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1 Introduction

Unraveling Aqueous Alcohol Freezing : new theoretical
tools from graph theory to extract molecular processes
in MD simulations

Rawan AbouHaidar, Sana Bougueroua,” Denis Duflot,% Marie-Pierre Gaigeot,” Barbara
Wyslouzil,© and Céline Toubin,*¢

Ice clouds in the upper troposphere are crucial for regulating Earth’s climate by affecting stratospheric
humidity and the global radiative balance. A key aspect of cloud formation is heterogeneous ice
nucleation, influenced by the surface properties of aerosol particles, particularly those with chemical
groups capable of hydrogen bonding with water. Short-chained alcohols, such as 1-pentanol and
3-hexanol, which readily accumulate at the liquid-vapor interface, are of particular interest due to
their potential impact on ice nucleation, despite their role in freezing processes being underexplored.
To address this gap, molecular dynamics (MD) simulations combined with topological graph analysis
(GT) were used to investigate the onset of water-alcohol surface freezing at temperatures ranging
from 283 K to 192 K. Both macroscopic properties, like surface tension and solubility, and microscopic
properties, including the incorporation of alcohols within the 2D-film of surface water, were analyzed.
The results indicate that adsorbed films of 1-pentanol and 3-hexanol significantly influence the onset
of surface freezing, with 1-pentanol forming more organized and efficiently packed surface layers
compared to 3-hexanol, thus reducing surface tension more effectively. The novel application of
topological graph analysis based on the representation of intra- and inter-molecular interactions into
a graph) revealed the insertion of alcohol molecules into the collective hydrogen-bonded 2D network
at the water surface, promoting the enhanced formation of six-membered H-bonded rings at lower
temperatures. This effect was particularly pronounced with 1-pentanol, which proved more efficient
than 3-hexanol in facilitating the creation of ice-like structures—a critical precursor to ice formation.
These findings offer valuable insights into the processes governing cloud formation and ice nucleation,
with significant implications for understanding climate science and cloud dynamics.

containing only a few hundreds of molecules®1%, In the absence

Freezing of supercooled water droplets in the atmosphere affects
not only precipitation, but also cloud chemistry, radiative bal-
ance, and climate forcing™Z. Ice nucleation experiments have
measured the rates at which pure water freezes as a function of
temperature for bulk samples (millimeter size), through microm-
eter sized droplets, to nanodroplets and even molecular clusters
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of contaminants or solid surfaces, freezing proceeds via homoge-
neous nucleation, a process with rates that increases so rapidly as
temperatures approach 235 K that lower temperatures can only
be reached readily using nanodroplets or molecular clusters. The
ice that initially forms in highly supercooled water, is stacking
default ice, that can then transform to the more stable hexago-
nal ice given enough time>18, Despite the limitations of cur-
rent water models, computational studies of pure water freezing
have predicted both the overall shape of the rate versus temper-
ature curves, and the nature of the emerging solid phase2%25,
Although the differences in timescales between MD simulations
and experiments are still large, simulations have provided deeper
insights into the microscopic molecular mechanisms involved in
this complex phase transition.

Atmospheric water droplets are not, however, expected to be
pure. In particular, organic matter is ubiquitous in the atmo-
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sphere29 and can condense onto existing droplets, many aqueous
droplets may have formed by condensing onto aerosol particles
rich in organics2Z, and other contaminants include soot, mineral
dust, biological material can be incorporated into the constantly
evolving droplets28:29,

If the contaminants result in uniform solutions, ice formation
is still considered to proceed via homogeneous nucleation but
freezing temperatures are generally depressed relative to pure
water2%31 with some large, soluble biological molecules pre-
senting exceptions®2:33, When true solids are present, freezing
can occur at much higher temperatures and is initiated by the
interactions of liquid water with the solid surfaces via heteroge-
neous nucleation®#. Given the wide range of potential solids, and
the distribution of nucleation sites within them, heterogeneous
nucleation® is inherently more complex than homogeneous nu-
cleation and far from fully understood. Some important hetero-
geneous nuclei present in the atmosphere include mineral dust
such as feldspar=4136137 28
Recent simulations have contributed insight into important fac-
tors beyond simple lattice matching“? between the substrate and
ice. These include local ordering and decreased density of the
liquid water induced by the surface, and reduced variability in
the adsorption energy landscape®!l. Less obvious surfaces that
can aid water’s liquid-solid phase transition result from the self-
assembly of molecules at the air-liquid interface. Experimental
work showed that for a series of straight chain alcohols, freezing
temperatures increased with the length of the hydrocarbon tail42,
an effect that was well matched by molecular simulations43, A
recent study#¥ reported that for long chain alcohols (CyoH4;OH,
C30Hg1 OH, and C3;Hgz OH), ice nucleation is not only influenced
by the lattice matching of the alcohol monolayer with the ice un-
derneath but also by geometric features such as the angle be-
tween the alcohol CO bond and the interfacial plane.

The focus of the present simulations is to investigate the effect
two short chain alcohols, 1-pentanol ( 8 mol% or 30 wt%) and
3-hexanol ( 6 mol% or 25 wt%), may have on freezing in systems
with high surface to volume ratios. The concentrations investi-
gated in the simulations, are both comparable to the experiments
of Sun and et al.#5% and representative of the concentrations
(10 — 50 wt%) of organic carbon in small aerosol particles47
They are, however, significantly higher than the carbon content
typically found in cloud droplets (< 100 mgC/L)48. For these
molecules, though their solubility is not negligible, surface en-
richment is still significant and, thus, depletion of molecules from
the “bulk” cannot be neglected. Our work is motivated by the
aqueous-alcohol nanodroplet experiments of Sun and et ql. 4540
that examined the effect on freezing of 3 straight chain alcohols
(C3, C5, C6) and 2 branched alcohols (C5, C6) at overall con-
centrations up to 6 mol% alcohol. For straight chain alcohols,
freezing was less perturbed by the longer chain alkanes, consis-
tent with higher surface enrichment and lower solubility as chain
length increased. The branched alcohols perturbed freezing more
readily than the straight chain with the same carbon number, con-
sistent with the increased solubility of the former and their larger
molecular area. Solubility, however, is not necessarily the decid-
ing factor since the less soluble (at room temperature) 3-hexanol

, soot=8 and certain biological material?,
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perturbed freezing more easily than the more soluble (at room
temperature) 1-pentanol. Furthermore, the solubility of both al-
cohols increases with decreasing temperature but measurements
are not available in the experimental temperature range.

