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The hydrophilic and hydrophobic wetting behaviors of SiO, and Al,Osz surfaces at PZC
conditions are examined at the molecular level using graph theory. Hydrophobic
wettability is manifested by a remarkable, collectively organized horizontal 2D
hydrogen-bonded network (2DN) of water, anchored to the oxide surface through
a dense array of vertically oriented hydrogen-bonded motifs. In contrast, hydrophilic
wettability is characterized solely by vertical hydrogen-bonded motifs, similar to those
that anchor the 2DN at hydrophobic aqueous interfaces. Analysis of these vertical
motifs — considering both their structural features and SFG spectroscopic signatures —
provides a direct molecular-level connection between the microscopic organization of
interfacial water and the macroscopic manifestations of hydrophilic and hydrophobic
behavior.

1 Introduction

The structure that water can adopt when it is in contact with a solid surface is of
paramount importance for the chemical and physical processes that can occur at
aqueous interfaces, in, e.g., geochemistry, atmospheric science, electrochemistry,
and corrosion, to cite a few fields.* Typically, heterogeneous catalysis, electro-
chemistry and energy storage are central fields in chemistry where the structure of
water at the interface with a solid plays a pivotal role in the outcome of chemical
reactions and charge transfers within the electric double layer. Transport of
pollutants in underground water is another area in research and technology in
which the structure of interfacial water at the interface with minerals plays
a crucial role. Water transport in nanofluidics is also controlled by the structure
and interactions of water at the interface with solids.
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A lot of research is being conducted to figure out the structure of aqueous
interfaces, both experimentally and theoretically.”** Macroscopically, the
wetting at aqueous interfaces is classified as hydrophilic or hydrophobic, often
based on contact angle measurements.>" From the point of view of water,
wetting at hydrophobic surfaces can be defined as water avoiding as much as
possible the contact with the surface, which, at the molecular level, can be
translated into an inability or lack of ability to form hydrogen bonds between
the surface and the water. In contrast, hydrophilic wetting can be macroscopi-
cally defined as water willing to interact with the surface, which, at the molec-
ular level, is nothing more than the high ability of water to form hydrogen bonds
with the surface.

From a structural point of view, hydrogen bonding is hence central to the
molecular concepts of hydrophilic and hydrophobic wetting.”> While the
knowledge of hydrogen bonding can be directly obtained from molecular
dynamics simulations of aqueous interfaces, it is not as straightforward to
extract such knowledge, directly, from microscopic experimental measurements
at aqueous interfaces. Surface sensitive Sum Frequency Generation (SFG)
spectroscopy'®® is certainly the technique of choice for obtaining information
on water wetting surfaces, at the molecular level. In this work, our interest lies
on aqueous oxides for which numerous SFG experiments have been
conducted,™"’>* in particular on the prototype silica oxide in contact with liquid
water in various pH and electrolytic concentration conditions." Heterodyne HD-
SFG experiments have provided direct information on the orientation of water
in contact with the electric double layer of the oxide surface (from the knowl-
edge of the positive/negative sign of the spectroscopic bands) and on the
strength of the ‘hydrophilic’ surface-water interactions (from the knowledge of
the positions of the bands). However, this information on the structure of water
at the interface with the oxide surface is still fragmentary, as it does not yet allow
to understand how water wets the oxide, i.e., what the actual collective micro-
scopic structure of water at the interface with the surface is. Only this infor-
mation will give us a detailed understanding on the hydrophilic vs. hydrophobic
wetting of the surface oxides.

