methods have the ability to correctly capture polarization effects
when we move from the surface to the interior of the cluster.

The H-bond analysis was based on the following geometric
definition:? rop < 3.5 A and dnoo < 30°, where roo is the distance
between the donor and acceptor oxygen atoms and ¢yqo is the angle
between the intramolecular O—H bond and roo. The radial profiles
presented herein were calculated by dividing the cluster in
concentric spherical layers of thickness, Ar = 0.25 A.

Ill. Results and Discussion

Figures 1 and 2 depict the density radial profile of oxygen
(O) and hydrogen (H) atoms and the number of donor/acceptor
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Figure 2. (a) Number of H-bond donor and acceptor radial profiles. (b)
Definition of different H-bond regions based on the total number of H-bonds.

H-bond profiles, respectively. We distinguish 3 H-bond regions,
based on the radial average number of H-bonds: a bulk, almost
tetrahedral, region (I) at r < 3A, a surface-vapor region (III)
where in average molecules have less than two H-bonds, at r
> 7A, and a larger in-between region (II) where molecules have
either one or two donor and acceptor H-bonds (see Figure 2).
These regions are to be distinguished from the bulk-surface
definition based on the density changes of water. The region
where the density changes between 90% and 10% of the bulk
density is commonly applied to define the liquid—vapor
interface. This region was found here to be around, 5.25 A<r
<725 A, (see Figure 1). The density in the liquid region (1.0
g.cm™3) of the cluster was obtained through the fitting of a
hyperbolic tangent function®* to the density profile of O (Ar
=15A).

The average number of H-bonds in the H-bond region I is
approximately 3.85, which is in good agreement with the
conventional description of liquid water with a nearly four
H-bond tetrahedral local structure.*®*! This means that despite
of the small size of the cluster there is a region where molecules
have a similar coordination to that typically found in liquid
water. We note, however, that the structure of liquid water is
presently the subject of intense debate.*' "¢ Wernet et al.*®
suggested, from the interpretation of X-ray absorption spectra,
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Figure 3. (a) Water H-bond coordination type molecular fraction radial
profile; d and a stand for H-bond donor and acceptor water molecules,
respectively. (b) H-bond profile obtained from the first (bl), second (b2),
third (b3), and fourth (b4) periods of 1.75 ps of the simulation. The zero
refers to molecules without any H-bond.

an alternative picture of the structure of liquid water where a
majority of water molecules experience a distorted and asym-
metric H-bonding environment with each molecule forming a
single strong donor and a single strong acceptor H-bond. More
recently Tokushima et al.*> proposed that liquid water is
characterized by tetrahedral and strongly distorted H-bond
species in a (1:2) ratio. The results presented here do not support
this view and keep with the observations of other experimental
studies as well as quantum calculations and DFT and classical
force field MD simulations.

A more detailed (Ar = 0.25 A) examination of the density
profiles reveals that the H density profile extends over larger
distances in both H-bond regions, I and III, which suggests that
at least a single H atom is oriented toward the center of mass
and outside the cluster surface, respectively. Additionally we
encounter a ~0.5 A void around the center of mass of the
cluster. We must stress that the radial profiles have a poor
statistics at small r and large fluctuations of the density profile
in the inner layers are usually observed, even for large drops.?'~’
This is inherent to the calculation in the sense that the interior
layers have a smaller volume and averages are therefore taken
over smaller populations.>” Nonetheless, we shall see that the
O and H density differences observed in the H-bond region I
are related to the specific molecular orientation adopted by the
water molecules.

Figure 3a displays a radial profile of the H-bond network,
which provides local quantitative information on the fraction
of water molecules that adopt a specific type of H-bond
coordination of the possible, single and double, donor (d)/
acceptor (a), combinations. A double donor-double acceptor

J. AM. CHEM. SOC. = VOL. 130, NO. 52, 2008 17957
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Figure 4. Angles 6 (0°—180°) and ¥ (0°—90°) (dihedral) used to study
water molecules orientation. C represents the center of mass of the cluster
and OB is the intramolecular angle, oon, bisector. The angle 1 is made to
vary between (0°—90°) due to the fact that the atoms of H are indistinguish-
able. The figure depicts both, € and 3 with an angle of 90°. For 8 = 90°
and ¥ = 0° the water molecule plane lies perpendicular to the surface; if
6 = 90° and 1 = 90° the water molecule plane lies in the interface.