In this paper, classical Molecular Dynamics (MD) simulations
explore the temperature dependent behavior of dilute aqueous
solutions of linear and branched alcohol molecules, specifically
1-pentanol and 3-hexanol. One key to understand the onset of
freezing processes is to reveal structural properties of the water-
alcohol interfaces. The water in contact with the air is known
to be organized in a 2-dimensional film made of a highly col-
lective hydrogen-bonded network oriented parallel to the sur-
face, 4950 of ~5-10 A thickness.#2"32 We hence investigate the
possible disruption/strengthening caused by alcohol films within
this 2D-HBonded water network at the surface and how this can
be correlated with freezing. This is achieved using graph theory
(GT) algorithms.>3"22. Graphs encode the topology of molecules
and molecular assemblies, through vertices and edges that respec-
tively represent the atoms and their intra- and inter-molecular
interactions. With GT, the 3D structures that are explored over
the MD trajectories are transformed into a time series of non
isomorphic topological 2D graphs, which are analyzed by graph
algorithms in order to extract the time evolution and statistical
behaviours of the structures. Our goals include evaluating the
comparative effects of alcohol films and pure air-water interfaces
on the 2D-Hbonded network of water, as well as examining how
temperature influences the dynamics of the network. This repre-
sents a critical first step in characterizing freezing processes, even
though the actual freezing is not observed within the simulation
timescale.

2 Methodology

2.1 Molecular Dynamics Trajectories

2.1.1 Simulation details

Classical MD simulations were performed using the GROMACS
2020.5 software®?, Periodic Boundary Conditions (PBC) were
applied across all three dimensions, with bond constraints im-
plemented via the LINCS algorithm®Y, A time-step of 2 fs was
used. The TIP4P/2005 water model was employed to describe
the water system, known for its accurate representation of surface
tension across a wide temperature range and reliable character-
ization of liquid properties, phase equilibria, and critical proper-
ties©2767, Numerous theoretical studies have successfully mod-
eled the behavior of alcohols at water surfaces using classical
non-polarizable force fields®®73. From these, we selected the
Transferable Potentials for Phase Equilibria-United Atom (TraPPE-
UA) force field to describe the alcohols, which has been previ-
ously applied to various alcohols such as methanol”# and bu-
tanolZ2. Notably, it has been demonstrated that the combina-
tion of the TIP4P/2005 and TraPPE force fields provides the best
agreement with experimental data compared to other force field
combinationsZ#, Lorentz-Berthelot combination rulesZ%/77 were
utilized to define cross solute-solvent atom interactions. Interac-
tions were truncated at a distance of 12 A for both short- and
long-range interactions. Dispersion correction of the energy due
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to long-range van der Waals interactions was applied. The Parti-
cle Mesh Ewald (PME) algorithm/Z® was employed for evaluating
long-range Coulomb interactions, employing fourth-order cubic
interpolation and a Fourier spacing parameter of 0.1572, Tem-
perature control was achieved via a Berendsen thermostat with
a coupling constant of 0.1 ps€?, while pressure was regulated
using a Berendsen barostat at 1 bar, employing a semi-isotropic

coupling scheme®L.

2.1.2 System setup

Aerosols commonly exist in various forms, including spherical
shapes (such as liquid droplets), irregular shapes (like dust and
soot), elongated fibers, or aggregates of smaller particles. The
curvature of these particles can influence the properties of their
surface layers differently than flat surfaces. However, as in the
present study, many previous investigations have employed flat
surfaces to analyze the structure of aerosol surface droplets®284,
A pure water slab was initially generated from a bulk system con-
taining 1000 water molecules within a cubic box measuring 30
A per side. After energy minimization using the steepest descent
algorithm, the bulk system was equilibrated in the isothermal-
isobaric (NPT) ensemble at 1 bar for 5 ns. The equilibrated sys-
tem was then extended along the interface normal (the z-axis) to
a length L, = 120 A, creating two air-liquid interfaces exposed to
vacuum.

The cooling process was initiated with NVT simulations sequen-
tially conducted for 150 ns at five temperatures: 283, 258, 233,
219, 206, and 192 K, guided by the temperatures reported by Sun
et al. %3, Cooling started with the final geometry from the previous
higher temperature simulation and initiated the cooling process
at the next lower temperature. This methodical approach ensures
faster equilibrium, confirming that equilibrium is reached at each
reduced temperature before continuing with further cooling.

Based on their respective molecular areas, 45 and 30 molecules
of 1-pentanol and 3-hexanol respectively were added on each side
of the water slab in order to form a film close to monolayer cov-
erage. Upon addition of the alcohols, the box was further ex-
tended to L; = 180 A (Figure . Moreover, it was observed
that adding the same number of 3-hexanol molecules (45 on each
side) as 1-pentanol, led to bilayer formation, as already reported
for small amphiphilic molecules at higher concentrations®>€Z,
Additionally, Sun et al.4® suggested that a full monolayer on 60
A droplets corresponds to an alcohol mole fraction of x; ~ 0.024
for 3-alcohols and x, = 0.046 for 1-alcohols. It is consistent with
the fact that, to mimic a full monolayer of these two alcohols,
the number of 1-pentanol molecules should exceed the one of 3-
hexanol.