At the macroscopic level, oxides are usually classified as hydrophilic. At the
molecular level, this ability of water to form hydrogen bonds with the oxide
surface has been observed on several occasions through the positions of the SFG
bands in the range ~3400-3000 cm ™', which corresponds to moderate to strong
hydrogen bonding forces."*® On the other hand, the hydrophobic character of
the water at the interface with an oxide has also been measured and docu-
mented in SFG. This is achieved through the appearance of the spectroscopic
signature of free OH groups of water around 3600-3800 cm™".2*> This has
especially been documented by some of us in ref. 29 in the case of silica oxides.
At aqueous oxides, this free OH spectroscopic feature is generally accompanied
by the spectroscopic signatures of hydrogen bonded OH, see for example ref. 29,
which makes it difficult to conclude on the global hydrophobic-hydrophilic
nature of interfacial water. One generally speaks in terms of hydrophobic areas
or patches over the oxide surface that induce the presence of hydrophobic water
patches, see e.g. ref. 29 in the case of silica oxide. Unless the SFG signal solely
comprises the free OH band, there is still no definite quantification of hydro-
phobicity of the aqueous oxide interface obtained from SFG measurements.
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Several microscopic descriptors of hydrophobicity have been developed in the
last decades through MD simulations, based on density fluctuations,**~** bond
interactions,* or orientation probes* of interfacial water. With the hydrogen
bonding ability of water in mind, we developed in ref. 15 a molecular descriptor
based on the balance of surface-water and water-water H-bonds, denoted xy: it
measures the ratio of horizontal vs. vertical H-bonds that the water can form at an
interface. Horizontal H-bonds are the ones made in between the water molecules
that are located within the interfacial layer (the Binding Interfacial Layer, BIL, as
defined in ref. 35-37), while vertical H-bonds are the ones formed between water
in the BIL and the top-surface sites. Section 2.2 of this paper will describe the
concepts in more detail. These two H-bond types can be easily extracted and
counted from molecular dynamics simulations of aqueous interfaces. The
molecular xi; descriptor has been shown in ref. 15 to correlate with macroscopic
measurements of contact angles and has been shown to rationalize SFG macro-
scopic measurements into hydrophilicity and hydrophobicity wettability charac-
ters of water on model interfacial systems.

The balance between horizontal and vertical H-bonds at aqueous interfaces
has been further correlated with solvation free energies,**** hence correlating this
descriptor with the ability of aqueous interfaces to drive adsorption/desorption of
solutes as well as their ability to adapt to surface fields. The same authors have
also applied these concepts to water at the interface with biomolecules,* showing
that the balance between horizontal and vertical H-bonds correlates linearly with
the intensity of THz spectroscopic features of water H-bond stretching and
librational inter-molecular motions.

In this work, the molecular descriptor xy; is associated with algorithmic graph
theory and theoretical SFG spectroscopy in order to analyze the ability of water to
form horizontal and vertical hydrogen bonds at the interface with silica and
alumina oxides, and to provide a direct measurement of the hydrophilic and
hydrophobic characteristics of these aqueous interfaces. SFG signatures are
especially dissected in order to possibly find relationships, at the molecular level,
between the spectroscopic signatures and the hydrophilic-hydrophobic proper-
ties of these aqueous interfaces. Along this theoretical journey, we introduce
surface-water H-bonded vertical motifs, directly obtained from graph theory, and
their individual spectroscopic signatures that could ultimately constitute a data-
base of motif structure - the SFG signature. The analyses of the molecular
dynamics trajectories are conducted through the concepts of graph theory,"*
that will in particular be shown to be essential for the characterization of the
collective hydrophobic organization of water at silica and alumina aqueous
oxides.

Our paper is hence organized as follows. Section 2 presents the whole
methodology applied throughout the work: DFT-MD simulations, the xy
molecular descriptor of hydrophilicity/hydrophobicity, the description of the
molecular graphs, including the graph algorithms for their analysis in terms of
collective components (for the horizontal organization of water) and of sub-
graphs (for the vertical organization of water), and finishing with SFG spectro-
scopic calculations.

Section 3 provides the results of the silica and alumina oxide facets that behave
hydrophobic or hydrophilic at the interface with liquid water, from the molecular
descriptor xy.
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The analysis and discussion on the molecular signature of hydrophobicity of
water at the interface with the oxides is conducted in Section 4, where the hori-
zontal organization of interfacial water within a 2D-Hydrogen Bonded-Network is
described and quantified from graphs.

The discussion on the oxide-water vertical organization of water is given in
Section 5 through three sub-sections: two sub-sections (5.1 and 5.2) respectively
reporting on aqueous SiO, and Al,O;, and sub-section 5.3 providing general
considerations learned from these two aqueous oxides. The spectroscopic SFG
signatures associated with these vertical motifs are discussed in Section 6. Section
7 provides a final discussion and opens perspectives.

