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Wettability plays a central role in surface science with far-reaching implications for engineering techno-
logies, biomedical applications, and natural systems. Despite decades of investigation, wettability research
remains fragmented across experimental characterization, molecular dynamics simulations, and quantum
mechanical calculations, with no unified framework linking observations across length and time scales.
This fragmentation originates from inconsistencies in experimental protocols, force field parameterization
strategies, and electronic structure descriptions, which have contributed to long-standing debates regard-
ing the intrinsic wetting behavior of many technologically relevant surfaces. This review critically syn-
thesizes advances in experimental measurements, atomistic simulations, and first principles modeling to
identify areas of agreement, unresolved controversies, and persistent knowledge gaps in wettability
research. Emphasis is placed on the breakdown of classical wetting models at nanometric scales, the
non-uniqueness of the contact angle as a sole wettability descriptor, and the role of complementary
thermodynamic, structural, and dynamic quantities in characterizing solid—liquid affinity. The review
examines how interfacial modeling choices, including surface preparation, interaction potentials, mixing
rules, and electronic structure approximations, systematically influence predicted wettability and contrib-
ute to inconsistent conclusions across studies. By integrating interfacial chemistry, molecular-scale struc-
ture, and macroscopic observables, this work provides a conceptual roadmap for designing wettability
studies that are more consistent, reproducible, and predictive across methodologies and length scales.
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1. Introduction

1.1 Importance of wettability in nature, surface science, and
engineering

Wettability refers to a liquid’s ability to spread over a solid
surface, which is influenced by the balance of adhesive forces
between the solid and liquid, as well as cohesive forces within
the liquid itself." Wetting properties serve as a critical indi-
cator of solid-liquid affinity by bridging molecular-level inter-
actions with macroscopic observables, such as the contact
angle.>?® The study of wettability has emerged as a topic of sig-
nificant and growing importance among researchers and
engineers owing to its central role in surface engineering.
Fig. 1 illustrates how the number of published research articles
related to wettability has increased significantly in recent years
due to its increasing importance in academia and industry.
Wettability connects fundamental surface science with
applications across engineering, materials science, biology,
and medicine. Researchers can precisely tune critical inter-
facial properties, including liquid adhesion, droplet spreading,
and fluid transport on surfaces, by controlling surface wettabil-
ity through tailored surface chemistry and micro/nanoscale
topography. On superhydrophilic surfaces, water spreads fully
into uniform thin films, while superhydrophobic surfaces
facilitate water to bead up and roll off with minimal resistance.
These extreme wetting conditions support a broad spectrum of
technologies, including self-cleaning coatings, anti-fogging
treatments, anti-icing surfaces, and advanced separation
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Fig.1 Number of papers indexed in the Web of Science within the
years 1970-2026 by the topic of “wettability”.

membranes.”” Therefore, comprehending the fundamentals
of wettability from atomic- to macro-scale has become crucially
important in contemporary surface engineering.

The lotus leaf exemplifies naturally existent superhydropho-
bic surfaces.*>” It possesses a hierarchical structure consisting
of microscale papillae enveloped in nanoscale hydrophobic
wax tubes that entrap air pockets beneath water droplets,
known as the Cassie-Baxter state.” This reduces solid-liquid
interaction, rendering the surface extremely non-wetting. As a
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result, water droplets slide off easily, carrying away dirt par-
ticles and creating the self-cleaning phenomena known as the
“lotus effect”. Like the lotus leaf, the rice leaf also exhibits
superhydrophobicity but displays anisotropic behavior. The
hierarchically structured papillae are arranged parallel to the
leaf edge, guiding droplets moving along its length while hin-
dering perpendicular motion.® This facilitates directional
water transport that helps channel rain or dew towards the
stem, promoting self-cleaning and water management around
the plant. This has inspired biomimetic surfaces for controlled
droplet manipulation and microfluidic applications.® Similar
phenomena can be observed in insects; the water strider’s legs
have long, densely packed hair covered with nanogrooves and
a hydrophobic wax coating.” This architecture traps air
between the hairs, making the legs superhydrophobic, and
enables each leg to carry up to 15 times the insect’s body
weight without breaking the surface tension. The Namib
desert beetle is another remarkable example of special wett-
ability. It has alternating hydrophilic bumps and hydrophobic
waxy troughs on its back. The hydrophilic bumps nucleate
water droplets from fog. Once droplets grow large enough, they
roll down hydrophobic channels towards the beetle’s mouth.
Spider silk also displays a unique water-collecting ability
through its periodic spindle-knot and joint structure.'® Upon
wetting, this architecture generates both a surface energy gra-
dient and a Laplace pressure difference, making droplets
migrate toward the knots where they coalesce into larger
drops. These fog harvesting strategies inspire the creation of
synthetic surfaces and fibers that may easily collect and trans-
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port water in arid environments. These examples of nature
employing combinations of surface chemistry and hierarchical
micro/nanostructures to modulate wettability have inspired
biomimetic surface designs.