Among other properties (density profiles, radial distribution
functions, binding energy distribution), the surface tension 7y
(mN/m) was calculated at 10 ns intervals along the MD trajec-
tories. The cumulative averaged surface tension®®? was then
computed with its corresponding error.

2.2 Algorithmic Graph Theory
Structural analyses of the water and alcohol films at the wa-
ter surface were conducted with algorithmic graph theory. We
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Fig. 1 Side views of the water-alcohol slab at 233 K after 150 ns: (a)
1-pentanol with 45 molecules on each side and (b) 3-hexanol with 30
molecules on each side. (c) and (d) molecular geometries and atom labels
for 1-pentanol and 3-hexanol respectively. Atoms are colored according
to functional groups: oxygen atoms of alcohol molecules are red, carbon
atoms of 1-pentanol or 3-hexanol are orange or magenta respetively, and
water molecules are represented in blue.

have shown in our previous works the capability of the topologi-
cal 2D-MolGraphs to capture the H-Bond networks in condensed
matter molecular systems2#>29 including the air-water inter-
face. In our 2D-MolGraphs, any molecular conformation is de-
fined by a molecular graph where vertices represent the atoms
of the molecular system and the edges represent the interactions
between these atoms. One crucial step of the algorithm is to set
up a model that defines a molecular conformation with the right
level of granularity. We chose to define the edges in the graphs in
terms of e.g. covalent bonds, hydrogen bonds, electrostatic inter-
actions and organometallic interactions between the atoms (see
refs. 242758 for the associated definitions in the 2D-MolGraphs).
Each bond or interaction is represented by an (undirected) edge
in the graph, except for hydrogen bonds which are represented by
directed edges (arcs). We chose not to include hydrogen atoms in
the vertices of the 2D-MolGraphs. The only indirect information
related to some of the hydrogen atoms that is retained in a 2D-
MolGraph is in the edges associated to hydrogen bonds. Edges
in the 2D-MolGraphs for H-Bonds are indeed directed from the
heavy atom donor in the H-Bond to the heavy atom accepting the
H-Bond, as illustrated in Fig[2] The H atom hence 'belongs’ to the
vertex in the graph associated to the donor atom.

All details on the definitions used in the construction of
the 2D-MolGraphs can be found in ref>* The definitions of
bonds/interactions are based on geometric criteria (Euclidian dis-
tances and angles). For example, the criterion used for the exis-
tence of a hydrogen bond is the one from2%: the O-O has to be
less than 3.2 A and the O-H...O angle has to be within 180 +40°.
Note that the use of other H-Bond definitions does not change the
general conclusions.># Figure a shows the 2D-MolGraph of the
water-air interface from our MD simulations at 283 K. This inter-
face is made of a highly collective 2D film of hydrogen bonded
water, oriented parallel to the surface. The collective network
of H-Bonds can be easily seen in the 2D-MolGraph by the red
vertices (the oxygens of the water molecules located in the in-

Journal Name, [year], [vol.], 1 |3



(@) () \
O
H-bond: - @ T
®O- ‘(\ 4 ®
o) ®) o
@

Graph ®
representation: @ — — >@ @— — >

Fig. 2 Schematic representation of an H-bond as a directed edge in a 2D-
MolGraph illustrated for a water-water or a water-alcohol dimer. In the
graphs shown here, the dashed red arrow refers to the H-bond oriented
from donor to acceptor while a black line corresponds to a covalent bond.
H atoms are not included in the 2D-MolGraph, the alcohol O and C atoms
are colored in orange and black respectively.
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Fig. 3 (a) lllustration of a 2D-MolGraph for the air-water interface. Ver-
tices of the graph represent the oxygen atoms of the water molecules
(red); the dashed red arcs represent the H-bonds between two water
molecules oriented from donor to acceptor. (b) Distribution of the con-
nected components of the 2D-MolGraphs for the air-water interface (see
text for details).

terfacial region-BIL422l) that are interconnected to each others
through the directed red-dashed edges (the H-Bonds between the
water molecules). One can observe that there are very few ver-
tices (water molecules) that are not part of the collective net-
work. The degree of collectivity of the graph can be measured by
the connected components of the graph, as reported in fig. [3}b.
One hence observes one dominant peak in the distribution that
is centered on ~95% of the water molecules belonging to the in-
terfacial region, which indeed is the signature of a high degree
of inter-connectivity between the water molecules at the water
surface.

Once the 2D-MolGraphs are constructed snapshot by snapshot
of the MD trajectory, the changes in the molecular conformations
being sampled over time is achieved by monitoring the changes
in the topologies of the graphs, which can be tracked using the
isomorphism algorithm®4029  Once the ensemble of non iso-
morphic 2D-MolGraphs is obtained for the whole trajectory, ad-
ditional analyses of the graphs can be performed. In this work,
we analyze the graphs in terms of the size of the connected com-
ponents, i.e., the set of subgraphs in which all vertices are con-
nected to each others without interruption (see the above discus-
sion related to fig.[3}b). This will serve to characterize the degree
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of collectivity in the H-Bonded network that can be formed at
the interface. This will also serve to characterize the H-Bonded
network of the aqueous interface, i.e., water-water and water-
alcohol H-Bonds as well as sizes of H-Bonded polygons/chains
that can be formed. This latter is obtained by applying the Hor-
ton algorithm®2 that provides a minimum basis of cycles for one
given graph.

Once knowing the composition and size of the H-Bonded cy-
cles within a graph, one can further provide the information on
whether alcohol molecule(s) are inserted inside a cycle or are
surfing on top of the cycle, as will be discussed in the results sec-
tion.