2 Methodology
2.1 DFT-MD simulations

In this work, five silica oxide (SiO,) and four alumina oxide (Al,O;) surfaces are
modelled at the interface with liquid water, using DFT-based molecular
dynamics simulations (DFT-MD or AIMD for Ab Initio MD). Among the SiO,
surfaces, 3 of them are crystalline facets, 2 are amorphous facets with different
surface silanol densities, while 2 Al,O; surfaces are a-polymorphic and 2 are of
the y-polymorph. All surfaces are modelled as fully hydroxylated (i.e. terminated
by hydroxyls, -OH), mimicking PZC (Point of Zero Charge) conditions. These
conditions correspond to pH = 2-4 for silica oxides and pH = 6-9 for alumina
oxides, where the net surface charge of the oxides is expected to be very close to
neutral, making fully hydroxylated models of silica and alumina oxides
reasonable representations.?”***® Details of all DFT-MD simulation boxes are
provided in Table 1 for both silica and alumina liquid-water interfaces. The
oxide facets are reported by increasing the order of the silanol/aluminol surface
densities. A scheme of the simulation cells is provided in Fig. 1, consisting of
three elements: an oxide slab with the facet of interest oriented along the (xy)

Table 1 Simulation cells of the DFT-MD trajectories conducted in this work for the SiO,
and Al,Os oxide facets at the interface with liquid water, presented by increasing value of
the silanol/aluminol density at the top surface. Simulations done at PZC conditions (Point
of Zero Charge). Top: SiO,, bottom: Al,O5

Dimensions

Lateral surface Density of surface
Facet area of the slab (nm?)  a (A) b (A) c(A) OH sites (number/nm®)
Sio,
am3.6 1.681 12.670  13.270 37.000 3.6
am4.7 1.490 9.117 16.342  32.000 4.7
(102) 2.081 14.897  13.967 45.000 5.8
(110) 2.276 15.766  14.439 45.000 7.9
(111) 2.439 14.100 17.300 45.100 9.8
AlL,O;
o-(0001) 2.342 14.214 16.478 35.000 15.4
v-(100) 2.787 16.723 16.663  55.000 15.4
v-(110) 2.687 16.069 16.723  51.300 18.2
o-(10 11)  3.459 19.036  18.172  60.000 18.3
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Vacuum

Liquid water

Solid bulk

Fig.1 Scheme of the simulation boxes employed in this work.

plane and ~6-8 A thickness in the vertical z-direction (~2-3 layers of the solid),
bulk liquid water of ~20 A thickness, and a vacuum layer above the water. This
vacuum layer prevents the water from being confined between the periodic
images of the solid part (i.e. the oxide) in the vertical direction (z-axis), and helps
maintain the density of liquid water within the water slab. Two aqueous inter-
faces are hence simulated, one between the oxide top-surface and liquid water
and one between the liquid water and the air, while the second oxide surface is
in contact with the air in these simulation cells. Note that the simulation cells of
the SiO, amorphous facets do not include the vacuum, two oxide-liquid water
interfaces are hence simulated within the simulation boxes.

The silica oxide-water interfaces include the (102), (110) and (111) a-crystalline
SiO, facets, respectively of 5.8, 7.9 and 9.8 SiOH/nm” silanol densities, and
amorphous facets of 3.6 and 4.7 SIOH/nm”. The alumina facets are the a-(0001),
the v-(100), the y-(110) and the a-(1011), with aluminol densities of respectively
15.4, 15.4, 18.2 and 18.3 AIOH/nm>.

Fig. 2 and 3 present top and side views of the surfaces of selected silica (Fig. 2)
and alumina (Fig. 3) oxides examined in this study. These representations high-
light the diversity in both the spatial distribution and the chemical nature of
surface silanol and aluminol groups at the oxide interfaces.

