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ABSTRACT: We provide a detailed description of the structure of water at the interface
with the air (liquid−vapor LV interface) from state-of-the-art DFT-based molecular
dynamics simulations. For the first time, a two-dimensional (2D) H-bond extended
network has been identified and fully characterized, demonstrating that interfacial water is
organized into a 2D sheet with H-bonds oriented parallel to the instantaneous surface and
following its spatial and temporal oscillations. By analyzing the nonlinear vSFG (vibrational
sum frequency generation) spectrum of the LV interface in terms of layer-by-layer signal,
we demonstrate that the 2D water sheet is solely responsible for the spectral signatures,
hence providing the interfacial 3.5 Å thickness effectively probed in nonlinear interfacial
spectroscopy. The 2D H-bond network unraveled here is the essential key to rationalize
macroscopic properties of water−air interfaces, as demonstrated here for spectroscopy and
the surface potential.

The structure of liquid water at the interface with air plays a
key role in the chemistry of water droplets, of primary

interest in atmospheric science because many relevant
atmospheric chemical reactions take place at the surface of
sea spray particles.1−4 These reactions occur with different
mechanisms, rates, and time scales from the ones in bulk liquid
water,5−9 and such differences can be rationalized only through
characterization of the structure adopted by water at the
interface.
The structure of water at the interface with the vapor phase

(LV interface) has up-to-now been mainly characterized
through nonlinear vibrational sum frequency generation
(vSFG) spectroscopy,10−23 recording the nonlinear second-
order susceptibility χ(2)(ω) as a function of frequency ω. Phase-
resolved vSFG provides direct measurements of the real

χ ωℜ( ( ))(2) and imaginary χ ωℑ( ( ))(2) parts of the suscepti-
bility,13,15,20 whose signs provide knowledge of the average
orientation of the water molecules at the interface. For precise
and detailed characterization of the interfacial water structural
organization, coupling vSFG experiments to theoretical
modeling by molecular dynamics (MD) simulations has been
essential as one can directly follow the evolution with time of
the microscopic arrangement of the water molecules and
extract the associated vSFG signal from the dynamics.24 Such
coupling has been achieved in the literature by various flavors of
MD, with classical force fields,25−29 possibly supplemented by
nuclear quantum corrections,25 mixed classical and quantum
dynamics30,31 with only a few O−H/O−D vibrational
oscillators quantum mechanically represented, and ab initio
DFT-based molecular dynamics.32,33 Others have characterized
the interfacial structure without calculating vSFG signals; see,
for instance, refs 34−39.
A large understanding of the interfacial water structure has

hence been obtained by coupling vSFG experiments and MD

simulations, although the actual spatial structural organization
and the H-bonding network are still debated.25,38 Another
recent hot and controversial debate has agitated the
experimental15,20 and theoretician communities24,25,31,33 regard-

ing the intensity and structural origin of the χ ωℑ( ( ))(2) signal
for frequencies ω < 3200 cm−1. The latest consensus is that
there might be a tiny positive feature recorded below 3170
cm−1, whose intensity is much weaker than that measured
earlier.13,15,20 Shen et al. further suggest that this feature is
unrelated to surface resonance and therefore unrelated to the
interfacial water structure,20 while Morita et al. attributed it to
surface water dimerization inducing charge transfer and dipole
anisotropy.24

From experimental and theoretical works in the literature,
the general consensus is that the 3700 cm−1 positive band in

χ ωℑ( ( ))(2) arises from dangling O−H oscillators pointing
toward the vacuum, while the 3200−3400 cm−1 negative broad
band is due to H-bonded water molecules with O−H oscillators
pointing, on average, toward the liquid phase.21,24 Isotopic
dilution (experiments and simulations) has furthermore shown
that the 3200 cm−1 sub-band disappears for HOD, therefore
revealing inter- and intramolecular water couplings.21 Morita
and collaborators have shown the existence of water dimers
being responsible for the positive band <3100 cm−1 in the
initial vSFG experiment11 due to the anisotropy of dipoles in
such conformations.21,28 Khune et al.38 added more detailed
structural information using the Willard and Chandler
instantaneous surface,39 hence revealing well-defined water
layers. Their structural picture of the air−water interface is that
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the topmost layer is dominated by waters with one O−H
dangling toward the vapor while simultaneously being involved
as a H-bond (HB) acceptor and donor with the layer just
below. In this second layer, water molecules are reversely
oriented with one O−H at least pointing toward the liquid
phase, but this layer also includes water molecules that are
oriented parallel to the surface, that is, with their O−H
oscillators contained within the (instantaneous) surface plane.
These latter were shown to serve for interlayer and strong
intralayer H-bonding. For the first time, Kuhne et al. inferred
that the air−water interface is structurally ordered within ∼5 Å
thickness. In their remarkable work, Paesani et al.25 obtained
striking agreement between calculated and experimental vSFG
spectra using their developed many-body potential, showing in
particular that the (positive) low-frequency band does not exist.
Their dissection of the vSFG features into structural
organization is solely done in terms of many-body interactions
and nuclear quantum effects, especially showing three-body

