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Diffusion-Wetting: a universal molecular

relation
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Quantifying wettability at the nanoscale remains challenging because apparent macroscopic contact
angles average over multiple surface-specific effects such as roughness, chemical heterogeneity, and
defect/pinning, thereby obscuring the underlying microscopic hydrophilic or hydrophobic response.
We derive an analytical relation linking the microscopic water contact angle to the lateral diffusion of
interfacial molecules, establishing a quantitative connection between water dynamics and the wetting
behavior. Molecular dynamics simulations confirm that the ratio of interfacial to bulk diffusion uniquely
determines the contact angle across the full hydrophilic-hydrophobic spectrum. This diffusion-based
formulation eliminates the need for droplet geometries or free-energy sampling, enabling quantitative
assessment of wetting directly from equilibrium molecular dynamics trajectories, which for simple
interfaces can be remarkably short. The approach provides a universal and efficient route to evaluate
surface affinity in reactive, defective, or confined environments.

Wettability governs how liquids’ interact with solid surfaces and plays a
central role in phenomena ranging from catalysis and corrosion to energy
conversion'”, friction’, photovoltaic* and biomedical’ applications. It is
traditionally quantified by the macroscopic contact angle (CA), defined by
Young’s equation’, which balances the surface free energies of the solid-
liquid, solid-vapor, and liquid-vapor interfaces. Despite its simplicity, this
macroscopic descriptor suffers from several source of discrepancies such as
hysteresis”"’, dependency on surface defects and impurities which affect the
droplet baseline used to extract the angle'"”". The applicability of the CA
becomes even more challenging at the nanoscale' where the wetting is
controlled by intrinsic molecular interactions, and in reactive or confined
systems, where droplet formation is impossible or ill-defined, the contact
angle loses physical meaning'’. Overall apparent CA measurements average
over several macroscopic surface phenomena, which hinders the assessment
of the microscopic wetting behavior of a material defined by the molecular
interactions between water and the solid surface.

Microscopic measurements of wettability have been proposed to
overcome these limitations. Hydrodynamic approaches based on slip length
or interfacial friction'*"* provide useful correlations but remain indirect,
while spectroscopic and statistical methods such as interfacial hydrogen-
bond analysis" or density-fluctuation metrics™ > offer qualitative insight
but lack quantitative transferability. From the computational perspective,
molecular dynamics (MD) simulations allow explicit access to interfacial
structure and energetics, yet droplet-based CA calculations are computa-
tionally demanding, requiring large system sizes and nanosecond to
microsecond sampling” . Local contact-line angles extracted from the

instantaneous interface shape are instrumental when a droplet and contact
line are well formed, but at nanoscopic scales they depend sensitively on the
definition of the dividing surface and on spatial/temporal coarse-graining,
particularly in the layered region adjacent to the solid. These challenges are
even more severe for ab initio molecular dynamics (AIMD), where elec-
tronic effects describing water reactivity and polarization upon adsorption
must be included explicitly”.

At the molecular level, several studies have revealed that water
dynamics at solid interfaces encode information about the local hydro-
phobicity or hydrophilicity. Hydrophilic surfaces constrain molecular
mobility through strong adsorption and hydrogen bonding”*’, whereas
hydrophobic walls enhance translational diffusion by reducing interfacial
friction and entropy’” . These observations suggest that the dynamic
response of interfacial water could serve as a direct probe of wettability.