All DFT-MD simulations of the aqueous interfaces are carried out with the
CP2K**° software using GGA exchange-correlation functionals (BLYP ** for the
silica oxide-water systems, PBE®>** for alumina oxide-water systems),
augmented by Grimme D2 dispersion corrections.**** We employ the Gaussian
Plane-wave (GPW) scheme with GTH pseudopotentials®® and a dual-basis set
combining a plane-wave cutoff of 400 Ry (SiO,) and 600 Ry (Al,O;) with Gaussian
DZVP-MOLOPT-SR basis functions. Born-Oppenheimer molecular dynamics
are performed at 7= 300 K, using a 0.4 fs time step. Each system is equilibrated
for ~20 ps in the NVT ensemble (using the velocity rescaling scheme to ensure
thermalization), followed by NVE production trajectories of ~80 ps. These
choices provide a good balance between accuracy and efficiency for the calcu-
lation of structural and vibrational properties at oxide-liquid water
interfaces‘29,37,47,48,57,58

For the purpose of analyses and definition of the aqueous interfaces, the
instantaneous interface is calculated at every MD step through the Willard and
Chandler (WC) scheme.* Following our previous works,*?”*% the WC
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(a) (111) (b) am3.6

Fig.2 Top (up) and side (bottom) views of two SiO,/liquid—water interfaces studied in this
work presented from the oxides top-surfaces only. Water molecules are excluded from
the pictures. Geminal —Si(OH), are depicted in green and isolated —Si(OH) in iceblue.

interface is used further to partition the water slab into the Binding Interfacial
Layer (BIL), the Diffuse Layer (DL), and the bulk-like region. Following previous
work,***7*® joint probability distributions of H-bond lengths and donor O-H
orientations (defined as the cosine between the O — H vector and the solid
surface normal) are evaluated, allowing to extract BIL, DL and bulk water
regions together with density values of the water. Bulk water indeed has H-bond
distances within 2.65-2.80 A with isotropic orientations, whereas interfacial
layers exhibit directional ordering in the BIL and in the DL. Hydrogen bonds are
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(a) o-(1011) (b) 7-(110)

Fig. 3 Top (up) and side (bottom) views of two AlLLOsz/liquid—water interfaces studied in
this work presented from the oxides top-surfaces only. Water molecules are excluded
from the pictures. p;-OH, sites are depicted in orange, p;-OH in green, p,-OH in iceblue
and pz-OH in cyan.
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identified using the Galli criterion: O---O distance =3.2 A and ZO-H--O in the
140-220° range.**

2.2 Vertical and horizontal orders of water at the interface with a solid: xy
descriptor of hydrophilicity/hydrophobicity

In ref. 15 we introduced the xy descriptor to measure the degree of hydrophi-
licity or hydrophobicity of an aqueous interface, at the molecular level of
representation. To that end, the H-bonding properties of the water molecules in
the BIL (Binding Interfacial Layer) are used in order to partition the H-bonds
into Horizontal (H) water-water H-bonds (i.e., oriented parallel to the surface)
and Vertical (V) water-top-surface oxide H-bonds (regardless of water acting as
donor or acceptor in the H-bond). See the scheme in Fig. 4 for illustration. At
each time-step of the dynamics, the number of horizontal H-bonds (n) and of
vertical H-bonds (ny) are counted, and averaged over the whole trajectory.
The xy molecular descriptor® is then calculated as:

ny
- 1
H ny + ny ( )

accounting for how much the water in the BIL is horizontally organized.

By definition, xy ranges from 0 to 1, with 0 corresponding to a fully hydro-
philic interface and 1 to a fully hydrophobic one. A value of xy = 0 indeed
requires a large ny value, indicating an interface where numerous vertical
(“hydrophilic”) surface-water H-bonds are formed. In contrast, values
approaching 1 correspond to ny = 0, meaning that water molecules preferen-
tially H-bond with each other while avoiding H-binding sites at the surface, as
expected for hydrophobic systems. A surface-water H-bond is included into ny if
it is long-lived for more than 70% of the simulation time-length, to ensure
statistical relevance of the H-bond pattern. Note that the silanol/aluminol at the
top-surface is taken as the anchor to the H-bond for the time-length criterion,
allowing exchanges of water molecules in the BIL being H-bonded to it within
the 70% time-length. In contrast, water-water H-bonds in the liquid and in the
BIL are very short lived®***®>»% and constantly exchange in between water
molecules within the H-bonded network, thus the time-scale criterion is not
applied in the ny calculation.

Bulk

o nH\ C
f)""' O--—-@C
. ~ BIL

AY
N~ A\
\

.

