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ABSTRACT

We investigate the properties of water along the liquid/vapor coexistence line in the supercooled regime down to the no-man’s land. Extensive
molecular dynamics simulations of the TIP4P/2005 liquid/vapor interface in the range 198-348 K allow us to locate the second surface tension
inflection point with a high accuracy at 283 + 5 K, close to the temperature of maximum density. This temperature also coincides with the
appearance of a density anomaly at the interface known as the apophysis. We relate the emergence of the apophysis to the observation of
high-density liquid (HDL) water adsorption in the proximity of the liquid/vapor interface.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0132985

I. INTRODUCTION

The rich set of anomalous properties of water has kept it an
active area of research, particularly regarding the thermodynamic
and kinetic properties of the supercooled liquid state. These proper-
ties govern the freezing of water”” and are key in diverse fields such
as climatology ™ or cryobiology,” but experiments aimed at investi-
gating the properties in the deeply supercooled region face an almost
insurmountable challenge. Below the temperature of homogeneous
nucleation Ty, frequently reported to be around 235 K, water
freezes faster than the time it takes to measure response functions.
Therefore, most measurements become impossible. The region of
temperatures below Ty has been named the no-man’s land, and
the properties of water in this region have become topics of intense
debate.”

One of the subjects of debate is the source of the drastic evo-
lution of water’s response functions in the supercooled regime. A
popular explanation involves the presence of a liquid-liquid first

order phase transition’ between high-density liquid (HDL) and ice-
like low-density liquid (LDL) water upon lowering the temperature.
In this scenario, the associated critical point explains the divergent
behavior of the water’s response functions inside the no-man’s land.

A second debated topic is the presence of a second, low-
temperature inflection point of the surface tension as a function
of temperature. Above the melting point, the surface tension of
water follows with a high accuracy the empirical equation of the
International Association for the Properties of Water and Steam

(IAPWS),M.I 1
T. - T\ T.-T
=B 1+b S 1
Y ( T. )( T ) ()

where T = 647.096 K is the critical temperature and the remain-
ing parameters are B =235.8 mN/m, b =-0.625, and u = 1.256.
The IAPWS curve agrees with the measured data well below the
melting point.'”> However, whether this agreement can continue
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deeper in the supercooled regime is controversial, as measurements
of surface tension become very involved."> A recent experimental
study'* measured the surface tension of water down to about 241 K
using the capillary rise method and reported a deviation from the
IAPWS equation that opens the possibility of the existence of a sec-
ond inflection point. Computational studies support the appearance
of the second inflection point for several water models, including
SPC/E,"'* TIP4P/2005,"° and WAIL."”

The simulations of explicit liquid/vapor coexistence of super-
cooled water have also exhibited a compact layer at the water/vapor
interface that manifests itself as a shoulder in the density
profiles.'”'"** Wang and co-workers'® suggested a connection of
this feature to the second inflection point of the surface tension.
Still, a systematic study of this anomaly and its links to other anoma-
lous features has not been attempted so far. The outermost layer of
the water/vapor interface is known to have a significantly different
structure””  than the bulk liquid. However, a systematic analysis of
the properties of the water layers in the supercooled regime is miss-
ing, particularly taking care of analyzing the distribution of HDL and
LDL water, which is supposed to be of particular relevance in the
no-man’s land.

Here, we use extensive molecular dynamics simulations of
water in the supercooled regime to investigate the region around the
surface tension’s second inflection point with a high accuracy. We
characterize the local composition of the two liquid phases as a func-
tion of their proximity to the outermost molecular layer. We find
that the second inflection point lies at the somewhat unexpectedly
high temperature of 280 K, in correspondence with the appearance
of a shoulder in the density profile and the temperature of maximum
density (TMD). While the presence of the shoulder could be partly
explained by the reduced amplitude of thermal capillary waves, we
observe the concurrent preference of HDL water to accumulate at
the liquid/vapor interface. The larger freedom to perform structural
reorganization at the liquid/vapor interface justifies the increased
concentration of HDL water. Its larger entropy could be the origin
of the increased surface tension in the no-man’s land.