Building on this premise, we performed molecular dynamics simula-
tions of water close to increasingly hydrophilic flat walls, measuring the
variation of the contact angle and the interfacial diffusion. We observed a
direct relationship between these two quantities which unveiled a connec-
tion between the adhesion free energy and the activation energy for diffu-
sion. This observation allows to build an analytical relation connecting the
lateral diffusion of water molecules adjacent to a surface to the macroscopic
contact angle. This provides several practical implications: (i) eliminates the
need to simulate droplet geometries or the use of free-energy integration
techniques allowing wettability to be inferred directly from short equili-
brium simulations; (ii) allows wetting to be addressed within short equili-
brium trajectories; (iii) allows wetting to be addressed in confined spaces and
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Fig. 1 | Water droplets on the increasing hydrophilic LJ surfaces. Each droplet represents the overlap of 100 snapshots. The water contact angle is estimated with the

methodology described in the method section.

at the nanoscale; (iv) provides a simple a direct approach to estimate the
liquid-solid, liquid-vapor and solid-vapor surface free energies. This
approach establishes diffusion as a universal, physically transparent
descriptor of wetting, bridging microscopic dynamics with macroscopic
surface thermodynamics.

We start with a brief overview of the theoretical framework under-
pinning this study. Our aim is to formulate the relation between the water
diffusion near the confining surface and the surface’s wettability which is
commonly measured in terms of the angle formed by the water relative to
the surface. This angle is related to the free energies of the interfaces by the
Young-Dupré equation*”
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where « is the angle being discussed, Fy s, Fsy and Fyy are the free energies of
the liquid-solid, solid-vapor and liquid-vapor interfaces, respectively. Wi is
the work of adhesion between the liquid and solid which can be expressed as
Wis = Fry + Fsy — Fis.

The evaluation of Fgy is notoriously difficult and the advantage of the
Young-Dupré equation is that it makes it possible to quantify wetting
without considering the solid-vapor interface. Nonetheless, the evaluation
of the adhesion free energy Wi is also challenging. Several approaches have
been proposed to evaluate Wig using molecular dynamics simulations™.
The most rigorous route is thermodynamic integration in which the
reversible work required to separate the solid-liquid and liquid-vapor
interfaces is sampled along a controlled reaction coordinate™*. Although
formally exact, this method demands exceedingly long simulations and
extensive sampling to achieve statistical convergence.

A second approach evaluates Wyg based on the evaluation of ther-
modynamic internal energy and entropy of the solid-liquid, liquid-vapor
and solid-vapor interfaces**>. These methods hinge on converged inter-
facial energy fluctuations which usually require extended statistics of the
different independent systems composing the liquid-solid simulation. A
more direct assessment of the surface tension energies defining the contact
angle is enabled by the Kirkwood-Buff stress tensor approach®. While
integrating the local stress tensor rigorously yields the macroscopic inter-
facial free energy, the local position-resolved profile itself suffers from spatial
ambiguity and strong oscillatory behavior. Furthermore, extracting a con-
verged time-average of this integral requires highly demanding equilibrium
sampling due to massive virial fluctuations™, an issue that is particularly
crucial, and computationally expensive, when resolving the liquid-solid and
solid-vapor interfaces™. Finally, using an empirical approximation Wi is
estimated from the enthalpic contribution of an ordered, ice-like water layer
adsorbed on the solid surface”. While computationally simple, this
approach neglects entropic effects and cannot capture the dynamic nature of
liquid interfaces.

All these methods share the common goal of quantifying the free
energy associated with liquid molecules adsorbed near the solid interface. In
this study, we formulate a new approach which makes it possible to estimate
the interfacial free energy, and the wettability of the surface from the liquid
diffusion rate near the confining surface.

We begin with the analysis of the Arrhenius law for liquid diffusion:

D =D, 67#, where D is the diffusion rate, Dy, is the diffusion of a reference
system, F is the activation (free) energy with respect to the reference system
(the free energy barrier that a diffusing particle has to overcome in order to
perform an elementary diffusive move) and T'is temperature. It was pointed
out* that when this equation is applied to the liquid of hard spheres (HS), F/
T turns into S, the latter being the entropic barrier which quantifies, in the
cage diffusion mechanism®, the probability of the particle’s getting out of its
cage formed by its neighbors. Moreover, it was demonstrated that the
entropic barrier can be assumed to be equal to the excess entropy (per
particle) s,, which leads to the universal scaling law for liquid diffusion
D = Dye**. This scaling law was found to hold for simple liquids***’ as well
as for liquid water close to a purely hydrophobic wall”.