C 'y
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Fig. 4 Scheme illustrating the interface between top surface solid oxide and liquid water
in the BIL where Horizontal (red dashed lines) and Vertical (blue dashed lines) H-bonds can
be formed.
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2.3 Topological graphs at the atomistic level of representation and subgraphs
of motifs

To characterize the horizontal and vertical H-bond networks formed between
water molecules and water-top-surface oxide sites, respectively, graph-theoretical
approaches are employed, following our previous works.***** Within graph
theory, a molecular system is represented as a mixed, colored graph (hereafter
referred to as a 2D-MolGraph), where vertices correspond to atoms and edges
correspond to interatomic interactions (covalent bonds, hydrogen bonds, ionic or
organometallic interactions, etc.). In this work, we focus on the hydrogen-bond
networks that can be formed within the Binding Interfacial Layer (BIL).***”% All
interactions are represented by undirected edges, except for hydrogen bonds,
which are represented by directed edges (arcs). Hydrogen atoms are not explicitly
included as vertices of the 2D-MolGraphs. Instead, the direction of an H-bond
edge encodes the identity of the heavy atom that is the donor of the H-bond:
edges are directed from the donor heavy atom toward the acceptor heavy atom,
as illustrated in Fig. 5. The hydrogen atom is therefore implicitly associated with
the donor vertex.

For each snapshot of a Molecular Dynamics (MD) trajectory, a 2D-MolGraph is
constructed based on geometric criteria (interatomic distances and angles). For
instance, a water-water H-bond is defined when the O---O distance is =3.2 A and
the £O-H---O lies between 140 and 220°.°* Changes in the molecular confor-
mations sampled along the trajectory are quantified by monitoring changes in the
graph topologies, which are tracked using graph-isomorphism algorithms.*"*
Once all non-isomorphic 2D-MolGraphs have been identified over the whole
trajectory, further graph analyses are performed on the set of non-isomorphic
graphs in order to characterize the degree of collectivity of the water-water H-
bonded network formed within the BIL on the one hand (i.e., horizontal organi-
zation of water in the BIL as described in Section 2.2), and in order to characterize
the vertical organization of water in the BIL in terms of top-surface-water H-
bonded motifs on the other hand (vertical organization of water in the BIL as
described in Section 2.2).

Fig. 6a shows an example of a 2D-MolGraph of the BIL-water taken from one of
our AIMD trajectories of an aqueous alumina oxide interface (for a given snap-
shot). In that graph, one can easily see that the water molecules (i.e. the red
vertices in the 2D-MolGraph) are collectively H-bonded together, with only one

e
H-bond: _
S

Graph
representation: @ — — >@

Fig. 5 Schematic representation of a H-bond as a directed edge in a 2D-MolGraph
illustrated for a water—water dimer. In the graph, the dashed red arrow is the directed edge
(arc) associated to the H-bond and being oriented from donor to acceptor atoms.
Hydrogen atoms are not included in the vertices of 2D-MolGraphs, the vertices associated
with oxygen atoms are colored in red.
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Fig. 6 (a) lllustration of a topological 2D-MolGraph for one snapshot extracted from a a.-
AlLOs/liquid water trajectory. Oxygen atoms are the vertices in red, hydrogen bonds are
represented with the dashed red arcs (directed from the donor to the acceptor). (b)
Distribution of the sizes of the connected components (CCs) of the ensemble of 2D-
MolGraphs statistically analyzed from a MD trajectory (see text for details).

water (one vertex) being isolated from the rest of the connected graph. All vertices,
but one, are indeed interconnected to each other through directed edges that
provide the direction of the H-bonds.

The degree of collectivity of the H-bonded network seen in this 2D-MolGraph
can be quantified by the distribution of the size of the connected components
(CCs) of the graph, i.e. the size of the subgraphs in which all vertices are mutually
interconnected without any interruption. This is presented in Fig. 6b as the
statistical analysis over the whole AIMD trajectory for the chosen Al,O; aqueous
interface presented in this illustration. The plot reports the percentage of
appearance of each possible value for the size of the connected components
within the graphs, the maximum size being the total number of water molecules
located within the BIL. The distribution of the CCs for this particular example has
one main peak centered at a CC size that corresponds to —85% of the number of
water molecules that belong to the BIL. This is indeed the signature of a high
degree of inter-connectivity between the water molecules within the BIL in contact
with the oxide top-surface.