Il. METHODS

Our water model of choice is the TIP4P/2005 one,”® which
reproduces the phase diagram of water with a high accuracy. The
TIP4P/2005 model shows the presence of the liquid-liquid phase
transition,”” ' and two-state equations of state well explain its ther-
modynamic properties.”””’ Recently, Wang and co-workers'® have
shown that the TIP4P/2005 model is compatible with the presence of
a surface tension second inflection point, a feature accompanied by
the appearance of a density shoulder (apophysis) in the supercooled
regime.

We performed molecular dynamics simulations of water in
the slab configuration using the GROMACS 2019.3*" simulation
package. We started from a cubic simulation box with periodic
boundary conditions measuring 5x5x5 nm’ filled with 4017
water molecules. We kept the molecular structure rigid using the
SETTLE” algorithm and integrated the equations of motion using
the leapfrog algorithm with a timestep of 1 fs. We computed the
long-range contribution of dispersion and Coulomb interactions
using the smooth version of the particle mesh Ewald algorithm.”*"
We employed a real-space cutoff of 1.3 nm, a relative interaction
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strength at the cutoff of 102 and 107 for the Lennard-Jones and
Coulomb interactions, respectively, and a grid spacing of 0.15 nm.
We used the Nosé-Hoover thermostat’” with a time constant of
2 ps for both the equilibration and production runs.

First, we equilibrated 19 copies of the system for 10 ns at
the target temperature values ranging from 198.15 to 348.15 K.
After this initial phase, we extended the z box edge to 20 nm to
obtain the liquid/vapor interface in slab configuration, as depicted
in Fig. 1. Subsequently, we performed an additional equilibration
phase reaching up to 80 ns for the lowest temperature. During the
production runs, which lasted up to 250 ns for the lowest temper-
ature, we saved to a disk the configurations every 1 ps and energy
and pressure every 0.1 ps, for further analysis. In total, we simulated
more than 9.5 ys. The reader can find the details of equilibration and
production runs in the supplementary material.

We analyzed the stored configurations for structural features,
including profiles across the liquid slab of density, number of
neighbors, and HDL fraction. Our analysis made extensive use of
the Pytim package,” which expands upon MDAnalysis.""** We
computed the profiles of the quantities of interest across the slab
using 0.2 nm wide bins. Additionally, we singled out the contri-
butions of the first four interfacial layers® using the Identification
of Truly Interfacial Molecules (ITIM) algorithm”’ as implemented
in Pytim, using a probe-sphere radius of 0.15 nm. We considered
two molecule neighbors if the distance between the respective oxy-
gen atoms is less than rs = 0.35 nm. This distance encompasses the
first oxygen coordination shell reasonably well over a broad temper-
ature range. To classify a molecule as HDL or LDL, we employed the
fifth neighbor criterion (ds)** that categorizes molecules whose fifth
neighbor lies farther away than rs as LDL ones and as HDL ones oth-
erwise. Using the stored values of the pressure tensor, we calculated
the surface tension y using the mechanical definition,

y:%[“)z)_ ((PX>;'(PJ’)):|, (2)

where L, = 20 nm is the length of the box edge that is perpendicular
to the macroscopic interface and (P) is the diagonal component

FIG. 1. Simulation snapshot taken at 198.15 K, showing HDL (red oxygen
atoms) and LDL (blue oxygen atoms) molecules, where the accumulation of
HDL molecules close to the liquid/vapor interface is evident by a simple visual
inspection. The surface normal points along z.
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of the pressure tensor in direction a, averaged in the canonical
ensemble (angular brackets) over the complete production run.