In the same works it was demonstrated that the proximity of the
confining surface modifies the local entropy thereby enhancing the diffusion
in the interfacial layers. Conversely, it indicates that the local diffusion
change can be used as a measure of the local entropy change compared with
the bulk. Following this line of arguments, we assume that the local free
energy F can be estimated by comparing the local diffusion near the surface
with the bulk diffusion as:

Di
Fy=—kyTlnp! @)

where D; refers to the diffusion of water confined in a particular i interface
layer, D, denote the diffusion coefficient of a reference state and where kg
and T are the Boltzmann factor and the system’s temperature respectively.
In this expression F; is the thermodynamic local free energy of a particular
interface i with respect to a reference system and it is considered to be the
same as the activation free energy. This expression for the free energy
together with the Young-Dupré equation Eq. (1) makes it possible to use the
water diffusion at the interface as a measure of the wettability of the
investigated surface.

Results

Contact angles and water films’ structure

To establish a quantitative link between diffusion and wettability, we first
examined the structure of liquid water near model surfaces with tunable
hydrophilicity. Classical molecular dynamics (MD) simulations were car-
ried out using the flexible SPC/Fw water model™ in contact with smooth
Lennard-Jones (LJ) walls. The L] interaction strength, ¢, was varied between
0.5 and 1.5 kcal/mol, spanning the full range from strongly hydrophobic to
fully hydrophilic regimes. All systems were equilibrated at 300 K, and per-
iodic boundary conditions were applied parallel to the wall.

The resulting equilibrium morphologies display the expected mono-
tonic evolution of wettability with e. Atlow ¢, the water droplet exhibits large
contact angles, while increasing wall-water attraction gradually enhances
spreading, yielding smaller contact angles, see Fig. 1. For each system, the
contact angle a was extracted from the density profile of water molecules as
described in the Method section (Fig. S1).

The microscopic water structure normal to the interface was analyzed
for the simulated water films (Fig. 2a). The oxygen density profile, p(z),
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Fig. 2 | Water films structure. a Molecular representation of the water film on top of the adsorbing L] wall (¢ = 1.5). b Water oxygen density profiles for different L] ¢

parameters. ¢ Water density peak ratio as a function of the relative contact angles.

averaged over the simulation time is displayed in Fig. 2b. Hydrophilic
surfaces show pronounced layering, characterized by two main density
maxima located at approximately 1 and 3 Afrom the wall, in agreement with
previous observations of structured interfacial water'””". For ¢ < 0.6, the
layering disappears, indicating a purely hydrophobic regime where
adsorption is negligible and water exhibits a density depletion region. The
effect of the wall extends over roughly 5 A, which defines the effective
thickness of the liquid-solid interfacial region, LS. A direct monotonous
correlation emerges between the ratio of the first and second density peaks
(p2/p1) and the macroscopic contact angle (Fig. 2¢) and p,/p; = 0.4 corre-
sponds to « = 90°, identifying the hydrophilic-hydrophobic crossover point
(see also Fig. S2).

Contact angles and water films’ diffusion

The lateral diffusion coefficient for water within the first 5 A from the wall
was calculated (see Methods for details) and compared with the respective
bulk value (D). In Fig. 3 the ratio D;¢/D,, against the contact angle is
reported for the full wetting range. It is clear that a monotonous almost
linear relation exists between these two quantities. Note that the value o =
90° is reached for Dy¢/D, = 0.6, meaning that the the surface displays
hydrophobicity even if the interfacial diffusion is reduced with respect to the
bulk (up to D;g¢/D,=1). This empirical observation represents per-se a
quantitative link between diffusion and the contact angle which might be
used to identify wetting properties of surfaces. Recent advances in nuclear
magnetic resonance (NMR) spectroscopy now enable direct probing of
interfacial water dynamics with Angstrém-level sensitivity. In particular,
Overhauser dynamic nuclear polarization (ODNP) spectroscopy using
stable radical markers immobilized on surfaces has been shown to resolve
interfacial water diffusivity and its modulation by surface chemistry™”.
Moreover, relaxation-time analysis of confined water systems has revealed
exchange between surface-bound and bulk-like water states™, providing an
experimental/computational route for the extraction of the interfacial dif-
fusion. Note that the existence of the proportionality between diffusion and
wetting shown in Fig. 3, confirms the assumption expressed in Eq. (2) stating
that the thermodynamics of the liquid systems relates proportionally to the
local dynamics.

