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ABSTRACT

The discovery of high-density liquid (HDL) and low-density liquid (LDL) water has been a major success of molecular simulations, yet
extending this analysis to interfacial water is challenging due to conventional order parameters assuming local homogeneity. This limita-
tion previously prevented resolving the composition of the surface layer of the liquid/vapor interface. Here, we apply a recently introduced
topological order parameter [R. Foffi and F. Sciortino, J. Phys. Chem. B 127, 378-386 (2022)] to analyze the composition of the water/vapor
interface across a broad temperature range. Our results reveal that LDL-like water dominates the outermost region at all temperatures, while
HDL-like water accumulates beneath it, presenting a clear layering roughly below the temperature of maximum density. This structured strat-
ification, previously inaccessible, highlights the power of the topological order parameter in resolving interfacial molecular heterogeneity and
provides new insights into the structural properties of water at interfaces.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0272802

I. INTRODUCTION

Water is characterized by a surprisingly rich phase behavior,
and several of its anomalies are often attributed to the existence
of two distinct liquid forms:' high-density liquid (HDL) and low-
density liquid (LDL). The concept of liquid polymorphism in super-
cooled water has been extensively studied, leading to the hypoth-
esis of the existence of a liquid-liquid critical point where HDL
and LDL coexist in equilibrium.” This framework is supported by
many experimental’ " and computational”’™"* studies, to cite only
a few.

At temperatures above the liquid-liquid critical point, fluctu-
ations between HDL-like and LDL-like regions persist, with water
existing as a mixture of these two structural motifs. A key open
question in this field concerns the composition of water at its lig-
uid/vapor interface, which is known to have markedly different
structural and dynamical properties from the bulk."” ¥ Malek and

colleagues investigated the distribution of HDL-like and LDL-like
molecules in water droplets,'””’ finding that the interface exhibits
structural signatures distinct from the bulk. Several simulations of
liquid/vapor interfaces in slab configuration confirmed the presence
of a compact layer at the interface, in the shape of a shoulder, or
apophysis, in the global density profiles.””'** Recently, we have
carried out an investigation of flat liquid/vapor interfaces from the
normal to the supercooled regime.”” While the main aim of our
previous work was to investigate the second inflection point in
the surface tension of water, we also noticed the accumulation of
HDL-like water in the interfacial region at temperatures lower than,
approximately, the temperature of maximum density.

However, our previous analysis excluded the outermost molec-
ular layer due to limitations of the order parameter (the fifth
neighbor distance” criterion) used to distinguish HDL-like from
LDL-like water, which assumes a locally homogeneous environment.
A variety of order parameters have been proposed to distinguish
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LDL-like and HDL-like water, many of which have been shown to
be largely equivalent in their ability to distinguish the two motifs.”
The vast majority of the available order parameters assume an
implicit homogeneity in the local molecular environment. How-
ever, this assumption is problematic in interfacial settings, which are
dominated by strong gradients.

Foffi and Sciortino have recently introduced a topological order
parameter”” that classifies water molecules based on the distance
to their fourth hydrogen-bonded topological neighbor. Unlike local
structural descriptors, it does not assume a homogeneous environ-
ment and remains well-defined at interfaces. A molecule in the
outermost layer can still be classified as long as it has a fourth topo-
logical neighbor, making this order parameter particularly suited for
interfacial studies.

In this work, we apply the topological order parameter to
analyze the molecular-layer composition of the water/vapor inter-
face over a broad temperature range. This approach enables us to
overcome the previous limitations and resolve the composition of
the surface layer, showing a previously inaccessible layering phe-
nomenon, where LDL-like water dominates the outermost layer
while HDL-like water accumulates just beneath it, forming two
alternating layers.

Il. METHODS

We performed molecular dynamics (MD) simulations using
the GROMACS 2019.3 package™ and the TIP4P/2005 water
model,’’ which accurately captures the phase behavior of water,
including the presence of the liquid-liquid phase transition.”” >