interactions to be pivotal. Beyond the “dangling water
molecules”, the structural assignment of the interface given in
ref 25 is that, on average, interfacial water molecules are made
of tetrahedral waters (∼35% of the waters within 3.2 Å from the
instantaneous surface) and doubly H-bonded waters simulta-
neously acting as the donor and acceptor (∼18% of the waters
within 3.2 Å from the surface). No mention of the actual
thickness responsible for the vSFG spectrum is given, nor an
explicit 3D view of the interfacial HB network within the water
layers. In their initial40 and revised works,31 Skinner et al.
interpreted the vSFG spectrum in terms of pairs of water
molecules being the HB donor and acceptor, each water being
classified by the total number of HBs formed in the pair (4−0)
and by how many of those are H-atom donors (N, none; S,
single; D, double). They hence showed that pairs of type 4D−
2S, 2S−4D, 4D−4D, and 3D−4D are responsible for the vSFG
spectrum, and depending on the force field and frequency map
parametrizations in their works, the 4D−2S HBs between two

Figure 1.Water layers. (a) Snapshot from the DFT-MD simulation representing the instantaneous surface in light blue and the different water layers
(L0 in blue, L1 in green, L2 in orange, L3 in red) identified and discussed in the text. The red arrow n ⃗ represents the normal to the surface, defined
from the liquid to vapor phase. (b) Time-averaged water density normalized with respect to bulk liquid water. The density is plotted as a function of
the distance from the instantaneous surface. The distance is defined as positive in the liquid phase and negative in the vapor phase. The different
water layers are identified by dashed vertical lines and labeled L0−L3.

Figure 2. Water orientation: probability (%) for each water molecule in each identified water layer (L0−L3, Figure 1) to be oriented with its dipole
moment pointing toward the vacuum (up), parallel to the interface (par), or toward the bulk of water (down). See the Computational details section
for more information on these definitions. The direction used for the normal to the surface is shown in Figure 1.
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water molecules were shown to be responsible for the <3100
cm−1 vSFG band. The latest parametrizations31 show a
cancellation of this positive band by negative contributions
from 4D−4D HBs, thus providing no final band in this domain,
as in Tahara’s experiment.15 No demonstration of the actual
thickness responsible for the vSFG spectrum is given in these
works, and no systematic 3D structural organization (e.g., in
layers) is given beyond the pairs description above. With a
crude geometric definition of interfacial layers of water and a
small simulation box, we have previously shown32 that a very
thin layer of 2−3 Å is responsible for the vSFG signal. No
precise structural organization of the water molecules within
this thickness was given beyond the orientation of the water
dipole moments and their relation to the positive and negative
vSFG bands in the imaginary χ(2)(ω).
By carefully defining the interfacial layers with the

instantaneous surface method39 and their structural organ-
ization (orientation of water molecules and the HB network in
space) and by calculating the χ(2)(ω) susceptibility as a function
of these layers, we provide here an in-depth description of the
water structural organization into well-defined layers of water at
the liquid−air interface and into well-defined H-bonding
networks, which are used to calculate χ(2)(ω) signatures layer
by layer. This in turn allows us to give a precise definition of the
liquid interface thickness effectively probed before centrosym-
metry takes over. We especially demonstrate for the first time

that the air−water vSFG signal arises from a thin sheet of water
(3.5 Å thickness) organized in a 2D collective and extended H-
bonded network with the HBs being oriented parallel to the
instantaneous surface. Such structural organization will certainly
be of utmost importance once (in)organic molecules and/or
ions are accommodated at the interface, as would be the case
for water droplets in atmospheric conditions.
We have performed density functional theory-based MD