Diffusion-wetting analytical relation

Based on these data it is possible now to use Egs. (1) and (2) to derive an
analytical law able to link the water contact angle (WCA) and the interfacial
diffusion. We interpret W as the free energy required to form the struc-
tured water layer adjacent to an adsorbing wall (L,in Fig. 2b), starting from
the reference case of a non-adsorbing surface. Let Fy 5 denote the total free
energy associated with forming the interfacial water structure within the first
5A from the wall, relative to the bulk liquid water. To isolate the con-
tribution of the first adsorbed layer only, the free energy of the second liquid
layer (F; ) must be subtracted. Finally, one must consider the change in free

energy in each water layer imposed by the mere presence of a (non-
adsorbing) wall (F; ) with respect to the bulk liquid water. The resulting
expression defines the effective adhesion free energy as:

FL, :(FLS_ (3)

Fp )= (F,

nad

- FLW,) =Fg— FLZ =—Wis

We note that for super-hydrophobic cases where values of € < 0.65 (or
% > 1.3), the second water layer L, is not defined (is not present in these
regimes), so Eq. (3) simplifies to:

Fp,=Fs—F  =-Wg 4)
Using Eq. (2) to describe the terms in Eq. (3) one obtains
D, D
FLz =—kBTlIlD—;, FLSZ—kBTlnD—b (5)
DLmzd
FLmzd = —kBTlnD— (6)

b

Eq. (6) was proven to be exact for water in contact with a repulsive
wall””. Combining together Eqs. (5) and (6) with Egs. (3) or (4), the
expression for the adhesion energy becomes:

D D
W= kBTlnD—is or Wi =kgTIn DLLS 7)
2 nad
and finally Eq. (1) can be rewritten as:
Wis
coso = ——=— —
kyTln 2= ®

Since Dy, and Dy y are intrinsic properties of the water model at a given
temperature, Eq. (8) provides a parameter-free relation between measurable
molecular diffusion and macroscopic wettability. Moreover, we note that
Dy estimated within 4-5 A from the liquid-vapor interface™, is equal to
DLW, as shown in Figs. S3 and $4 in SI.

Validation of the analytical relation

The predictions of Eq. (8) were tested against MD simulations covering the
full hydrophilic-hydrophobic spectrum. Figure 4 reports the ratio Wygas a
function of the computed contact angle. The analytical law reproduces the
simulation results with quantitative accuracy across all regimes. In the
hydrophobic limit, where D;g = Dy, , the model Dyields a = 180, corre-

- . ! D .

sponding to a non-wetting surface. Conversely, for . = p,» the predicted
« = 90° represents a neutral interface. Intermediate Cases capture the con-
tinuous transition between these limits up to the superhydrophilic regime («
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Fig. 3 | Diffusion at the wall interface. Diffusion ratio of oxygen water molecules at
the solid-liquid interface of water films (Fig. 2a) with respect to bulk, and the relative
water contact angles for the same L] interactions.

= 30°). We note that for the hydrophilic regime Eq. (7) is not strictly hinging
on the definition of the LS water thickness, as the ratio D—f‘ is constant for
variations of the LS thickness (but it becomes less sensitivé as Dy s and Dy,
tend to the bulk value for increasing thickness). The results reported in Fig. 4
confirmed the conjecture expressed in Eq. (2). For a < 30" water molecules
start to spread over all the surface forming a uniform monolayer™. In this
case the wetting properties should be studied against the strong adsorbed
first water layer which, depending on its structure, might result acting as a
hydrophilic or hydrophobic wall™.