We started the simulations from the last equilibrium config-
uration taken from our previous work.”” The original setup and
equilibration protocol consisted in starting from a 50 x 50 x 50 A’
cubic box with 4017 water molecules, initially equilibrated in the
bulk phase, from which we generated the slab configuration liq-
uid/vapor interface by expanding the box edge along the z-direction
to 200 A. The rigidity of the water molecules was ensured by using
the SETTLE® algorithm. Periodic boundary conditions were applied
along all directions. All simulations were conducted in the canon-
ical ensemble at temperatures ranging from 198.15 to 348.15 K.
The temperature control was maintained using the Nosé-Hoover
thermostat’”” with a time constant of 2 ps. Note that this is well
within the safe operating range for this thermostat:*® a test on the
lowest temperature system with a time constant of 0.5 ps yielded
a statistically indistinguishable mean and variance of the energy.
The equations of motion were integrated using the leapfrog algo-
rithm® with a time step of 1 fs. The long-range contributions
to energy and forces were computed using the smooth variant
of the Particle Mesh Ewald (PME) method for both electrostatic
and dispersion interactions.’”"" For the PME algorithm, we used
a real-space cutoff of 13 A, a Fourier grid spacing of 1.5 A, and a
real-space relative contribution at the cutoff of 107 and 107> for
electrostatics and dispersion, respectively. In our previous work, the
systems were simulated at equilibrium for 90 ns, with the excep-
tion of the one at 198.15 K, which was simulated for 250 ns. For
this investigation, we started from the final equilibrium configura-
tions and added production runs of 80 ns, storing configurations
to disk every 20 ps for subsequent analysis. The molecular struc-
ture of the liquid/vapor interface was analyzed using the Pytim
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package,’” which is based on MDAnalysis'*** and available online
at https://github.com/Marcello-Sega/Pytim. We defined the inter-
face using the Identification of Truly Interfacial Molecules (ITIM)
algorithm,'® as implemented in Pytim. ITIM assigns molecules to
the interfacial layer if any of their atoms are reachable from the
vapor phase using a probe sphere of a certain radius, here cho-
sen to be 1.5 A. This approach accurately captures capillary wave
fluctuations,” ' allowing for a precise definition of the instanta-
neous interface. Once the interfacial layer is identified, we repeat the
procedure for the remaining molecules iteratively, thereby assigning
the successive molecular layers located at increasing depth into the
liquid phase.

The fraction of HDL-like and LDL-like molecules in each layer
was later determined using the topological order parameter y. The
order parameter v is defined as the distance between the closest of
two water molecules that are connected by four hydrogen bonds (i.e.,
the extremal molecules in a chain of five hydrogen bonded ones, as
depicted in Fig. 1). To compute the topological order parameter, we
use a graph-based approach. First, we construct the adjacency matrix
M;; of molecules i and j that are hydrogen-bonded, where M;; = 1 if
the ith and jth molecules are hydrogen-bonded, and zero otherwise.
A hydrogen bond is identified using a geometric criterion requiring a
(donor-acceptor) oxygen—oxygen distance Ogon - - - Oacc < 3.5 A and
an (acceptor) oxygen-hydrogen distance Oy - - -H < 2.5 A, roughly
corresponding to the (in fact, temperature-dependent) first minima
of the corresponding pair distribution functions. Several alternative
approaches, including angular or energetic constraints, are possi-
ble, but they are all essentially qualitatively equivalent (the reader
is referred to the excellent comparison of many criteria by Skinner
and co-workers*®).

Starting from the adjacency matrix, we obtain the shortest
paths (in terms of number of bonds) between all molecular pairs
using Dijkstra’s algorithm®’ and limiting the exploration of nodes
in the connectivity graph to topological distances of at most four
links. The molecular pairs with a topological distance of exactly
four are extracted, and their Euclidean distances are computed
using the minimum image convention. For each molecule, we
determine its closest fourth topological neighbor by selecting the

FIG. 1. Simulation snapshot (detail) of the interfacial region. Yellow and purple:
first layer, blue and pink: second layer, and gray: other molecules. The purple and
pink molecules belong to a chain of four hydrogen bonds (black lines), the first and
last molecules of the chain being HDL-like.
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pair with the smallest Euclidean distance, which represents the order
parameter y.

I1l. RESULTS AND DISCUSSION

To investigate the structure of interfacial water, we define the
density profiles across the slab of HDL-like and LDL-like molecules
based on the topological order parameter v, following the approach
introduced by Foffi and Sciortino. A molecule is classified as HDL-
like if ¥ <5 A and as LDL-like otherwise. The choice of this
threshold is motivated by the apparent separatrix in the bimodal
distributions of y reported in Refs. 29 and 50. The two peaks cor-
responding to HDL-like and LDL-like environments are centered
at around 3.5 and 6.5 A, respectively. The threshold at 5 A rep-
resents a natural separation between these two states, effectively
distinguishing the two molecular environments.