simulations (DFT-MD) on a liquid phase composed of 256
water molecules in contact with vapor represented by vacuum
(see the Computational Methods section). See the snapshot in
Figure 1a. In order to fully rationalize the molecular structures
at the liquid water−vapor (LV) interface and the vSFG signal
arising from such organization, we evaluate the evolution of
water structural properties as a function of the distance from
the surface. The LV boundary is modeled using the
instantaneous surface defined by Willard and Chandler,39

which takes into account the fluctuations in time and space of
the topmost molecules’ positions. With such a definition of the
interface, the density of water along the perpendicular direction
to the surface is well-defined.39 Water layers can hence be
identified, as illustrated by the vertical dotted lines in Figure 1b.
By evaluating the water density (Figure 1b), the orientation of
the water molecules (Figure 2), and the HB network as a
function of water molecules belonging to the identified layers
(see the Computational Methods section for details), it is

Figure 3. (a) 3D plots of the HB patterns formed between the water molecules located in layers L0, L1, and L2−L3. The horizontal axis represents
the O−O distance (Å) between 2 H-bonded water molecules, and the vertical axis provides the angle (cosine value) between the O−O vector (from
donor to acceptor) and the normal to the surface (oriented from the liquid to vapor phase). The colors represent the probability (P) to find one O−
H group forming one HB with a given distance and orientation. The probability increases from blue to yellow. (b) Snapshot from the simulations
showing the 2D network in L1, top view (top) and side view (bottom). The water molecules involved in the structures are highlighted with respect
to the other molecules, and the HBs within the plane are drawn in orange. The instantaneous surface is shown by the white colored areas in the side
view.
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possible to unambiguously define four distinct water layers in
our simulation box, with different structural organizations.
These layers are hereafter labeled L0, L1, L2, and L3, as
illustrated in Figure 1b.
The present layers definition is in agreement with previous

works on the LV interface, in which the instantaneous surface39

has also been used.25,38,39 Note that this layering cannot be
defined using the average surface based on the Gibbs dividing
surface, which neglects the instantaneous fluctuations.38,39

Layers L1 and L2 are found with a thickness of 3 Å each
(roughly one water monolayer; see illustrations in Figure 1a
with water molecules colored in green and orange), layer L3
includes all of the water molecules located farther than 6 Å
from the surface (water molecules colored in red in Figure 1a),
and L0 includes only the few rare topmost water molecules
(within 0.5 Å from the surface) lying just above layer L1 (water
molecules colored in blue in Figure 1a). Despite L0 and L1
layers possibly being merged and hence considered as one
single topmost water layer (as, e.g., in ref 38), we will maintain
the L0/L1 distinction because the water molecules in L0 have
distinct structural properties from the waters in the L1 layer, as
shown below.
In L0, the water molecules form on average 1.7 HBs, leading

to a water density that is half of the value from bulk water
(Figure 1b). We remind the reference of an average 3.4 HBs
formed in liquid water,41,42 also reproduced in this work from a
simulation of bulk liquid water at room temperature applying
the same electronic DFT-MD setup as that for the LV interface.
The waters in L0 are mainly oriented with their dipole moment
pointing toward the vacuum (29% of the molecules) or parallel
to the instantaneous surface (58%), as shown in Figure 2a.
They systematically have one dangling O−H pointing toward
the vapor. On the contrary, a change in the net orientation of
the water molecules is observed in layer L1 (0.5−3.5 Å from
the surface), with 40% of the molecules with their dipole
moment now pointing toward the bulk phase (i.e., “down”,
Figure 2b). This layer is also characterized by a higher density
than that in bulk water (Figure 1b) and an average number of
HBs per molecule of 2.9. Such structural characterization of
layers L0 and L1 does not depart from previous theoretical
works at different levels of theory, sizes, and time scales.38,39