I1l. RESULTS AND DISCUSSION

To investigate the presence of the second inflection point of
y(T), we considered (a) the departure of y(T) from a fit to the
IAPWS equation, (b) a fit to a Fermi function, and (c) the cal-
culation of the surface excess entropy using finite differences. To
show the departure from the IAPWS values, we first adjusted the
parameters of the IAPWS equation to the TIP4P/2005 model by fit-
ting Eq. (1) to the measured y(T) above the melting point, keeping
only the exponent y fixed at 11/9. The results of the optimization
are B = 206.2 mN/m, b = —0.557, and a critical temperature T, of
661.543 K. The surface tension data and the IAPWS extrapolation
below the melting point are shown in Fig. 2, where we also report
the simulation data of Wang and co-workers'® and the experimental
points from Ref. 14 for comparison. The departure from the IAPWS
equation shows the presence of an anomalous rise in the surface
tension at low temperatures, implying the presence of an inflection
point.

To locate the inflection point accurately, we perform the best fit
of our simulation data T(y) to an inverted Fermi function,

C
T(y) = =0 B 3)

with C,D, E, and Yo being fitting parameters. This function has no
particular physical significance, and it is used only as an efficient
way to extract the inflection point.”* Additionally, following Wang
and co-workers,'® we also calculated the surface excess entropy per
unit area’ sy = —dy/dT to locate the inflection point as the mini-
mum of sy. To compute dy/dT, we applied the method of central
differences to the sampled values of y. Our data are compatible with
those of Wang and co-workers.'® Still, the larger set of temperatures
and longer sampling times allow the determination of the inflection
point with a higher accuracy. The best fit of the Fermi function yields
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FIG. 2. Surface tension as a function of temperature for this study, Wang et al.,®
and Vins et al. !4

ARTICLE scitation.org/journalljcp

an inflection temperature of 283 + 5 K. This result is in agreement
with the minimum of the discrete set of values sy (see the
supplementary material) and with the TMD, both located at
278 + 5 K. Here, with density, we mean that of the bulk, com-
puted as the average density in a 1 nm wide region in the middle
of the liquid slab. If we exclude the points below 223.15 K (based
on the possible concerns on the ergodicity of the sampled data, dis-
cussed further on), the best fit yields an inflection temperature of
275 £ 12 K, still compatible with the estimate that uses the whole
dataset.

Applying the Fermi function fit procedure to the experimental
data of Ving and co-workers leads to an estimate of the inflection
point temperature of 267 + 2 K.

Next, we investigate the possible relation of the local structure
with the thermodynamics of the second inflection point in terms of
density, the number of neighbors, and the fraction of HDL (or LDL)
water.

Figure 3 shows the number density profiles of the whole slab
and those of the first four layers on each of its two sides. A small
dot marks the location of the density maximum in each layer. We
notice that for the lowest 2-3 temperature values, the density profiles
are not uniform far from the surface, showing signs of what seems
to be insufficient sampling, despite averaging over long trajectories
(250 ns for the lowest temperature). At the lowest 2-3 temper-
atures, the systems show the signature of a very slow relaxation
(see the mean square displacement in the supplementary material),
which is not surprising, given the proximity to the glass transition
temperature of the model.*®

However, close to the interface, the density profile appears
smoother and well converged even at the lowest temperature. We
can only speculate on this being related either to a larger mobility
close to the interface or to a different glass transition temperature
for HDL-rich water (as HDL water, as we will show, accumulates at
the interface). For the time being, we concentrate on the emergence
of the density maximum close to the surface, which is not affected
by ergodicity issues.