(ddaa) arrangement is predominant in the bulk region of the
cluster until about 4.5 A. At longer distances from the center
of mass, where surface effects are dominant, single donor-single
acceptor (da) coordination increases until around 7 A. The
decrease of (da) for r > 7 A is concomitant with the increase
of free molecules (zero) and single acceptor-only (a) and single
donor-only (d) H-bond arrangements. Arrangements of the type
double donor-only (dd) and double acceptor-only (aa), are not
abundant in any region of the cluster. Figure 3b shows the
H-bond profiles obtained by dividing the MD time (7.1 ps) in
four blocks of ~1.75 ps. It can be seen that the H-bond
populations (ddaa, daa, add and da) in the H-bond regions I
and IT are almost constant in the different time-blocks. However,
in the outermost H-bond region III of the cluster large
fluctuations take place and the populations of d, a, da and zero
H-bonds constantly change. For example in Figure 3b we can
see that the fraction of molecules with d, a and zero H-bonds
is negligible and almost all the molecules exhibit single
donor—acceptor (da) coordination. On the other hand in Figure
4b the cluster slightly expanded due to the increase of d, a and
zero H-bond moieties. As discussed by Wilson et al.'’ these
moieties may play a significant part on water evaporation and
condensation mechanisms. Hence, a mechanism whereby a
captured molecule forms two H-bonds could be less probable
than one where a single H-bond (d or a) formation occurs.

Examination of water molecules orientation relative to the
surface normal was carried out by calculating the two angles'®
(6 and 1) defined in Figure 4. 6 is the angle between the
intramolecular angle, ayon, bisector (OB) and the vector (OC)
normal to the surface, and v is the dihedral between the plane
of the water molecule and the plane COB. Figure 5 shows the
angle distributions and the corresponding radial profiles of 6
and v for the three H-bond regions of Figure 2. As it may be
seen from Figure 5, large angle distributions, P(0) and P(y),
characterize the water molecules orientation, especially at the
H-bond regions II and III. This absence of a well-defined
orientation indicates that molecules possess significant rotational
freedom which is explained by the reduced H-bond coordination
environment observed as the surface of the cluster is approached.
Nonetheless, the water molecules adopt a preferential orientation
in the H-bond regions II and III, where a single atom of H
protrudes into the vapor (~70°—110°), without a single well-
defined angle (), relative to the surface normal. This view is
therefore different from that, which attributes a well-defined
orientation to surface water,” and also from the possibility of a
significant fraction of water molecules at the liquid—vapor
interface to depict two free H atoms dangling away from the
surface.
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Figure 5. Orientation angles distributions, (a) P(6) and (b) P(y) for the
three H-bond regions. (Insets) Radial profiles of the water orientation angles,
6 and .

Interestingly, a minimum and maximum of ¥ at ~20° and
~50° take place in the H-bond region I (see inset of Figure
5(b)), denoting a change of orientation, which explain the O
and H local density differences observed in this region (see
Figure 1). On the other hand the 0.5 A void results from
intermolecular H repulsions since molecules in the innermost
layers have one H atom pointing (6 =~ 95° and ¢ ~ 20—30°)
toward the center of mass of the cluster.

The vibrational spectrum of the water cluster and that of bulk
and surface water molecules was calculated through Fourier
transform of the H velocity autocorrelation functions. This method,
replaces the macroscopic dipole moment (or its time derivative)
correlation function by the H velocity autocorrelation function and
involves the neglect of both intra and intermolecular cross terms
in the computed time correlation function.'®*’~*° Although this
affects the intensities, the position of the intramolecular bending
and stretching peaks in the power spectrum, remains un-
changed.*” A rigorous computation of the vibrational spectrum
of water even at room temperature requires however a quantum
description of the H atoms.'®*®

There is some ambiguity in the choice of bulk and surface
molecules within the cluster since there are not molecules at
all times in the interior or at the surface of the cluster. The
bulk and surface water vibrational spectra (see Figure 6) were
calculated here, respectively, for 3 and 4 molecules, and a period
of 5 ps. During this time the molecules occupied, respectively
the H-bond regions I and III of Figure 2. The reason to choose
molecules in the H-bond region III to characterize the vibrational
spectrum of surface water, rather than the H-bond region II or
the 10%—90% region, is that, it is in this region (see Figure 3)
that the population of zero and single acceptor-only molecules
is more significant. The need to isolate a time subinterval of
our simulation, to characterize molecules in the interior and at
the surface of the cluster limits the maximum delay-time to
compute the H velocity autocorrelation functions to this
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Figure 6. (a) Vibrational spectrum of the water cluster (32 molecules).
(b) Vibrational spectrum of bulk (3 molecules) and surface (4 molecules)

water molecules. (c) Water liquid—vapor experimental VSFG spectrum of
Due et al.’

subinterval. In the present study the H velocity autocorrelation
functions were calculated for ~0.9 ps (1024 points).