For all of the investigated structural properties (density, HB,
dipole orientation), layers L0 and L1 thus differ significantly
from bulk liquid water, where in particular both an average
number of HBs of 3.4 and random orientations are found.
These two conditions start to be satisfied only after a 3.5 Å
distance from the surface, in layers L2 and L3 (Figure 2c,d).
Bulk structural conditions are therefore reached in these layers,
and centrosymmetry would thus be expected, as strikingly
confirmed in Figure 5c,d with our vSFG theoretical signals for
these two layers (discussed in detail below).
The water molecules in L0 are found never H-bonded

between themselves (on average); they systematically have one
dangling O−H pointing toward the vapor phase and the other
O−H mostly H-bonded to molecules located in L1. If the
molecular structure of L0 is easily deduced from the analyzed
properties and well characterized in the literature (e.g., refs 21,
25, 38, and 39), the same is not true for L1, where a clear
picture of the molecular arrangement leading to the specific
properties observed here (higher density, undercoordination,
net down orientation) is still lacking.
To get this detailed picture, Figure 3a presents 3D plots

where the probability for the water molecules in each layer to

form HBs with a given O−O distance and given orientation
with respect to the normal to the surface is evaluated. We hence
clearly demonstrate that, while the water molecules located in
L0 form rather long HBs with orientations toward L1 (cosines
lower than −0.4) and while the waters in L2−L3 form a
homogeneous HB network with 2.65−2.85 Å distances and all
possible orientations in space (cosines homogeneously
distributed from −1 to +1), a very distinct preferential
orientation of the water−water HBs is observed in L1, with
cosine values mainly distributed within ±0.2, that is, O−H···O
HBs parallel to the (instantaneous) surface. The number and
type of HBs made by the interfacial water molecules have been
discussed in theoretical works in the literature by Morita et al.21

who described water dimers and by Skinner et al.31,40 and
Pasesani et al.25 who discussed 4D, 3D, and 2S pairs of waters.
Khune et al.38 also found water molecules oriented with their
O−H bonds parallel to the surface, capable of making interlayer
bridges and intralayer HBs. In all of these works, there is
however no clear quantitative description of whether these HBs
are restricted to water pairs or to other more complex extended
structures.
An interfacial collective and extended HB network in layer

L1 (and only in layer L1) is unraveled and described here for
the first time. Our results indeed demonstrate that the water
structure in L1 is more than the mere existence of water pairs,
and instead, L1 is organized into an extended network of HBs
oriented parallel to the surface (see above), connecting ∼70%
of the water molecules in the layer. To show this, we have
analyzed the intermolecular structures adopted by the water
molecules located in L1 (see the Computational Methods
section). We find that, on average, only 8% of the molecules
form dimers, 18% form small chains/rings (of size <7), and the
rest of the water molecules in L1 form one single extended H-
bonded structure with the HB network located within a plane
parallel to the instantaneous surface. Snapshots from the
simulations highlighting this water network are shown in Figure
3b. From the top view, it is clear that the vast majority of the
water molecules located in L1 is organized into one single
extended structure (that we will call “the 2D network”). The
side view shows that the 2D network is comprised within a thin
sheet, the network of HBs being oriented in the plane parallel
to the instantaneous surface, with the 2D water sheet following
the oscillations of the instantaneous surface.
The water molecules in the sheet form on average 1.7 HBs

(over a total of 2.9) oriented parallel to the surface and
contributing to the 2D network; each water systematically
forms one HB as a donor and one as an acceptor with two
molecules located within the same monolayer. The number of
such HBs (1.7) is higher than the average number of 0.8,
obtained for molecules belonging to a similarly defined
monolayer of the same thickness cut through the liquid. Also
noteworthy, the 2D water sheet is composed of water
molecules forming more in-plane HBs than in the bulk (1.7
vs 0.8) despite a lower total number of HBs per water (2.9 vs
3.4 in bulk), and the HBs are of similar strength as in the bulk
(see O···O distances in Figure 3). In total, taking the
nomenclature from Skinner et al.,40 the 2D network is
composed of water molecules being 3D (forming two HBs as
the donor and one as the acceptor, 44% of the population), 4D
(two HBs as the donor and two as the acceptor, 24%), and 2S
(one HB as the donor and one as the acceptor, 22%). These are
indeed the populations from Skinner’s works, and the novelty
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shown here is that these waters give rise to a collective and
extended 2D H-bonded network, as depicted in Figure 3b.
We are now in the position to rationalize the maximum