The density maximum at the interface is the so-called apophysis
reported in several studies.'”'"*"" The apophysis appears close to
the maximum of the first molecular layer. Next to the apophysis, it is
possible to spot a weaker but still well-defined second peak located in

W 348.15K
W 338.15:
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318.15
308.15
298.15
288.15
278.15
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o

FIG. 3. Molecular number density profiles of the whole system and the first four
layers. Dots signify the center of mass of layers.
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the proximity of the second molecular layer. One could legitimately
question whether the apophysis is only the result of the diminished
amplitude of thermal capillary waves. A density profile is, in fact, a
correlation function in disguise, where the local density is correlated
with the location of the center of mass of the slab. Upon cooling,
the smearing effect of capillary waves diminishes and the correlation
due to molecular layering can appear. Wang and co-workers'® per-
formed a finite size study using boxes with a transverse size L of 5 and
10 nm and showed that the apophysis does not disappear when sim-
ulating the wider box. However, one needs to consider that at those
low temperatures, the width of the interface superimposed by ther-
mal capillary fluctuations as predicted by the capillary wave theory*’
is still smaller than the molecular size of water (0.35 nm) even for
L =10 nm. In this sense, we could expect that capillary wave fluctu-
ations cannot smear the apophysis even in the larger simulation box
considered in Ref. 16.

Despite this, the analysis of the molecular layers shows that
the peak density of the first layer behaves quite differently from
the subsequent ones, as its value keeps growing at a much faster
rate than the subsequent ones. When the temperature decreases,
the distribution of molecules in the layers changes not only in
height but also in width. Integrating these distributions yields the
number of molecules in each layer, which we report as surface den-
sity in Fig. 4. The first layer stands out not only because of its
more (laterally) densely packed structure but also because of its
temperature-insensitive nature. As the layer surface density reported
in Fig. 4 is an intrinsic property, it shows that the apophysis (or at
least part of it) is not an artifact of capillary fluctuations. This con-
firms by other means and for planar interfaces the result obtained
by Malek, Poole, and Saika-Voivod for water nanodroplets,”> who
employed the Voronoi tessellation to compute the local density and
avoid spurious layering.

A comparison of the density value at its maximum and in bulk,
as reported in Fig. 5, shows that also the apophysis starts emerging at
about 280 K, roughly the same temperature as that of the inflection
temperature and of the TMD. The existence of the TMD in water
can be explained by the thermodynamic competition between LDL
and HDL water,”"”” with LDL water becoming increasingly more
likely than HDL water when the temperature decreases. Therefore,
it makes sense to investigate the composition of the water slab in
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FIG. 4. Integrated density profiles of the layers.
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FIG. 5. Top panel: maximum of the density profile (red squares) and density in the
middle of the slab (blue circles), as a function of temperature. Bottom panel: HDL
peak order parameter W of the HDL fraction as a function of temperature.

terms of LDL and HDL fractions as a function of their proximity to
the interfacial layer.

Using the fifth neighbor criterion, we compute the profile of
HDL water’s fraction f(z) along the surface normal. The surface
layer molecules necessarily have fewer neighbors than the molecules
in the subsequent layers, so close to the surface, the HDL fraction
profile must drop to zero.

As long as a complete shell of neighbors surrounds a molecule,
starting from molecules belonging to the second layer, the value of
the computed HDL fraction is meaningful. The profiles of the HDL
fraction reported in Fig. 6 show the fascinating appearance of an
accumulation of HDL water at the surface upon lowering the tem-
perature. In the surface layer, the fifth neighbor criterion cannot be
used anymore and the fraction of HDL drops to zero close to the
interface. However, taking into account the fact that the first layer
molecules are the most densely packed (Fig. 4), the emerging picture
is that of a positive excess density of HDL (beyond the first layer)
and HDL-like molecules (in the first layer).

To formalize the onset of the positive excess density of HDL, we
compute an order parameter ¥, shown in the bottom panel of Fig. 5,
from the HDL fraction value at its maximum fiax and in the bulk
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FIG. 6. Profiles of the fraction of HDL across the system.
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Soulk (the average of f in the 1 nm-wide region in the middle of the
slab) as

W(T) = fuax(T)/ four(T) = 1. 4)

The order parameter is constant and close to zero at high temper-
atures until about 270 K, when it increases upon decreasing the
temperature. This behavior is similar to that of a second order phase
transition, once again in the neighborhood of the TMD.