Figure 2 shows the probability density distribution of y for
a selected set of temperatures and for the first four surface layers.
Note that while the location of the characteristic peak of HDL-like
water at around ¥ = 3 A shows no dependence on temperature or
layer, the LDL-like water peak location at larger values of y (between
5.5 and 7 A) does indeed have a mild temperature dependence and
noticeable shift of ~0.5 A when moving from the first to the subse-
quent layers. The distributions in layers 2-4 differ only marginally
and show that water becomes essentially homogeneous at the struc-
tural level already from the second or third layer. The fact that
the peak at larger values of y has a systematic shift underlines a
structural difference in the surface layer only for molecules that are
LDL-like.

Figure 3 reports the number density profiles of HDL-like
(top panel) and LDL-like (bottom panel) molecules across the lig-
uid/vapor interface. In the bulk region, the relative densities follow
the expected temperature trend that sees the concentration of LDL-
like water in the bulk increasing upon cooling, especially below
the temperature of maximum density. Closer to the interface, we
observe a more complex behavior. The HDL-like concentration

223.15K

P(y)

P(y)

348.15K 7 'aye"“

layer 3
) \‘\ — layer 2
N __ -~ layerl
n_’ \\‘ \ l: e \‘\\\
4 L\ \
. N N\ N
0_0 4 \___ P —

75 25 50 75 25 50 75
W/A wi/A /A

268.15 K
0.5+

P(y)

*\..
=
o

FIG. 2. Probability density distributions of the topological order parameter y in the
first four layers at selected temperatures.
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FIG. 3. Number density profiles of (top) HDL-like and (bottom) LDL-like water
molecules across the slab.

increases in a subsurface region before decaying toward the inter-
face. This behavior is identical to what we observed in our previous
work”” using the fifth neighbor distance as an order parameter. This
is not surprising, as the order parameters used to distinguish LDL-
like from HDL-like water are quite robust.”” Using the fifth neighbor
distance criterion, however, the concentration and fraction of HDL-
like water molecules next to the surface is necessarily a lower bound
(and, conversely, the LDL-like is an upper bound). With the topo-
logical order parameter, instead, we are, for the first time, able to
probe in a meaningful way the composition at the boundary of the
liquid phase.

Going from the bulk toward the surface, the accumulation of
HDL-like molecules observed at low temperatures is followed by
a layer where the concentration of LDL-like molecules increases.
However, while the peak in the number density profile of HDL-like
molecules disappears at high temperatures, this is not true for the
concentration of LDL-like molecules, which are always preferentially
found at the interface with respect to the bulk.

The locus of the maximum in the LDL density profile in the bot-
tom panel of Fig. 3 exhibits a narrowing that has a minimum around
280 K, confirming what we observed in our previous work,”” which
coincides with the density maximum of the TIP4P/2005 model and
is far away from the temperature range of several anomalies associ-
ated with the Widom lines."”' From the position of the peaks, one
can see that LDL-/HDL-like water layering is taking place at low
temperatures. This can be better seen if one overlays the two pro-
files, normalizing the values to the respective bulk one, as shown in
Fig. 4. This normalization highlights the relative variations in con-
centration and illustrates the emergence of two layers of HDL-like
and LDL-like water near the interface.

In the outermost region, where the profiles are dropping to
zero, the LDL-like profile always follows or is larger than the total
one, meaning that LDL-molecules are always present at the surface
in larger concentrations than in the bulk for all systems. A local
minimum emerges in the LDL-like profile, just below the apoph-
ysis. The normalized HDL-like number density profile, instead, is
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FIG. 4. Number density profiles of HDL-like and LDL-like water molecules (across
half of the slab, for clarity) normalized with respect to their bulk values (selected
temperatures).

always smaller than the total one in the outer interfacial region,
showing a systematic depletion of HDL-like molecules. Below the
temperature of maximum density, however, a concentration max-
imum starts developing at the location of the local minimum of
the LDL-like one, suggesting that this is happening in a subsur-
face layer. This maximum keeps growing upon further lowering of
the temperature, eventually developing a large (relative) accumula-
tion of HDL-like water near the surface. The normalized number
density profiles clearly show the appearance of alternating layers of
increased/decreased concentration (with respect to the bulk value)
of HDL-like and LDL-like water molecules. These results highlight
the unexpected presence of areas for preferential accumulation of
the two structural motifs near the interface.