observed in the density profile in layer L1 (Figure 1); it is due
to the existence of the 2D water sheet and its accompanying
higher number of intralayer HBs formed within the 2D
network. In a similar way, also the net down orientation of
water molecules obtained in L1 (Figure 2b) can now be
explained thanks to the 2D network. The water molecules in
the sheet systematically have one O−H oriented parallel to the
surface and contributing to the 2D HB network, while the other
O−H mostly points down toward layer L2 because there is a
higher probability to form HBs with water molecules in L2 than
in L0, where there is less than half of the bulk water density.
Because of this preferential dipole orientation in L1, there is a
net total dipole thus present at the interface that leads to a
positive electric field oriented along the normal to the surface
(average extracted from the current simulation; see the
Computational Methods section). Integrating the field, a
surface electric potential of 0.1 V is obtained, in rather good
agreement with the experimental value of 0.1−0.2 V.43 This
theoretical value matches better the experiment than our
previous work (0.47 V)32 because of the increased size of the
simulation box providing a better statistical representation. We
can thus provide a molecular explanation for the surface
potential of water at the interface with air, being the
consequence of the net dipole induced in the water sheet by
the 2D HB network.
In the same way, also the nonlinear vSFG spectrum of the

water−air interface can now be fully interpreted in terms of the
interfacial structures just characterized.

Figure 4 gives in the top panel the theoretical imaginary

χℑ( )(2) and real χℜ( )(2) parts of the nonlinear χ(2)(ω)
susceptibility calculated in the present work using the time-
dependent formalism initially introduced by Morita et al.29,44

∫∑χ ω
ω

ω α= − ⟨ ̇ ̇ ⟩
=

∞

k T
t t t p( )

i
d exp(i ) ( ) (0)ssp

i

N

ss
i

p
i(2)

B 1 0

W

(1)

with the ssp signal calculated here, where s = x,y and p = z; ṗz
i

and α̇xx
i (α̇yy

i ) are, respectively, components of the time
derivative of the dipole moment and polarizability tensor of
the individual water molecules (the sum runs over NW water
molecules). See the Computational Methods section for all of
the computational details. Note also that the theoretical spectra
report absolute intensities directly comparable to the
experimental ones. The imaginary and real parts of the
χ(2)(ω) theoretical vSFG signal nicely compare with the
experiments from Shen et al.20 and Tahara et al.15 (Figure 4,
bottom panel), correctly reproducing the positions of the main

peaks (i.e., 3695 and 3395 cm−1 for χℑ( )(2) , 3730 and 3565

cm−1 for χℜ( )(2) ), and the changes in sign (i.e., 3605 and 3110

cm−1 for χℑ( )(2) ; 3690 and 3455 cm−1 for χℜ( )(2) ).
Theoretical band positions are within 20−50 cm−1 of the
experiments. Moreover, the comparison with the experiments
from Tahara’s group shows how our calculation reproduces for
the first time the correct absolute intensities of all of the main

peaks in both χℑ( )(2) and χℜ( )(2) and especially the maximum

of the negative band in the χℑ( )(2) signal due to the H-bonded
O−H oscillators. This is one more indication of the validity of
the water structure given by our DFT-MD simulation.
Let us further quantify the agreement between simulated and

experimental spectra by calculating “band intensities” defined
by the integration of each given active band. Intensities are
important to discuss as they take into account band shapes that
reflect the quality of structure, dynamics, and inter- and
intramolecular couplings. Hence, integrating the negative band
of the spectrum obtained from our DFT-MD simulation, we
obtain a vSFG intensity of −4.44 × 10−20 m2V−1 to be
compared to −4.44 × 10−20 m2V−1 in the experiment and +1.21
× 10−20 m2V−1 (simulation) vs +1.44 × 10−20 m2V−1

(experiment) for the positive band. Both intensities show
very good to excellent agreement between calculation and
experiment. There is however a 15% intensity missing in the
positive band of the theoretical spectrum, which is due to the
3600 cm−1 missing shoulder. According to ref 45, this shoulder
is due to intramolecular couplings within water molecules
having two free O−H oscillators, which can be found in layer
L0 only and very rarely, that is, 20% of the water molecules
located in L0 (numbers from the present work). Although the
associated signal does exist in our spectrum for layer L0 (see
dissection below with spectral contribution layer/layer, Figure
5), it is a tiny shoulder that is washed away once other layers
contributions are added up.
To interpret and dissect the vSFG signal at the molecular