Vibrational sum frequency generation (VSFG)®'® of the liquid
water interface revealed a sharp peak at ~3700 cm™! assigned
to an unperturbed O—H vibration and a shoulder at ~3200 cm™
of the band at 3400 cm™! of liquid water (see Figure 6c).
Although the high frequency peak interpretation is generally
accepted, the double-peak (3200 and 3400 cm™') assignment
has been much debated.”'*'>>3>5 These peaks have been
primarily assigned to the different H-bond environments at the
interface. Recently, Sovago et al.'* presented experimental
evidence that the double-peaked structure of interfacial (heavy)
water originates from vibrational coupling between the stretch
and bending overtone, rather than from different H-bond
arragements. The interpretation of this band is beyond the scope
of our analysis and its assignement does not collide with any
of our observations.

The simulated spectrum of bulk water shown in Figure 6b
depict a band (500—1000 cm™?) in the far-infrared (IR) region
corresponding to water molecules hindered rotations (librations),
a sharp peak around 1629 cm™', which can be assigned to
bending, and a larger band centered at ~3402 cm™! associated
to stretching vibrations. The experimental bands assigned to
bending and stretching vibrations appear around 1650 cm™! and
3400 cm™', respectively, in the spectrum of liquid water.>® For
the computed spectrum of surface water (see Figure 6b) the
band corresponding to the water librational modes is red-shifted
(100—500 cm™") reflecting the fact that the surface molecules
sampled have significant rotational freedom. The bending band
frequency is not changed and the stretching broad peak is now
splited into a sharp peak at 3837 cm™!, the bulk water band at
3402 cm™!, and a low intensity peak around 3149 cm™' with a
shoulder at ~3258 cm™'. The mid-IR region in the computed
spectrum of the whole cluster displayed in Figure 6a resembles
that of surface water, denoting that surface effects are predomi-
nant in our cluster. We can therefore assign our peaks to the
vibrational spectrum of the liquid—vapor planar interface, the
only significant difference being a blue shift of the free O—H

(50) Maréchal, Y. J. Chem. Phys. 1991, 95, 5565.
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Figure 7. (a) Intramolecular OH bond length, ron, profile. (b) Intramo-
lecular angle, oyop, profile. The arrows signal the geometry of the gas (g)
phase PBE/6—31+G(d,p) water molecule. Experimental values for roy and
aon for liquid (heavy) water are, respectively, 0.970 A and 106.6°.°2

stretching vibration (from ~3700 to ~3837 cm™!). The origin
of this blue shift, relative to the liquid—vapor planar surface, is
likely due to the present XC functional/basis-set combination,
rather than the spherical geometry of the cluster surface. We
note that classical'® and ab initio'® MD of the planar interface
also revealed spectra similar to VSFG.>'® The fact that the
simulated vibrational spectrum for surface water exhibits a single
stretching sharp peak (~3837 cm™!) further supports, therefore,
the idea that the second free H atom is still an active partner in
the forming/breaking H-bond network dynamics of surface
water. Hence, the computed vibrational spectrum of surface
water reflects only the presence of the predominant species (da),
in opposition to depicting two sharp peaks corresponding to
the symmetric (3657 cm™')*° and antisymmetric (3756 cm™")*°
peaks of the isolated monomer, even though our H-bond profiles
reveal the presence of molecules with zero H-bonds and single
acceptor-only (a) arrangements. In spite of the recent X-ray
absorption experimental results reported by Cappa et al.,”® which
show that the electronic structure of the water interface cannot
be distinguished from that of the liquid, it appears plausible,
therefore, that surface water has an “acceptor-only” component
which cannot be traced also through VSFG.

We shall turn attention now to the geometrical deformations
and its effect on the dipole moment of water molecules caused
by the distinct environments experienced by water molecules
in the cluster. As may be seen from Figure 7 the intramolecular
angle, oiyon, increases throughout the H-bond region I up to a
maximum ~106.6° and has an approximate constant value
~105° in the other H-bond regions. This behavior is not
followed by ron, which increases almost linearly from the
surface down to the H-bond region 1. The large fluctuations at
r > 825 A are associated to the expansion of the cluster
observed in Figure 3b leading to a poor statistics in this small
region (see also Figure 2). Our results show that water molecules
in the bulk region have elongated OH bonds causing Qyon to
decrease due to weaker intramolecular H repulsion, in agreement
with previous classical MD observations.'® For the outer H-bond
regions Oyop 1S less sensitive to the changes in roy.