At low temperatures, the most striking feature is an enhanced
layering, where LDL-like water dominates the outermost interfacial
layer, while HDL-like water accumulates just beneath it. In corre-
spondence of the LDL-like accumulation, one can notice a small
shoulder or apophysis in the total profile that lasts up to temper-
atures close to the density maximum one.””*” At higher tempera-
tures, both the apophysis and the HDL-like concentration maximum
disappear and only LDL-like surface enrichment is observed, in
concomitance with the surface depletion of HDL-like molecules.

This behavior is consistent with the previously observed struc-
turing of water'"*"** at interfaces but is now resolved in terms
of its local hydrogen-bond network topology. At low temperatures,
the presence of two alternating layers, one with HDL-like water
excess and one with LDL-like water excess, suggests a collective
reorganization of the hydrogen-bond network near the interface,
possibly linked to the mechanisms underlying water’s liquid-liquid
transition and the availability of free volume at the liquid/vapor
interface.

The persistence of LDL-like water at the outermost molecular
layer across all temperatures is particularly noteworthy. This result
implies that water at the interface tends to favor the LDL-like local
structure even at high temperatures, whereas the enhancement of
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HDL-like water at the subsurface region is most pronounced at
lower temperatures.

Previously, the topological order parameter has primarily been
applied in bulk water studies, raising the question of whether its
application to interfacial systems might introduce systematic biases.
To check this, we analyzed a control system in which we artificially
removed molecules that are farther than 15 A from the middle of
the slab, leaving a 30 A thick artificially flat interface. We processed
this artificial system identically to the initial one. This approach iso-
lates any potential artifacts arising from the order parameter itself,
allowing us to determine whether the observed layering is a gen-
uine feature of interfacial water or a more general consequence of
structural correlations in bulk liquid water.

Figure 5 presents the HDL-like and LDL-like number density
profiles obtained in the artificially truncated bulk region. Maybe
unexpectedly, the profiles are not flat. Unlike at the real interface,
where LDL-like molecules dominate the outermost layer and HDL-
like molecules accumulate in a subsurface region, at the artificially
imposed boundary, there is always a systematic accumulation of
HDL-like molecules and a depletion of LDL-like ones.

The behavior observed at the artificial interface can be under-
stood by considering the nature of the topological order parameter
y. Consider two LDL-like molecules at the artificial boundary close
to each other and initially at the (shortest) topological distance of
three or two links. If one of these links is severed by the cut, but
the pair is still connected via another path, this must necessarily
have an equal or larger topological distance. Therefore, the two
molecules have a chance to be promoted to fourth-bonded neigh-
bors and tagged as HDL-like. The opposite can also happen when a
path of four links between two HDL-like molecules is severed. If this
is the only path of four links connecting them, they will be tagged as
LDL-like. The balance between these two possibilities will depend on
the statistics of the number of paths and the state point. The result
could be either more or less HDL-like molecules at the artificial cut,
depending on the relative number of paths of different lengths, but
the balance favors HDL-like molecules in practice.
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FIG. 5. Number density profiles of HDL-like and LDL-like water molecules in an arti-
ficially truncated bulk region, normalized with respect to their bulk values (selected
temperatures).
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This explanation provides a strong argument reinforcing the
validity of our results at the real water/vapor interface. If the lay-
ering observed in Figs. 3 and 4 were merely an artifact of the
order parameter, we would expect HDL-like molecules to accu-
mulate at the real surface as well, following the same bias seen in
the truncated bulk slab. Instead, we observe the opposite trend:
LDL-like molecules accumulate at the real interface, while HDL-
like molecules preferentially occupy subsurface layers. This result
suggests that the alternating HDL-like and LDL-like layering at the
interface is a genuine physical feature rather than a spurious effect
of the order parameter.

Furthermore, the presence of alternating layers in the real
interfacial system but not in the control system indicates that the
structuring of water near the interface is not merely a consequence
of cutting the system but rather arises from molecular-scale interac-
tions specific to the liquid-vapor boundary. These results confirm
that the topological order parameter is a robust tool for analyz-
ing the interfacial water composition and reinforces our previous
conclusions.

One further comment is in order. The pronounced peak in the
low temperature HDL-like profile at the artificial interface, visible in
Fig. 5, is partially a consequence of the normalization to bulk val-
ues. As shown in the non-normalized plots in the supplementary
material, the excess of HDL-like molecules is compensated by a
corresponding depletion of LDL-like ones. Since the artificial con-
version of LDL-like to HDL-like molecules (via the path truncation
mechanism discussed above) is proportional to the local density
of LDL-like molecules, the resulting boundary effect is more pro-
nounced at low temperatures, where LDL-like water dominates in
the bulk.