level, we calculate individual spectra for each single layer and
rationalize the total spectrum of the water−air interface in
terms of the different signatures provided by each layer. Figure
5 shows the imaginary and real parts of χ(2)(ω) calculated
separately for layers L0, L1, L2, and L3, with the signal
normalized per number of water molecules located within each
layer for the sake of clarity.
The vSFG activity strongly decreases with the increase in the

distance from the surface, becoming zero in layers L2 and L3,
where centrosymmetry is thus reached. This allows us to give a
clear and unambiguous definition of the water LV interface
probed by vSFG, which is composed of the molecules
belonging to layers L0 and L1, that is, within a thin 3.5 Å
distance from the surface. Note that such thickness was already
inferred in our previous work based on a smaller simulation box

Figure 4. Top panel: Calculated phase-resolved ssp-vSFG spectrum for
the water LV interface in the O−H stretching region: real part of χ(2)

in blue, imaginary part of χ(2) in red. Bottom panel: Recent HD-SFG
spectrum from Tahara’s group:15 real part of χ(2) in blue, imaginary
part of χ(2) in red. Note the absolute intensities being reported in the
calculated spectra.
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and using a crude definition of the layers.32 However, we
demonstrate here that there is no vSFG signal arising from
water located farther than 3.5 Å (L2 and L3). Despite the
higher vSFG intensity per molecule seen in L0, only 9% of the
LV water population is located in this layer. Consequently, the
vSFG signal of the LV interface is dominated by the 2D water
sheet unraveled in layer L1.
Both spectra for L0 and L1 water layers show two main

bands in the χ ωℑ( ( ))(2) : a negative (rather broad) band
between 3200 and 3600 cm−1 and a positive (rather sharp)
peak located at 3700 cm−1. Strikingly, despite the similar vSFG
contributions provided by these two layers, the molecular
arrangements leading to the spectroscopically active bands in
these two signals differ. As already discussed, in L0, the
molecules systematically have one O−H group not H-bonded
and pointing toward the vacuum and the other H-bonded to
molecules in L1; the dangling O−H gives rise to the SFG
positive sharp peak at 3700 cm−1, while the second H-bonded
O−H gives rise to the negative 3200−3600 cm−1 band. The
broadness of the latter is due to the inhomogeneous
environment offered for the H-bonding. The structure in L1
is characterized by the 2D network unraveled here; the
molecules have one O−H oriented parallel to the surface and
contributing to the intralayer 2D HB network, while the other
O−H mostly points down toward layer L2; the stretching of
the O−H groups pointing parallel to the surface is not active in
the ssp-vSFG spectrum, while the stretching of the second O−
H groups oriented perpendicular to the surface is vSFG-active.
As the majority of these O−H groups (2/3) are H-bonded to
water molecules located in L2, they thus provide the negative

band in the χℑ( )(2) , while when they are not H-bonded and
point upward along the normal to the surface (1/3 of the
oscillators) they provide the positive peak at 3700 cm−1. This
peak is less intense than that in L0 as there are far fewer such
oscillators contributing in L1.
To conclude, we comment on the very small positive

intensity of the vSFG signal below 3200 cm−1 arising solely
from layer L1. The presence of this positive band has been

highly debated in the past few years, with the 2015−2016 latest
experiments from Tahara and Shen groups15,20 pointing to no
such peak15 or to a very tiny peak20 (whose feature might not
even be related to the interfacial water structure20). Our

theoretical χ ωℑ ( )(2) has a very small positive amplitude
(Figure 4), so small that it does not allow us to provide final
conclusions regarding its effective presence (or not) in the
spectrum of the water LV interface. However, we can conclude
that if this signal is indeed present, it arises only from the water
molecules located in layer L1, belonging to the 2D water sheet
because all of the other layers provide no intensity in this region
(Figure 5). It would therefore have a structural origin. To go
further, we have extracted cluster conformations from the 2D
water sheet in L1, and we have calculated the harmonic IR and
Raman spectra of these clusters. Both IR and Raman show
active modes below 3200 cm−1. The eigenvectors of these
modes show the collective motions of the O−H groups
involved in the 2D HB network unraveled in this work. This
result is in line with previous theoretical works24,31 where the
signal in the lower-frequency domain is shown related to
intermolecular couplings. Skinner et al.31,40 have demonstrated,
in particular, that the vibrational modes giving a signal in this
frequency region are due to intermolecular couplings between
3D, 4D, and 2S water molecules, which we now know to be the
ingredients of the 2D network in the L1 layer solely responsible
for the air−water vSFG signal.
In conclusion, we have characterized the molecular arrange-