It is also interesting to observe the average number of neighbors
(regardless of the layer they belong to) as a function of temperature
and position along the slab and the number of intra-layer neigh-
bors for the first two layers. We report these profiles in Fig. 7. In
the central region, the average number of neighbors decreases from
about five at the highest temperature to slightly more than four at
the lowest. This behavior underlines the change from the preponder-
ance of HDL to that of LDL upon entering the supercooled regime.
Peaks in the number of neighbors for the whole system develop at
low temperatures, reflecting the presence of a positive HDL surface
excess. The distributions of the intra-layer neighbors show that the
second layer has about two intra-layer neighbors at high temper-
atures, most likely corresponding to two in-layer hydrogen bonds
(the other two connecting atoms being in the first and third lay-
ers). At lower temperatures, the number of intra-layer neighbors
decreases systematically. The first layer shows the opposite behav-
ior, as the number of intra-layer neighbors increases upon cooling.
This result confirms the picture of a more compact first layer shown
in Fig. 4. It is somehow intuitive that the possibility for molecules
in the first layer to coordinate more neighbors (overall and within
the same layer) is related to the greater freedom they enjoy because
they do not need to fit the tetrahedral structure imposed by the
hydrogen bond network in the bulk. As the system is cooled, bulk
water molecules transition from HDL to LDL, lowering their con-
figurational entropy. This transition does not happen close to the
surface, where access to the less constrained first layer allows us
to keep a higher packing and a (relatively to the bulk) higher
HDL concentration. The overall effect is an increased surface excess
entropy and the consequent larger negative slope of the surface
tension.

B 348.15K
W 338.15:
B 328.15
318.15
308.15
298.15
288.15
278.15
268.15
258.15
248.15
238.15
233.15
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=

FIG. 7. Profiles of the number of neighbors for the whole system and of the number
of intra-layer neighbors for layers 1 and 2.
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IV. CONCLUSIONS

Using extensive molecular dynamics simulations of water along
the coexistence line, we confirm and provide robust evidence of the
presence of a second inflection point of its surface tension at low
temperatures, in connection with an increased interfacial adsorp-
tion of high-density liquid water. The high accuracy of our sampling
allows locating the inflection point at a higher temperature than
previously suggested. The temperature of the inflection point, as
estimated from the surface tension fit (283 +5 K) and from its
numerical differentiation (278 + 5 K), is compatible with the TMD
along the coexistence line (278 + 5 K). The inflection of the surface
tension and its corresponding positive deviation from the fit to the
IAPWS equation upon cooling correlate strongly with the appear-
ance of a shoulder in the density profile at the liquid-vapor interface,
known as the apophysis. We showed that the presence of this shoul-
der is not an artifact of the narrower capillary wave fluctuations
at low temperatures but is, indeed, the result of a more compact
surface layer. This compact layer is allowed to form, thanks to the
larger configurational entropy enjoyed by molecules in the surface
layer. However, the increase in local density is not limited to the
first molecular layer, as the distribution of HDL water molecules
across the water slab shows. While the composition of the water
slab becomes richer in LDL water, there is a clear accumulation of
HDL water close to the interface when the temperature decreases.
One might wonder whether the fifth neighbor criterion is accurate
enough close to the surface. However, the radial distribution func-
tions of the first five neighbors (among all possible water molecules)
of those molecules that are tagged as HDL do not depend on the
layer (except in the first one, see the supplementary material) but
experience the same local environment as in bulk.

The order parameter of the HDL fraction suggests a mecha-
nism similar to a second order phase transition, with the equivalent
of a critical point located at 268 £ 5 K, also in the proximity of
the TMD.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
the simulations and plots of surface excess entropy; number of
neighbors and their profiles as a function of temperature; and peak
density, HDL fraction, and surface tension correlation plots.
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