It is also important to note that the HDL-like peak in the
artificial system appears exactly at the interface, coinciding with
the LDL-like depletion. In the natural interface, by contrast, the
HDL-like peak consistently emerges one layer behind the surface,
following an LDL-like maximum. This shift is also visible in the
layer-by-layer profiles and confirms that the accumulation of HDL-
like water at the artificial boundary is a direct consequence of the
truncation.

Our analysis of the accumulation and depletion layers has
been, so far, necessarily qualitative because the presence of ther-
mal capillary wave fluctuations complicates the interpretation of
the number density profiles. In profiles such as those shown in
Figs. 3 and 4, molecules at the same elevation relative to the mean
interface position may belong to different instantaneous molecular
layers due to surface capillary waves. This issue leads to a smear-
ing effect, where properties of neighboring layers mix, making it
challenging to resolve finer structural details at the molecular scale.
To overcome this effect, we analyzed the fraction xupr of HDL-
like molecules in each layer as identified by the ITIM algorithm.
This approach allowed us to investigate how HDL-like water is dis-
tributed on a per-layer basis without interference from capillary
fluctuations.

Figure 6 shows the fraction of HDL-like molecules, xupr,
resolved on a molecular layer basis. Atlow temperatures, we observe
that HDL-like molecules accumulate predominantly in the second
and third layers rather than in the outermost one. At the lowest tem-
perature of 198.15 K, the fraction of HDL-like molecules in the third
layer is about 30% higher than in the bulk.
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FIG. 6. Fraction of HDL-like molecules as a function of layer index at different
temperatures. The layers are labeled starting from the interface (layer 1).

Above 248.15 K, the accumulation of HDL-like water disap-
pears and the fraction of HDL-like molecules across all layers flattens
out.

Interestingly, the first layer is consistently characterized by the
lowest fraction of HDL-like molecules across all temperatures. This
confirms that LDL-like water is always dominant in the outermost
molecular layer, reinforcing our previous result that the water/vapor
interface preferentially stabilizes LDL-like structural motifs. In con-
trast, at low temperatures, HDL-like water accumulates just beneath
the interface, creating a structured interfacial layering.

IV. CONCLUSION

We have applied the topological order parameter introduced
by Foffi and Sciortino®” to analyze the molecular-layer composi-
tion of the water/vapor interface in terms of the concentration of
local LDL-like and HDL-like molecules, revealing a stratification of
the local structural motifs. Our analysis shows that the outermost
interfacial layer is consistently dominated by LDL-like water. In con-
trast, HDL-like water is generally depleted from the surface at high
temperatures. However, it accumulates mainly in the second and
third subsurface layers when the temperature drops below that of
maximum density, with the layering becoming more pronounced
upon cooling. By repeating our analysis on an artificially generated
interface, we confirmed that the layering effect is due to a genuine
structural property of interfacial water rather than an artifact of the
order parameter.

Our results demonstrate the applicability of the topological
order parameter to interfacial systems, extending its use beyond
bulk water, and provide further insights into the structural het-
erogeneity of interfacial water. We observed a preference for LDL-
like local environments in the outermost molecular layer of the
water/vapor interface, something that was not possible with con-
ventional order parameters. We confirm the previously observed
accumulation of HDL-like water molecules upon lowering the tem-
perature (a trend opposite to the bulk), locating it in the second
and third molecular layers. In general, the presence of alternating
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layers of HDL-like and LDL-like water suggests a collective reor-
ganization of the hydrogen-bond network near the surface, which
may be related to the mechanisms underlying the liquid-liquid tran-
sition in supercooled water. Further investigation avenues include
understanding how this behavior depends on external parameters,
including mechanical tension or electric field, or how it manifests
at different interfaces, including those with hydrophobic liquids
or in confinement. Of particular importance are the dynamical
properties of interfacial water. Single particle dynamics via calcu-
lation of the diffusion coefficient within a layer, involving tracking
when molecules enter and leave the layer,'® and collective layerwise
dynamics in terms of hydrodynamic modes™ or effective layer vis-
cosity’® are possible means to explore the influence of HDL-like and
LDL-like molecules on the dynamical properties of water.

SUPPLEMENTARY MATERIAL

See the supplementary material for HDL-like, LDL-like, and
total number density profiles at selected temperatures, not normal-
ized, for the natural and artificially truncated systems.
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