ment at the water LV interface in terms of the specific
structures formed by water in the different layers below the
surface. Coherently with previous works,38,39 a higher water
density than that in the bulk, a net water dipole moment
orientation, and undercoordination of water molecules have
been observed at the interface. We have demonstrated for the
first time that all of these particular structural properties derive
from a specific extended water structure, which dominates the
molecular arrangement at the interface; a 2D HB network
within 3.5 Å thickness (L1 layer in the text), giving rise to a 2D
interfacial water sheet, has indeed been unraveled here. This 2D

Figure 5. Calculated phase-resolved vSFG spectra ( χℜ( )(2) in blue and χℑ( )(2) in red) for each identified water layer: L0 (a), L1 (b), L2 (c), and
L3 (d). Signals normalized per the number of water molecules located in each layer.
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network is built upon an average of ∼70% of the interfacial
water molecules, connected by a collective and extended net of
HBs oriented parallel to the instantaneous surface. With the
knowledge of such a 2D network, we have furthermore been
able to rationalize the positive value measured for the surface
potential of water at the interface with air, as well as the
microscopic structures at the origin of the HD-vSFG signal at
the water−air interface.
In order to interpret the HD-vSFG spectral signatures, we

have presented a new methodology based on evaluation of the
spectroscopic signatures of the different identified water layers.
Calculating the vSFG spectra from each layer separately, we
have been able to demonstrate that no signal is coming from
water layers located farther than 3.5 Å from the surface, thus
definitely providing the thickness probed in vSFG experiments
at the air−water interface. Note that this result confirms the
early view from Morita and Hynes44 of the topmost layer
contributing to the free O−H vSFG peak and few
supplementray water layers contributing to the H-bonded
band. Here we have not only quantified the interface thickness
but have also provided a detailed structural description of the
underlying 2D H-bonded network. Strikingly, HD-vSFG
spectroscopy is partly blind to the specific orientation of the
O−H oscillators parallel to the instantaneous surface as these
are not SFG-active. What HD-vSFG does measure in the 2D
water sheet is the signature of the rest of the O−H oscillators
not engaged in the 2D network, giving rise to the positive peak
for the few free O−H molecules or to the negative band for the
O−H molecules that are pointing downward and are H-bonded
to the next water layer. This latter layer is not vSFG-active
anymore because of structural centrosymmetry being recov-
ered.
The methodology introduced here represents an advance in

the interpretation of vSFG spectra of aqueous interfaces,
directly linking the molecular structures in the different water
layers to their respective spectroscopic signatures and providing
interfacial thicknesses effectively probed in nonlinear vSFG
spectroscopies. The 2D interfacial water sheet unraveled here is
the essential key to rationalize macroscopic properties of
water−air interfaces, as shown here for spectroscopy and the
surface potential, and paves the way to more general links
between structure and macroscopic properties (e.g., surface
tension). Also, the unusual Pockels effect measured at the air−
water interface by Suzuki et al.46 under a field applied parallel to
the interface could be due to the interfacial 2D network
ordering. We also trust that this 2D network will have
consequences on how/where electrolytes and (in)organic
molecules can be accommodated at the air−water interface.

■ COMPUTATIONAL METHODS
DFT-based molecular dynamics simulations (DFT-MD) have
been carried out with the CP2K package,47,48 consisting of
Born−Oppenheimer MD, BLYP49,50 electronic representation
including Grimme D2 correction for dispersion,51,52 GTH
pseudopotentials53 for O and H atoms, and a combined plane-
wave (400 Ry density cutoff) and TZV2P basis set. The
simulation box of 19.734 × 19.734 × 35 Å3 is composed of a
liquid phase made of 256 water molecules, periodically repeated
in the x and y directions and separated by a vacuum layer of 15
Å from the replica in the vertical z direction. The classical
Newton’s equations of motion for the nuclei are integrated
through the Verlet algorithm and a time step of 0.4 fs. After an
equilibration period of 5 ps (NVE ensemble with possible