Discussion
The proposed diffusion-based law can be connected back to the classical
Young equation, Eq. (2). If we assume that the liquid-vapor interface
behaves as a non-interacting limit, then F;,, = F;  (see Fig. §3 in SI), from
Egs. (1) and (3) it follows that the free energy of the solid-vapor interface can
be identified with that of the second water layer, Fg,, ~ F, . Intriguingly,
F is considered the equilibrium free energy between an adsorbing solid
surface and the liquid phase in the Brunauer, Emmett, and Teller (BET)
theory”. This is again in agreement with the observation that L, represents
the solid-vapor equilibrium, and that —k; T In D—’Z is a good estimator of the
solid-vapor surface free energy. This interpretation reveals that the micro-
scopic diffusion ratios encode the same free-energy differences appearing in
the macroscopic Young formulation. In this picture, interfacial diffusion
plays the role of an effective thermodynamic probe: reduced mobility cor-
responds to higher adhesion energy and smaller «, while enhanced diffusion
reflects weaker binding and larger a. Thus, the molecular diffusion of
interfacial water can be viewed as the dynamic counterpart of Young’s
surface free-energy balance. The applicability of Eq. (8) might be extended,
at least qualitatively, to smaller system size typical of ab-initio simulations of
liquid-solid interfaces. Indeed, it was reported in several studies that the
interfacial MSD******* and dynamical properties'' can converge in tens of
picoseconds for small systems containing 100-200 water molecules. We
tested the quantitative accuracy of Eq. (8) for a water film composed of 400
water molecules and we calculated the values of Dys and D; | to be compared
with the lager system for a wall with L] € = 1.2. The values of Dygand D, are
not affected significantly by the change in system size (see Figs. S4 and S5 in
SI) and they remain within 5% error, while its ratio within 2% error. The
MSD value sufficient for liquid’s equilibration (structural relaxation) is
estimated around 1 in terms of the squared particle size”, that can be
reached in an ab-initio simulations of confined water’>”® or machine
learning potentials of solid-liquid interfaces™***".

We conclude that Eq. (8) can certainly qualitatively be used in the case
of “ab-initio" size systems, possibly providing also quantitative estimate of
the wetting properties. We also anticipate that the proposed approach might
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Fig. 4 | Adhesion free energy (Wys) as a function of contact angle. Simulation
results for Lennard-Jones surfaces are compared with the theoretical prediction from
Eq. 8, showing excellent agreement across the full wettability range.

extend to more complex scenario involving surface roughness and
heterogeneity”"* or molecular surfaces™, where a correlation between
surface dynamics and wetting was observed. The fundamental hypothesis of
this study hinges on the entropic origin of the interfacial change of mole-
cular diffusion, which is a geometric effect”. Entropic variations induced by
roughness or molecular perturbations in the order of the characteristic
length scale of the wetting liquid should be captured by the molecular
diffusion®, then obeying to Eq. (8).

To conclude we demonstrated a direct, quantitative relation between
interfacial diffusion and surface wettability. The proposed physical law
bridges microscopic dynamics and macroscopic wetting without recourse to
droplet geometries or thermodynamic integration. Significant advantages of
the proposed method include: (i) short equilibrium trajectories, therefore in
principle applicable to molecular dynamics simulations where long sam-
pling times are prohibitive; (ii) robust sensibility against the definition of the
liquid-solid interface, which instead affects methods based on triple-phase
contact line estimates or where the contact angle exhibits anisotropies and
hysteresis; (iii) wetting assessment without the need of sampling the solid-
vapor interface, which is notoriously challenging. The solid-vapor free
energy is directly produced within the theoretical framework from the
second water layer. This approach establishes diffusion as a universal,
dynamics-based descriptor of wettability. It enables predictive assessment of
hydrophilic and hydrophobic behavior in systems where conventional
contact-angle methods are inaccurate, including reactive oxides, coated
perovskites, and nanoconfined fluids.