All analyses are implemented in the GaTewAY software.23

3 Results

3.1 Alcohol films adsorbed on the water surface

Density probability distributions were computed for water oxy-
gen, the carbon linked to the OH group (C-OH), and the termi-
nal carbons (CT) for 1-pentanol and 3-hexanol at different tem-
peratures (Figure[d). Both 1-pentanol and 3-hexanol exhibit pro-
nounced surface adsorption tendencies across different tempera-
tures, with the highest density peak observed at the liquid-vapor
interface. For 1-pentanol, the CT density is peaked at a larger
distance from the film than C-OH, indicating that the alcohol
molecules orient themselves at the interface, with their hydropho-
bic carbon tails directed toward the vapor phase and the hydroxyl
groups toward the bulk. Furthermore, the behavior of the CT seg-
ments of 3-hexanol reveals that it forms a monolayer with gauche
defects directing the long tail toward the vapor phase and the
short terminal segment to align along or slightly above the sur-
face, thereby reducing the hydrophobic interactions with the un-
derlying water subphase. The orientation of the alcohols at the
interface is influenced by the desolvation of the alkyl chains, the
solvation of the hydrophilic head, and enhanced van der Waals
interactions between the chainsZl. As shown in the density dis-
tribution, the linear alcohol, 1-pentanol, exhibits a straighter and
more perpendicular orientation to the surface plane. In contrast,
3-hexanol exhibits a less pronounced orientation, indicating a
greater likelihood of staying near the surface plane (see Table
S5 in the SI). This trend is supported by XPS measurementsZ224,
that show a preferred alcohol orientation toward the surface nor-
mal as the chain length increased, highlighting also the impor-
tance of lateral hydrophobic interactions. Additionally, classical
MD simulations showed increased order and packing within the
monolayer with higher surface density, particularly pronounced
at low temperatures2>.,

By integrating the density distributions of the C—-OH group at
the interface and in the bulk phase, we can determine the bulk-
to-surface ratios shown in Table[I] The surface, equivalent to the
interface, is defined as the region between 10% and 90% of the
bulk water density. Despite the data being derived from a lim-
ited number of molecules, they consistently show that 1-pentanol
is more soluble than 3-hexanol across all temperatures. As the
temperature decreases, the solubility of both alcohols approxi-
mately doubles. However, no significant increase in solubility is
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observed below this temperature, although some molecules may
diffuse into the subsurface layer or move within the surface layer.
Below 233 K, alcohol diffusion slows considerably as the solutions
approach freezing and become more viscous. This observation
is consistent with neutron diffraction and simulation studies?®,
which have shown that in binary mixtures of methanol-water and
ethanol-water, alcohol segregation becomes more pronounced as
the temperature drops to 245 K.

Table 1 Bulk-to-surface ratio for 1-pentanol and 3-hexanol at different
temperatures. The number of molecules transitioning from one
interface to the other during 10 ns (time intervals from 140 to 150 ns)
is indicated in parentheses

T(K) 1-pentanol 3-hexanol
283  0.036 (3)  0.026 (1-2)
258 0.048 (4)  0.032(2)
233 0.067 (6) 0.058 (3)
219 0.062 (6) 0.055 (3)

206  0.071 (6) —

3.2 Surface tension of water is affected by alcohols

It is widely recognized that accounting for partitioning is crucial
for accurately predicting the Cloud Condensation Nuclei (CCN)
activity of surface-active aerosols?Z98, At the molecular level,
surface tension is an important parameter that characterises the
exchange of matter across the interface. Surfactants and am-
phiphilic molecules are known to reduce surface tension relative
to pure water®32Z, Although the exact role of surfactants in ice
nucleation remains unclear, it is worthwhile to investigate how
surface tension changes during freezing and how surfactants in-
fluence this process.

As benchmark, the surface tension of pure water was evalu-
ated and compared with previously reported values. At 298 K,
our calculated surface tension is 64.3 + 0.6 mN/m, which closely
aligns with computational values of the TIP4P/2005 water model
of 65.4 mN/m (without including long-range corrections)%, 69.3
+ 0.9 mN/m (including long-range corrections)®® and 68.4 + 1.1
mN/m® as well as the experimental value of 71.7 mN/m®%, The
absence of the tail correction to the surface tension, caused by the
truncation of the Lennard-Jones potential, leads to increase the
surface tension by at least 2 mN/m®499, In this study tail correc-
tion has not been applied, surface tension values being compared
on a relative basis.

Figure |5| shows the surface tension values for the pure water
slab obtained from the final 50 ns of the simulation, along with
their corresponding errors for the various temperatures. The rise
in standard deviation as temperature decreases suggests larger
fluctuations in surface tension along the dynamics as can be seen
in Figure S1(a) and Table S2 in the SI. A standard deviation ex-
ceeding 10 mN/m indicates that the system has not reached equi-
librium at that particular temperature. As a result, data at 192 K
will be interpreted with caution.

Similarly, the evolution of the surface tension was monitored
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over time for each temperature in both 1-pentanol and 3-hexanol
solutions (Figure S1 (b) & (c) in the SI) to check for convergence.
Figure |5| presents the average surface tension values and associ-
ated errors for the various alcohol solutions in comparison to pure
water across different temperatures. At 283 K, the 3-hexanol so-
lution exhibits an average surface tension of 33.1 + 1.2 mN/m,
while the 1-pentanol solution has a lower value of 15.9 + 1.1
mN/m. Both are significantly below the surface tension of pure
water, which is 66.8 & 0.6 mN/m. The decrease in surface ten-
sion caused by the alcohols is usually attributed to the reduction
in water-water hydrogen bonding and to the increase in alcohol-
water hydrogen bonding!%%10L.  In addition, surface tension is
influenced by the molecular arrangement of the alcohols at the

interface$?.