In Figure 8 we compare the dipole moment radial profile
calculated using NPA, and Mulliken atomic charges. We also
report the dipole moment, denoted here by u(rou,0mon),
calculated for arbitrary atomic charges, chosen to be go =
—0.6515 e for all molecules in the cluster. This value reproduces
the experimental dipole moment of the isolated monomer (1.855
D*) for the PBE/6—31+G(d,p) geometry. We observe that
molecules at the surface of the cluster have a dipole moment
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Figure 8. (a) Dipole moment (in Debyes (D)) radial profile obtained from
NPA and Mulliken atomic charges. (b) Dipole moment profile calculated
using equal charges for all molecules. The error bars are the standard
deviations of the radial time averages. The arrows signal the dipole moment
of the gas (g) phase PBE/6—31+G(d,p) water molecule calculated with
the different charges. The experimental dipole moment of liquid water is
2.9+ 0.6 D!

(see Figure 8(a)) only slightly higher than the corresponding
gas phase values, a trend already depicted in MD liquid—vapor
studies of water.'®2*2* Moreover, the dipole moment calculated
from NPA charges is significantly less sensitive to polarization
effects than that of Mulliken charges. The slight increase of
U(ron,0pon) from the surface up to ~4 A reflects the elongated
intramolecular OH bond of molecules in the bulk relative to
those at the surface of the cluster. The maximum and minimum
of oiyop in the innermost layers of the cluster cause the additional
decrease and enhancement of the dipole moment. Nonetheless,
within the errors of our analysis the dipole moment appears to
be insensitive to the geometry deformations of the water
molecules in the H-bond network. The dipole moment enhance-
ment of the water molecule in the liquidSI_57 and clusters,’® ™%
relative to that of the isolated monomer, resulting from
polarization effects is still not fully understood and values
between 2.5—3.1 D for the dipole moment of liquid water have
been reported.

Finally, a characterization of the cluster in terms of surface
relaxation was carried out through the calculation of the intermo-
lecular O—O distance profile of water molecules H-bonded, roo(H-
bond) (see Figure 9). As it may be seen from Figure 9 there is a
leap of the O—O distance inside region I, where the water
molecules population is significantly lower, followed by a slight
increase (~1%) until the end of the H-bond region II. In the H-bond
region III the fluctuations are very large as expected. Because of
the statistics of our MD it is not possible to ascertain about the
degree of relaxation of the surface of the water cluster in a
quantitative manner. Nonetheless, if we neglect the two innermost
layers in region I and the region I, a significantly lower relaxation
appears to take place, compared to the experimental'' 5.9%, when
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Figure 9. Radial profile of the intermolecular O—O distance between water
molecules H-bonded.

passing from the H-bond region I to the H-bond region II. We
recall, however, that this experimental value has been recently
questioned by Cappa et al.”® although in this study, surface
relaxation was not directly addressed. On the other hand, a
contraction of the O—O distance, rather than the expansion
observed from ab initio MD,'®** has been predicted from classical
molecular dynamics studies of different empirical interaction
potentials for water.”* A recent study on water clusters using the
polarizable force field AMOEBA, however, also predicts longer
0O—0 distances at the cluster surface than in the bulk.®* Our results
indicate that even though a surface relaxation takes place, this effect,
is not pronounced.

IV. Concluding Remarks

The relationship between the local H-bond network with the
properties of water in a small cluster was addressed through
all-electron Born—Oppenheimer molecular dynamics. Remark-
ably, in spite of the small size of the cluster, it was possible to
unambiguously observe a change in the computed vibrational
spectrum as well as on the dipole moment and geometry of
water molecules, as the surface of the cluster is approached,
similar to those observed for the liquid—vapor planar interface
relative to liquid water. Our results strongly indicate that the
water molecules at the surface of the cluster are characterized
by significant orientational freedom. Hence, although a popula-
tion of H-bond “acceptor-only” water molecules is observed at
the surface, the two free H atoms do not point preferentially
away from the liquid surface. Instead, we observe that these
populations are extremely labile competing with single
donor—acceptor (da) and single donor-only (d) H-bond arrange-
ments, where a single H-bond dangles. The surface of the cluster
is, therefore, largely dominated by single donor—acceptor
arrangements, which explains the single-well defined stretching
peak in the vibrational spectrum of the liquid—vapor interface
of water, assigned to a free O—H vibration. Finally, regarding
surface relaxation of water, although not fully conclusive, our
results suggest that a slight expansion, rather than a contraction
of the O—O distance, takes place as the surface of the cluster
is approached.
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