Methods

The molecular dynamics simulations were performed with LAMMPS
software® at 300K in a NVT ensemble (Langevin type with characteristic
time of 100 fs) using a SPC flexible model for water-water interactions™ and
with an integration time step of 1.0 fs. Two different periodic boxes were
considered. The simulations related to the water droplet formation were set
by considering a periodic box (in XY) of 140 x 140 x 140 A°. A Lennard-
Jones wall (¢ = 1.0 A, cutoff=10.0 A) was placed perpendicular to the z
direction at —1 A from the z= 0 A of the box. The L] ¢ parameter of the wall
was varied starting from 0.5 kcal/mol to 1.5kcal/mol (fully hydrophilic
condition) with a 0.1 increment. We note that the non-adsorbing condition
is for € =0, but the diffusion is not affected by the wall until € =0.5. 2133
water molecules in a cubic box of 40 x 40 x 40 A? (relative to liquid water
density at 300 K and 1 atm) were placed at 2 A from the wall along the Z
direction. In order to avoid the water molecules transitioning to the vapor
phase to interact with the Z image of the simulation a second repulsive wall
was set at 80 A from the the first wall along the Z direction. The simulations
were run for 20 ns (for each LJ interactive parameter). The simulations
related to the water film were set using a periodic box (in XY) of 50 x 50 x
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300 A’. The same Lennard-Jones walls used for the droplet simulations were
adopted. A film of 4167 water molecules was placed in a 50 x 50 x 50 A®
cubic box at 2 A distance from the wall. The simulations were run for 2 ns.
We also run a smaller system composed of 400 water molecules contained in
abox 20 x 20 x 300 A’. This simulation was run for 110 ps, of which the first
10 ps were taken for equilibration.

Lateral mean square displacement
We computed the components of the diffusion coefficient parallel to the
wall, that are not affected by the repulsive forces acting from the wall in the
perpendicular direction. Indeed, the theoretical assumptions which relate
the diffusion change at the surface with its relative entropic variation are
valid if the liquid is within the random walk regime”.

Then, the mean-square displacement (MSD) is computed by taking
into account the probability for a particle to remain within a layer during the
time interval £

1 MSD,(d 1)
Dyl =4 lim — s

©)
where the MSD is defined in a layer at the distance d from the wall. P(d, f) is
the probability that a particle stays in the layer within time interval ¢. In all
layers the latter time was found to be sufficient for the particles to exhibit
long enough linear regime of MSD needed for the reliable calculation of the
diffusion coefficient. In the present work the 2™ layer is defined by the
position of the minimum between the first and second density peaks and the
minimum between the second and third density peaks (see Fig. 2b). The LS
layer is instead defined by the position of the wall and the minimum between
the second and third density peaks. For € < 0.65, when the second density
peak is not present, the LS layer is taken as the first 5 A from the wall, which
is the thickness of of the perturbed water region induced by the wall. We
note that beyond 5 A from the wall the diffusion coefficients regain the bulk
value for all values of e.

Contact angle determination
In order to evaluate the contact angle the following formula was used:

2 —d

10
o (10)

oS =

where d is the height of the droplet from the wall and ¢ is its radius at the
baseline. In order to estimated d and c the averaged density profile of water
molecules along the Z direction and water molecules lying in the XY plane,
within the first density peak along the perpendicular direction from the wall,
were calculated (see Fig. S1).

Data availability

The authors declare that the data supporting the findings of this study are
available within the paper and its Supplementary Information files. The
input files required to reproduce the molecular dynamics simulations, along
with the starting configuration, are available in Github at https://github.
com/phaneir/input-lammps-contact-angle.git. Should any other raw data
files be needed in another format they are available from the corresponding
author upon reasonable request.
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