For the 1-pentanol solutions, the surface tension values ex-
hibited significant fluctuations at 192 K, even with a simulation
extended to 200 ns, suggesting that equilibrium had not been
reached (see Table S3 in the SI). Similarly, for the 3-hexanol
solutions, considerable fluctuations persisted at 206 K, despite
the 200 ns simulation duration (see Table S4 in the SI). These
fluctuations at very low temperatures are likely caused by wa-
ter supercooling, which results in a frozen state that hinders the
achievement of equilibrium. Moreover, the slab with 1-pentanol
films reached equilibrium at lower temperatures compared to
the 3-hexanol slab. This may result from the molecular struc-
ture of the alcohols: straight-chain alcohols like 1-pentanol form
more organized layers at the interface as shown from the den-
sity distributions, whereas branched alcohols like 3-hexanol face
steric hindrance, leading to less structured films. The reduc-
tion in surface tension is also more pronounced with longer alkyl
chain lengths. Comparisons between linear and branched iso-
mers show that longer linear alcohols tend to have higher sur-
face excess and smaller surface areas per molecule compared to
their branched counterparts. For instance, previous studies 1021103
have shown that as temperature decreases from 308 K to 283 K,
surface tension increases, with longer carbon chains resulting in
higher surface concentrations and faster adsorption rates. Ad-
ditionally, 1-propanol, despite having the same bulk concentra-
tion as 2-propanol, lowers surface tension more effectively due to
its higher surface concentration1%*, This observation aligns with
Walz et al.19 who found higher surface concentrations for lin-
ear alcohols compared to branched ones. These results highlight
the link between increased surface concentration and decreased
surface tension in aqueous solutions'%® emphasizing the impact
of molecular arrangement at the interface. Thus, accurately char-
acterizing the molecular organization at the surface is crucial.

3.3 Collective 2D-HBonded-Network (2DN) of water at the
interface with the air

The water at the interface with the air has been shown to be or-
ganized as a 2-Dimensional film made of a highly collective H-
Bonded network in which the water-water H-Bonds are formed
parallel to the surface, thus the term 2D-HBonded-Network (or
2DN as short notation used hereafter).42205401107 gych 2D-
film was also shown present at any hydrophobic aqueous in-
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Fig. 4 Density distribution profiles along the z axis (perpendicular to the interface) of water oxygen, C—OH group, and terminal carbons (CT) for (a)
TIP4P /2005 water slab, (b) 1-pentanol, and (c) 3-hexanol solutions at different temperatures calculated from the last 10 ns of a 150 ns trajectory.
See Fig. c) and (d) for the labels of the atoms. The density was calculated based on the number of molecules per cubic nanometer using 200 slices.
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Fig. 5 Temperature evolution of the surface tension for the pure
TIP4P /2005 water, 3-hexanol and 1-pentanol covered slabs. Error bars
are derived from the standard deviation at each temperature.

terfacel®8 with a thickness of ~3-6 A depending on the mor-
phology of the hydrophobic medium in contact with the water
and on the possible supplementary interactions between the hy-
drophobic surface and the water. Very recent innovative SFG-DFG
(Sum- and Difference- Frequency Generation) measurements>2
have confirmed such thickness for the air-water interface. Fig.
a illustrates the 2D-MolGraph associated to the 2DN for a given
snapshot extracted from our classical MD simulations of the neat
air-water at 283 K. Following the pathways through the directed
edges in the graph (in dotted red lines), one can indeed see how
the vertices (i.e. the water molecules) are collectively H-Bonded
together. This collectivity can be directly measured by the con-
nected components (CCs) of the graph. CCs measure the num-
ber of vertices in a graph being connected to each others (here
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through H-bonds) without interruption.

The distribution of the CCs is reported in Fig. [3|from the statis-
tical graph analysis of the 6 A thick water interfacial layer over the
MD trajectory. One can hence see one main peak in the distribu-
tion of CCs centered on average on 103 vertices/water molecules
among an average of 108 water located within the interfacial
layer. This main CC incorporates ~95% of the water molecules
that belong to the interfacial layer, showing the high degree of
collectivity in the 2DN. Note that the size of the largest CC is 119
among a maximum of 121 water molecules that were found lo-
cated in the interfacial layer over time. Furthermore, there is on
average 1.9 number of CCs, i.e. one centered on the main peak of
the distribution and one other CC associated to the peak of very
small intensity in the distribution that is located below the size
value of CC~10. This latter peak shows that the very few water
molecules that are not incorporated within the 2DN exist as ei-
ther individual molecules or are part of small clusters/chains at
the interface.

3.4 Alcohols are accommodated within the 2DN and
strengthen the collectivity of the H-Bonded Network

The graph analysis of the interfacial layer is now applied to the
simulations of alcohol films adsorbed at the water surface. The
Gibbs Dividing Surface (GDS), located at the midpoint of the in-
terface density range, serves as the z-reference for defining the
interface (also defined as the BIL-Binding Interfacial Layer=%)
augmented by +3 A Images of the interfacial layers and their
thicknesses used in the graph analyses are reported in Figure @a,
respectively for the air-water, one monolayer film of 1-pentanol
and of 3-hexanol adsorbed at the water surface. Fig. [6p illus-
trates top-views of these interfaces. The increase in the thickness
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Fig. 6 (a) Side view of the interfaces with the selected BIL thickness for the various interfaces: air-water and the alcohol films. (b) Top view of one
interface at 219 K for the different systems. Water molecules are represented in blue, 1-pentanol molecules are in orange, and 3-hexanol molecules
are in magenta. The dashed blue and green highlighted circles illustrate hexagonal and pentagonal water cycles, respectively.

of the water-alcohol BIL is in agreement with e.g. ref.1% report-
ing an increase by 0.7 A of the interface thickness in the presence
of alcohols at low ethanol concentrations, that grows with higher
alcohol levels. Note that while there are two equivalent inter-
faces in our simulation boxes, our discussions focus on the upper
surface.