rescaling of velocities followed by a pure NVE ensemble), the
system was simulated for 20 ps in the NVE ensemble, with an
average temperature of 315 K.
Our DFT-MD simulations have shown to be able not only to

reproduce the intensity ratio between the main bands of the
vSFG spectra but also to predict the correct absolute band
intensities (and band positions within 20−50 cm−1 of the
experiment). The excellent agreement between calculated and
experimental spectra proves that the chosen level of theory and
the dimension of the box are a good compromise in accuracy
for reproducing the physical properties of the system (structural
and vibrational) at an acceptable computational cost. The vSFG
signal, related to the resonant electric dipole nonlinear
susceptibility χ(2)(ω), as well as its real and imaginary
components, has been calculated following the time-dependent
method introduced by Morita et al.29,44

∫χ ω
ω

ω= − ⟨ ̇ ̇ ⟩
∞

k T
t t A t M( )

i
d exp(i ) ( ) (0)PQR PQ R

(2)

b 0

(2)

where ȦPQ(t) and ṀR(0) are, respectively, the time derivative of
the components of the total polarizability tensor and total
dipole moment, (P,Q,R) are any x, y, z direction in the
laboratory frame, and kb and T are the Boltzmann constant and
temperature of the simulated system. ⟨···⟩ is a time correlation
function. Following the model proposed by Khatib et al.,54

supposing that at the frequencies of interest only the OH
stretching motions are contributing, the total dipole moment
and polarizability tensor can be decomposed at each time t
along the trajectory into individual O−H bond contributions
(α̇PQ(t) and μ̇R(0)), with the following equations
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where M and Nm are, respectively, the number of water
molecules and O−H oscillators per molecule.
Using the direction cosine matrix (D) projecting the

molecular frame (x, y, z) onto the laboratory frame (P, Q, R)
and assuming that the O−H stretching is much faster than the
modes involving a bond reorientation, the following
expressions for the molecular dipole moment and polarizability
tensor components are obtained
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The D matrix and the projection of the velocities on the O−H
bond axis (vz) can be readily obtained from the DFT-MD

trajectory, while
α μ

and
r r

d

d

d

d
ij

z

i

z
can be parametrized. Parameter-

ization from refs 54 and 55 has been used.
Analyses of the DFT-MD trajectory into instantaneous

surface and water layers (Figure 1) follow the derivation by
Willard and Chandler,39 the analyses into water−water HBs use
the definitions from Galli and co-workers41 with O(−H)···O ≤
3.2 Å and the O−H···O angle in the range of [140−220]°, and
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analyses of the water dipole orientations (Figure 2) are done by
projecting the HOH bisector onto the normal to the surface,
providing a measure denoted dz. Three orientation classes are
defined: “up” for dz ≥ 0.33, “down” for dz ≤ −0.33, and
“parallel” (“par”) for −0.33 < dz < 0.33. Note that different
cutoffs than 0.33 have been tested for this classification,
providing the same trends and same conclusions.
The 2D HB network unraveled here in the water sheet in L1

has been characterized by evaluating the probability to form
intralayer HBs for each water molecule of L1 with respect to a
water molecule belonging to a layer defined with the same
thickness randomly extracted from the bulk liquid. The
preferential planar orientation for the 2D HB network found
in layer L1 has been obtained by evaluating the orientation
distribution of the H-bonded O−H groups in each layer with
respect to the normal to the surface. The identification of
dimers, clusters, and sheet structures in L1 has been done with
a connected component analysis and considering two water
molecules H-bonded together if they satisfy Galli’s criteria (see
above) for more than 70% of the simulation time.
For orientational and spectroscopic calculations, the vector

normal to the LV surface is taken oriented toward the vacuum,
as illustrated in Figure 1.
The electric field at the air−water interface E(z) has been

obtained fully ab initio from the optimized electronic wave
function and the positions of the nuclei, at a given time along
the trajectory, using the standard routine implemented in the
CP2K47,48 package. E(z) has been calculated each 100 fs and
then averaged over these sampled points. The electric potential
has been calculated by integrating E(z) along the z direction, ϕ
= ∫ za

∞ dz·E(z). The theoretical value of 0.1 V obtained here is in
excellent agreement with the experimental value of 0.1−0.2 V.43
This is a further demonstration that the chosen computational
setup is able to well describe chemical and physical properties
of the system.
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