Beyond the measure of collectivity of the hydrogen bond networks formed
between the water molecules in the BIL, one can characterize the vertical H-
bonded network that can be formed between top-surface oxide silanols/
aluminols and the water molecules in the BIL, directly from the 2D-MolGraphs.
This will give us the knowledge of the structural patterns/motifs that exist in
between top-surface silanols/aluminols and water, and their spatial distribution
over the top-surface oxide. This motif analysis provides a geometrical mapping of
the BIL and enables deeper insight into the structural, dynamical, spectroscopic,
and reactive properties of aqueous interfaces. The knowledge of vertical motifs
will ultimately be used in order to quantify the degree of hydrophilicity or
hydrophobicity of the water wetting.

A motif (or 2D-Motif) is defined as a connected, induced subgraph of a 2D-
MolGraph, characterized by its set of vertex types (chemical elements) and its
internal bonding patterns (edges). Fig. 7c shows five representative motifs that
could be found at the oxides/liquid water interfaces (the illustration is for Al,O53).
At the top, one finds two simple motifs composed of one site of the surface acting
as the donor of the H-bond (M311) or acceptor of the H-bond (M312) with one

This journal is © The Royal Society of Chemistry 2026 Faraday Discuss.
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Fig. 7 Illustration of the workflow from a 3D structure of top-surface oxide and BIL-water
(left) to the associated 2D-MolGraph (middle) and to the extracted 2D-Motifs (right). The
example is given for an a-alumina oxide/liquid water interface. In the 2D-MolGraph,
vertices in brown are for aluminum atoms, vertices in red are for oxygens of water, vertices
in orange are for oxygens of the top-surface alumina oxide. The sub-graphs of the 2D-
MolGraph that are associated to pre-defined 2D-Motifs are shown on the right-side.
Convention for the vertices are: brown for Al, orange for top-surface oxygen atoms, red
for water oxygens. The direction of the edges in the 2D-Motifs provide the direction of the
H-bond between water and top-surface.

water molecule. Such motifs are denoted hereafter as 2-partner motifs composed
of one top-surface aluminol (resp. silanol) and one water molecule. The sub-
graphs are of size 3 (3 vertices). Below M311 and M312, one can then find in
the figure two motifs of size 5, called 3-partner motifs, composed of 2 top-surface
aluminol sites and one water molecule. The two surface sites are H-bonded to
each other (follow the directed edge), and the water molecule can act either as
a donor (M511) or acceptor (M512) in the H-bond with the aluminol (resp. silanol)
top-surface site. The next motif reported below M511-M512, is a more elaborate
motif between two H-bonded top-surface aluminols (resp. silanols) and two water
molecules, one being donor and the other being acceptor of H-bonds with these
surface sites. This is a 4-partner motif (M611) of size 6 (6 vertices).

These 2-, 3-, 4-partner motifs (2D-Motifs sub-graphs of respectively size 3, 5
and 6 with specific arcs) are the ones that will be recognized and quantified in this
work for SiO,- and Al,0;-liquid water BIL interfaces. Larger sizes of sub-graphs
(size =7) as well as other combinations of directed edges (H-bonds) between
the water molecules in larger motifs have not been investigated here.

A given 2D-Motif graph can appear multiple times within a given 2D-
MolGraph, as the sub-graph can be associated to distinct combinations of
vertices from the top-surface (but also from the water molecules in the BIL). Each
appearance of a 2D-Motif is called an occurrence, regardless of the actual spatial
position of this motif over the surface (i.e. regardless of the actual aluminol/
silanol site at the top-surface that is partnered in the H-bond). Each 2D-Motif is
characterized by its unique certificate, which is calculated based on the set of
vertices. These certificates are reported in Fig. 7c with values M311-M611 for
alumina oxides, and M301-M601 for silica oxides. The occurrences of a motif are
found using the isomorphism algorithms.*»*Note that the analysis of the 2D-
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Motifs has to be done with a hierarchical approach in order to remove any
overlapping in the counting of the occurrences. Indeed, without this approach,
a small motif (e.g. M311) that might be contained within a larger motif (e.g. M511)
at the same location in space of the oxide aluminol/silanol sites, would be
counted twice. However, the real motif to account for is the larger 511 one. Our
analyses are therefore done by starting from the biggest size of motifs to identify
(i.e., M611) and going down to the smallest size of motifs (e.g., M311). Whenever
a small size motif is identified, a check is done in order to verify if this 2D-Motif
has already been marked inside a larger size 2D-Motif. In the case of a positive
check, the occurrence of the small size motif is not updated, otherwise the
occurrence is updated and taken into account. All graph algorithms for the 2D-
MolGraphs construction, isomorphism, and the 2D-Motif sub-graphs extraction
are implemented in our GATEWAY *® and GRAPHETARIUM ** home-made
software.