The graph analyses were conducted on the last 10 ns of the 150
ns MD trajectories, using snapshots recorded every 100 ps. We
checked that this sampling allowed to achieve a good compromise
between computational time and statistics. It is worth recalling
that the 192 K (water slab and 1-pentanol-water slab) and 206 K
(3-hexanol-water slab) trajectories have convergence issues for
the surface tension calculations, thus data collected from these
trajectories should be interpreted with caution.

Figure [7}a-top reports the evolution with decreasing tempera-
ture of the average number of connected components (CCs) in the
graphs of the BIL. All three aqueous interfaces clearly experience
a continuous decrease in the average number of CCs as tempera-
ture is decreasing from 283 K to 210 K, reaching almost 1 CC at
the lower temperatures. We remind that one single CC in a graph
is the ultimate limit, that in our case represents an organization in
the H-Bonded network of the BIL where all vertices are intercon-
nected together without any interruption. One can see that this
limit is almost reached for both the air-water and the 3-hexanol
film-water interfaces at 219 K. At the same temperature, there are
still 2 CCs in the 2D-MolGraph for the 1-pentanol-water interface.
Note that the rapid decrease from 2 to 1 CCs for 1-pentanol from
219 K to 206 K is presumably more likely due to convergence is-
sues in the MD at this low temperature rather than to a physical
reason.

Interestingly, at 283 K the adsorbed alcohol films tend to
slightly disrupt the connectivity in the water-water H-Bonds in the
2DN of the interfacial water, as can be seen by the (small) increase
in the average number of CCs in the graphs of the three molecular
interfaces in fig. [7}a-top. There are indeed, on average, ~2 CCs
in the 2D-MolGraph of the neat air-water interface, increasing
to ~2.8 (3-hexanol) and ~4 CCs (1-pentanol) when the alcohol

films are adsorbed. As temperature decreases, all three interfaces
see the connectivity in the 2DN increasing, as evidenced by the
number of CCs in the graphs that continuously decreases. The
values in CCs in Fig. [7}a are almost identical for the air-water and
3-hexanol film-water interfaces at all temperatures below 283 K,
which shows that the collectivity in the 2DN H-Bonded network
behaves similarly at these two interfaces. The 2D-MolGraphs of
the 1-pentanol film-water interfaces always have a higher number
of CCs than the two other systems, at all temperatures, showing
that there is a tendency for a slightly lower degree of connectiv-
ity between the H-Bonded water molecules in the 2DN when the
1-pentanol film is adsorbed at the interface.

As was shown by Serva et al®* and Bougueroua et all0Z
the 2DN at the neat water surface is organized through poly-
gons/cycles of H-Bonded water molecules. Figure b reports the
evolution with decreasing temperature of the distribution of H-
Bonded tetragons, pentagons and hexagons formed within the
2DN for the neat water surface (blue lines), 1-pentanol-water
surface (yellow lines) and 3-hexanol-water surface (pink lines).
These three polygons dominate the whole distribution of sizes at
all these interfaces. The values shown here at 283 K for the neat
water interface are in agreement with refs.24107 ysing different
set-ups of the MD trajectories at room temperature.

One can see that the percentage of H-Bonded tetragons within
the 2DN is continuously decreasing as temperature decreases
from 283 K to 209 K, for all three aqueous interfaces, while the
reverse is observed for pentagons and hexagons. Lower temper-
atures thus favor larger H-Bonded rings in size. Interestingly, the
percentage of H-Bonded pentagons is predominating at all three
aqueous interfaces. While the percentage of pentagons is roughly
equal at the water and 1-pentanol-water interfaces, there is an
increase by ~5% in the number of pentagons formed at the 3-
hexanol-water interface, at all temperatures. This is reversed for
tetragons in the 2DN, for which water and 3-hexanol-water in-
terfaces behave closely, while 1-pentanol-water almost has twice
less number of tetragons within the 2DN. More strikingly, it is
the presence of the 1-pentanol film adsorbed on water that sig-
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Fig. 7 (a)-top Average number of connected components (CCs) in the 2D-MolGraphs and percentage of water ((a)-middle) or alcohol ((a)-bottom)
incorporated in the H-Bonded cycles as a function of temperature for pure water (blue lines), 1-pentanol (yellow lines), and 3-hexanol (pink lines)
solutions. (b) Distribution of sizes of the H-Bonded cycles in the 2D H-Bonded network of the water surface (tetragonal cycles, pentagonals, and
hexagonals) as a function of decreasing temperatures for the water interface (blue lines), 1-pentanol (yellow lines) and 3-hexanol (pink lines) films

adsorbed at the water surface.

nificantly increases the number of H-Bonded hexagons formed
within the 2DN, at all temperatures. Also, at the lower temper-
atures, the percentage in hexagons even becomes comparable to
the one of pentagons.

As can now be observed in Fig. [7}a-middle, one can further
correlate the decrease in the number of connected components
(CCs) in the 2D-MolGraphs as temperature of the aqueous in-
terfaces decreases (fig. [7la-top) with the increase in the average
number of water molecules that are participating to the H-Bonded
cycles. Hence, the neat water interface sees an evolution from
76% to 92% of the water molecules interconnected within the
2DN in going from 283 K to 209 K. Interestingly, there are already
~86% of the water molecules located in the BIL that are incorpo-
rated within the H-Bonded polygons of the 2DN at 283 K when
either 1-pentanol or 3-hexanol films are adsorbed on the water
surface. The decrease in temperature leads to a further increase
in the number of water molecules incorporated in the H-Bonded
cycles, up to ~90-92% for both 1-pentanol/3-hexanol films at
219 K, slightly more than at the neat water interface. There is
no substantial difference in the plot of Fig. [7}a-middle between
1-pentanol and 3-hexanol aqueous interfaces. Similarly, the frac-
tion of alcohols embedded in the H-Bonded cycles in the 2DN
increases while temperature drops, from ~65% of the alcohols at
283 K to ~80% at 219K (Fig. a—bottom). There again, there
is no substantial difference between 1-pentanol and 3-hexanol
films. Greater incorporation of alcohols into the H-Bonded cycles
formed within the BIL could suggest a segregation of alcohols or
water molecules among themselves, which is why it is important
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to analyze the composition of the cycles and, more specifically,
the types of hydrogen bonds that are formed.

3.5 Oxygens of alcohols are integrated in the H-Bonded cy-
cles of the collective 2DN network of water

How are the H-Bonded tetragons, pentagons and hexagons seen
in the previous section, organized ? Are they built on water only
or do they accomodate the oxygen of the 1-pentanol/3-hexanol
alcohols ? The 2D-MolGraphs can readily provide that informa-
tion.

The SI (Figure S9 & S10) contains all the detailed distributions
of H-Bonded polygons for all systems at all temperatures. Here in
Figure[8] we report data at 283 K, 233 K and 206 K for 1-pentanol
aqueous interfaces.

One can observe that the H-Bonded tetragons, pentagons and
hexagons that form the collective 2DN can accomodate from O to
2 alcohol molecules (1-pentanol or 3-hexanol alike). As discussed
above, as temperature decreases the percentage of hexagons be-
come more prevalent in the 2DN, especially for the 1-pentanol
film adsorbed on water. These hexagons are more likely acco-
modating one pentanol oxygen. At all temperatures, there are
roughly as many pentagons and hexagons formed that incorpo-
rate one pentanol oxygen. For the 3-hexanol film adsorbed within
the 2DN (Figure S10 in the SI), there is always ~5-13% more
water-only pentagons than pentagons made of four water and one
alcohol. Interestingly the H-Bonded hexagons formed in the 2DN
at the adsorbed 3-hexanol film show an inverted trend as temper-
ature decreases. While there is indeed ~3-5% more water-only
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Fig. 8 Distributions of H-Bonded cycles present within the 2D H-Bonded network of surface water in the presence of the adsorbed 1-pentanol film
at 283 K, 233 K and 206 K. The color legends denote the cycle size along with its respective total percentage distribution. The x-axis represents
the compositions of the H-Bonded cycles (made of water and 1-pentanol molecules, 'w' means Water, np’ means n pentanol, where n is the number
of 1-pentanol molecules) with their contribution to the total percentage for each cycle size reported on the y-axis. The Sl reports figures at all

temperatures for both 1-pentanol and 3-hexanol films.

hexagons than hexagons containing five water and one 3-hexanol
formed within the 2DN at the two higher temperatures, water
hexagons containing one alcohol start to predominate from 233 K
downward.

Figure [9] now analyses whether the inclusion of 1-pentanol/3-
hexanol alcohols within the H-Bonded rings formed in the 2DN
occurs through a complete inclusion in the ring (Ring’ label in
Fig.[10} violet color bar in Fig.[9), or by surfing on a ring (Surfing’
label in Fig. orange color bar in Fig.[9) or by being incorpo-
rated in H-Bonded chains (’Free’ label in Fig. pink color bar in
Fig.@). This is analyzed at two extreme temperatures in Fig. Elfor
1-pentanol (top) and 3-hexanol (bottom). One can hence observe
that the alcohols prefer to insert in the H-Bonded rings (tetragons,
pentagons, hexagons) formed by water, rather than to surf above
these polygons or even be included in chains. Figure [9] also re-
ports and compares the percentage of water-water, alcohol-water
and alcohol-alcohol interactions within the H-Bonded cycles, for
the two alcohols at the two extreme temperatures. As temper-
ature drops, one can see that the small decrease in water-water
interactions is replaced by water-alcohol interactions. This out-
come can be related to the previously discussed evolution of sur-
face tension with temperature.

4 Discussion and conclusion

Our work was focused on the modeling of two water-alcohol films
as a function of decreasing temperature. Macro- and micro-scopic
properties were extracted from the simulations in order to pro-
vide knowledge on the onset of surface freezing. We hence char-

0
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Fig. 9 Distribution of identified H-bonds depending on the types of
interactions in the H-Bonded cycles forming the 2DN of surface water
on which 1-pentanol (top) and 3-hexanol (bottom) films are adsorbed
at two distinct temperatures 283 K and 219 K. Interaction types in-
clude water-water (w—w), alcohol-water (p—w for 1-pentanol; h-w for
3-hexanol), and alcohol-alcohol (p—p for 1-pentanol; h—h for 3-hexanol).
Alcohol-water interactions can be categorized into Ring, Surfing, and
Free configurations as schematized in Figure.

acterized the evolution of the water surface tension with decreas-
ing temperature and the modification of the interface in terms of
H-bonded network. The structural analyses done here through
topological graphs proved essential in order to obtain a detailed
comprehension of the organization within the three aqueous films
at various temperatures. The structural knowledge obtained here
is almost impossible to gain without such a topological approach.
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Fig. 10 Possible configurations for the oxygen of the alcohol (green
vertex) interacting with the oxygens of the water molecules (blue vertex)
within the H-Bonded cycles formed at the water surface. As in the 2D-
MolGraphs, the graphs in these illustrations are made of the heavy atoms
only, here connected together through H-bonds with straight lines.