2.4 SFG calculation

All details for SFG (Sum Frequency Generation) calculations from AIMD simula-
tions have been given in our previous works, see for instance ref. 15,36,37,48 and
58. Here we just summarize the key elements.

The SFG signal is arising from the total resonant electric dipole non-linear
susceptibility x®(w). Its real and imaginary components are calculated
following the time-dependent method of Morita and Hynes,**® using the model
proposed by Khatib et al.*® for dipole and polarisability derivatives. This model
gives accurate SFG spectra both for band positions and absolute intensities, see
e.g. some of our works.?****7*>” In more detail, based on the assumption that in
the high frequency region (>3000 cm ™) only the OH stretching motions are the
main contributors to the signal, and neglecting intermolecular cross-correlation
terms, the SFG signal is obtained by:

M

2 2 .
o 2—21 Zkaw
m=1 nm=1 m= (2)

<] aet e (i i)
0

where (P, Q, R) are any x, y, z direction in the laboratory frame, and k;, and T are
respectively the Boltzmann constant and temperature of the simulated system.
(--+) is a time-correlation function, apo(t) and ug(0) are respectively the individual
O-H bond contribution to the total polarization and dipole moment of the system
and &po(t) and ig(0) their time derivatives. M is the number of water molecules
and n; and n, are two indices that identify each O-H oscillator per water molecule.
In our works, ssp SFG signals are calculated, 7.e. for the xxz directions. Using the
direction cosine matrix (D) projecting the molecular frame (x, y, z) onto the
laboratory frame (P, Q, R), and assuming that the O-H stretching is much faster
than the modes involving a bond reorientation, one can write the two time
derivatives as:

X2 XV,Z
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The D matrix and the projection of the velocities on the O-H bond axis (v,) can

dai:
be readily obtained from the DFT-MD trajectory, while % (Raman tensor) and
z

du; . .
d—’u’ (APT) are parametrized from our previous works.?®*7%7>
rZ
Hereby, the surfaces are neutral at PZC conditions, no SFG signal is therefore
expected from DL layers (which we check in our calculations), the only contri-
bution to SFG is arising from water in the BIL. Contributions to the SFG signal

arising from top-surface hydroxyls are not included in this work.

3 What the xy descriptor of hydrophilicity tells us
about the aqueous interfaces of SiO, and AlLO4

Table 2 reports the xy; values of the molecular hydrophilicity descriptor calculated
for the aqueous oxide interfaces investigated in this work. See Section 2.2 for the
definition of xy and its limiting values of 0 for hydrophilic and +1 for hydrophobic
characters of the water in the Binding Interfacial Layer.

Aqueous SiO, interfaces investigated here have xy values varying between 0.38
and 0.64, i.e. from hydrophilic character to mildly hydrophobic. Only the (102)
crystalline facet appears to have a clear hydrophilic wettability from the point of
view of the xy descriptor, all other facets (crystalline and amorphous alike) have
a wettability character at the border between hydrophilic and hydrophobic (xy =
0.49-0.64), and verging towards the hydrophobic side, regardless of the surface
density poy in silanols.