This discussion furthermore tries to connect surface tension mea-
surements with the molecular structures that were revealed.

Our molecular dynamics results align with previous find-
ings44105l that straight-chain alcohols like 1-pentanol form more
organized layers at the surface of water, whereas the steric hin-
drance in branched alcohols results in less structured films, with
the C-O bond positioned closer to the surface plane. Conse-
quently, due to its ability to pack more tightly, 1-pentanol is more
effective at reducing surface tension of water than 3-hexanol at
283 K, despite its marginal higher solubility over a range of tem-
peratures.

Although the differences in surface tension appear to diminish
as the temperature decreases, the molecular arrangement at the
interface reveals intriguing properties that could be revealed by
graph theory. Interestingly, regardless of the film’s composition,
the lower temperatures were found to strengthen the collectivity
in the 2D-HBonded-Network (2DN) of the water at the surface.
At the lower temperatures, the 2DN is organized as almost one
single non interrupted network of H-Bonds even in presence of
the alcohols. The similar high degree in the interconnectivity of
the H-Bonded network at the interface is presumably part of the
molecular reason for the surface tension of the three films to in-
crease and to converge to closer values as the temperature drops.
However, it is also interesting to observe that, despite the pure
water film and the water-3-hexanol film display the same values
of connected components in the graph of the 2DN, at all temper-
atures, the absolute value of the surface tension of the water film
is roughly twice the one of the water-3-hexanol film at the higher
temperatures (283-230 K). The degree in the collectivity in the H-
Bonded network of the 2DN is not the only molecular ingredient
to the value of the surface tension of water.

Beyond the packing of the alcohols at the water surface that dif-
fer for 1-pentanol and 3-hexanol (a straight well organized mono-
layer of 1-pentanol and a softer and less packed monolayer of 3-
hexanol), the alcohol-water interface is primarily governed by the
competitive water-water and alcohol-water hydrogen bonding, as
previously observed in other alcohol systems192/110 Qur analy-
ses demonstrated that both 1-pentanol and 3-hexanol alcohols are
integrated within the collective 2D-H-Bonded-Network of the sur-
face water. The insertion of the alcohol oxygens within the 2DN
of the water was quantified with the topological analyses. Hence,
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one to two alcohols can be found inserted within the H-Bonded
tetragons, pentagons and hexagons formed by the water in the
2DN. Very few alcohols are found H-Bonded to the water rings of
the 2DN by surfing above these rings. As temperature decreases,
there is an increase in the number of 1-pentanol/3-hexanol alco-
hols that enter into the composition of the H-Bonded tetragons,
pentagons and hexagons of the 2DN. There is thus a shift in the
percentage of water-water and water-alcohol interactions within
the 2DN as temperature decreases, that certainly contributes to
the changes in the values of the surface tension.

The insertion of the alcohols in the H-Bonded polygons of the
water in the 2DN, strengthens the degree of collectivity of the
H-Bonded network of the 2DN as temperature decreases. Inter-
estingly, at the higher temperature, both alcohols were found
to slightly disrupt the collectivity in the 2DN of water, with
1-pentanol films providing the more disruption. As temper-
ature drops, the 2DN strengthens, ultimately stabilizing into
one single, continuous ensemble of interconnected H-Bonded
rings/polygons. While this is true for both alcohols, 1-pentanol
is still exhibiting few remarkable differences from 3-hexanol.
Hence, the 2DN is slightly less interconnected when 1-pentanol
films are adsorbed on water while these films favor the formation
and predominance of H-Bonded hexagons within the 2DN. There
is hence a balance that is reached between the degree of inter-
connectivity of the 2DN and the formation of hexagon H-Bonded
cycles at the lower temperatures. 3-hexanol films adsorbed at the
water surface promote far less the formation of hexagons than
1-pentanol films, following closely the behavior observed for the
neat water surface, at all temperatures.

If the onset of freezing can be measured by the presence of H-
Bonded hexagons in the water structures, our results are thus con-
sistent with previous experimental findings on water droplets42,
which demonstrated that 3-alcohols disrupt less freezing at lower
concentrations compared to their corresponding 1-alcohols. In
addition, earlier findings on longer-chain alcohols’ demon-
strated that certain alcohols might exhibit greater efficiency in
ice nucleation. This difference was attributed to the orienta-
tion of the OH bond and the increased mobility of the mono-
layer, which facilitates rearrangement to align more effectively
with the emerging ice lattice, as our analysis shows in the case of
1-pentanol compared to 3-hexanol.

Hexagonal cycles become particularly prominent at lower tem-
peratures, in particular for 1-pentanol. We may see these cycles
as a foundational framework for the development of "ice-like"
structures in the interfacial region. Recognizing these key pat-
terns may help to better understand what sets the stage for sur-
face freezing, even without observing the freezing itself. Essen-
tially, the present study reveals that surface freezing is accompa-
nied by the enhancement of a two-dimensional hydrogen bond
network at the interface. Interestingly, although the interfacial
hydrogen-bonded network is influenced by the presence of alco-
hols at room temperature, it adapts during the cooling process
to effectively integrate alcohol molecules, specifically incorporat-
ing their hydroxyl groups into the polygonal structures formed by
water molecules, often in tetragonal or hexagonal arrangements.
The strengthening of this hydrogen bond network leads to the
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formation of well-organized interfacial structures, such as poly-
gons—specifically tetragons and hexagons—formed by the water
molecules. However, an important question remains unanswered:
how do these interfacial structures propagate into the bulk of the
solution? This propagation is crucial to understanding how the
two-dimensional order at the interface transitions would affect
the bulk properties of the system. Further research is needed to
explore how the organized interfacial hydrogen bonding extends
beyond the surface and influences the overall phase behavior of
the solution.
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