Table 2 Values of the x; molecular descriptor of hydrophilicity for SiO, (top) and AlLO3
(bottom) liquid—water interfaces along with the density of hydroxyl groups (pon, in number
of OH per nm?) at the top-surfaces. The presence or absence of the water horizontal
hydrophobic 2D-HBonded-Network (2DN) is mentioned by symbols 'v* or '~', respec-
tively. See Section 4 for the geometrical description of the horizontal hydrophobic 2DN

Sio,
am3.6 am4.7 (102) (110) (111)
Xix 0.57 0.59 0.38 0.49 0.64
Pon 3.6 4.7 5.8 7.9 9.8
2DN v 4 — v v
Al,O,
a-(0001) v-(100) v-(110) a-(10 1 1)
Xu 0.89 0.83 0.70 0.42
Pon 15.4 15.4 18.2 18.3
2DN v v — —
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On the other hand, three of the a- and y-Al,O; facets have a clear hydrophobic
molecular character of wettability, with x; = 0.89-0.70. Only o-(10 1 1) is
hydrophilic according to xg.

These molecular hydrophobic characters of water at the interface with SiO,
and Al,O; oxides are somehow surprising when one considers that these oxides
are characterized as macroscopically hydrophilic. It is also surprising to find
a molecular hydrophobic wettability of these oxides if one considers the quite
high surface density in silanols/aluminols at the top-surface of these oxides. If the
SiO, amorphous facets have a low density of silanols at the surface (3.6 and 4.7
SiOH/nm?) that could explain that there cannot be too many vertical H-bonds
being formed between the top-surface silanols and the water in the BIL, this is
not obvious for the crystalline SiO, aqueous facets (poy = 6-10 SiOH/nm?),
neither for the four Al,O; aqueous facets which have large aluminol densities of
15-18 AIOH/nm?. One would thus certainly have expected more hydrophilic
behaviors (i.e., more vertical H-bonds) of these surfaces towards water.

There are of course other factors like the actual spatial distribution of silanols
over the surface, their accessibility by water regarding the surface morphology
and rugosity, and silanol/aluminol pK, values that will affect the tendency of these
sites to accept/donate H-bonds with water in the BIL. In previous works,®*7%77%74
pK, values of silica and alumina top-surface hydroxyls were calculated, from
AIMD simulations, showing in particular that aluminols are very basic species
(pK, = 16) in contrast to acidic silanols (pK, = 5-10 with bimodal characters).

4 Horizontal order of water at the interface with
oxides: a collective 2D-HBonded-network
signature of molecular hydrophobicity

In previous works, we have shown?***°> that hydrophobic water in the BIL is
organized into a highly cooperative two-dimensional (2D) hydrogen-bonded
network (2D-HBonded-Network, 2DN for short), with water-water hydrogen
bonds being predominantly oriented parallel to the surface plane (and following
its morphology). The emergence of this cooperative 2D-HBonded-Network
constitutes a robust molecular signature of hydrophobicity that nicely corre-
lates with macroscopic measurements of hydrophobicity.**>*

The presence of the 2DN at any aqueous interface can be statistically analyzed
by topological graphs, via the distribution of the connected components (CCs)
within the graphs. See more discussions on the 2DN and CCs in topological
graphs in our reviews*>**”> and in Section 2.3. The distributions were obtained
from the statistical graph analysis of the DFT-MD trajectories. Plots of the
distribution of the CCs of the topological graphs of the water in the BIL of silica
and alumina oxides are reported in Fig. 8 and 9.

Whenever the water molecules in the BIL are organized as a 2DN, the distri-
bution of CCs is composed of one main single peak located at a very large value of
the connected components, that typically corresponds to more than 90% of the
number of water molecules that belong to the BIL. This is the case of e.g. Fig. 8d
for the SiO,-(110) aqueous facet and of Fig. 9b for the y-Al,05-(100) aqueous facet.
On the contrary, whenever the BIL-water is organized as hydrophilic, a rather
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Fig.8 Connected Components (CCs) from the statistical analysis of the 2D-MolGraphs of
the water in the BIL of SiO, aqueous interfaces: (a) amorphous am3.6, (b) amorphous
am4.7, (c) crystalline a-(102), (d) crystalline a.-(110), (e) crystalline a.-(111). The horizontal
axis of these plots is the size of the CCs (the maximum value being the total number of
water molecules in the BIL), the vertical axis is the percentage of each one of these CCs
over the time-length of the AIMD trajectories.

homogeneous distribution of CCs is obtained from low to higher values of CCs, as
can be seen in Fig. 8c (silica oxide) and 9¢ (alumina oxide).

Very interestingly, all the silica and al