The lotus effect has inspired the development of self-clean-
ing coatings characterized by two key features: hierarchical
micro/nanoscale roughness and low surface energy
materials."" Such coatings have applications in exterior paints,
architectural coatings, roof tiles, building facades, automotive
windshields, solar panels, and self-cleaning textiles.*’
Superhydrophobicity has also found significant application in
anti-fouling surfaces.’” Biofouling refers to the unwanted
accumulation of microorganisms (such as bacteria and algae)
and macrofoulers (such as mussels, barnacles, and seaweed)
on submerged surfaces. This increases hydrodynamic drag
and fuel consumption and costs the shipping industry billions
of dollars annually in maintenance and operational inefficien-
cies. Superhydrophobic surfaces have low surface energy that
reduces the adhesion strength of fouling organisms.
Additionally, they trap air within the hierarchical texture that
creates a physical barrier that minimizes direct contact
between the surface and biological matter. These anti-fouling
coatings have applications in ship hulls, marine sensors and
underwater equipment, offshore platforms and pipelines, as
well as medical implants and food processing equipment."?

Another application of interest is spaceships; space missions
on the lunar and Martian surfaces have significant challenges
due to the deposition of charged dust particles on spacecraft sur-
faces, primarily through van der Waals (vdW) interactions. The
accumulation of dust can impede the performance of spacecraft
by obstructing sunlight, hence diminishing the power output in
solar panels. Accumulation of dust on sensors can impair image
quality and lead to sensor breakdown. Additionally, they may
result in the overheating of electrical devices. Superhydrophobic
surface coating minimizes this issue due to having low surface
energy and reduced particle-surface contact area, which weakens
the vdW interaction and makes it difficult for dust to adhere to
the surface.”®> Moreover, superhydrophobic anti-icing surfaces
are crucial for aircraft wings, power transmission lines, and
wind turbine blades. The texture in those surfaces delays ice
nucleation by reducing water-surface contact area. Also, the hier-
archical micro/nanostructures trap air pockets that act as a
thermal insulator. Consequently, water droplets roll off quickly
before freezing, and the reduced ice adhesion strength makes
snow removal easier. In thermal power plant condensers, desa-
lination systems, and HVAC applications, a superhydrophobic
surface promotes drop-wise instead of film-wise conden-
sation.">'® In film-wise condensation, the liquid film on the
condenser surface acts as a barrier in thermal energy transport.
But in drop-wise condensation, the condensate droplets roll
off quickly, exposing the cold surface and facilitating further
condensation. Moreover, drop-wise condensation provides
5-10 times higher heat transfer coefficient than film-wise
condensation.”>'® Other superhydrophobic engineering appli-
cations include stain-resistant coatings for water bottles and
fabrics,”'® anti-corrosion surface,'**° and drag-reduction.®
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Superhydrophilic surfaces are important for anti-fogging
coatings used in eyeglasses, automotive windshields, mirrors,
camera lenses, and solar panels.” The discrete microdroplets
in fog scatter light and make the surface hazy and opaque.
Superhydrophilic coatings force condensed water to form a
homogenous, transparent thin film where light can pass
through with minimal refraction and no scattering, aiding
optical clarity. Such coatings have applications in solar panels
as well. These coatings serve a dual purpose: the anti-fogging
behavior maintains light transmission, and the water spread-
ing washes away dust and dirt, maintaining energy conversion
efficiency.”’ Moreover, the TiO, coatings used in building
facades, glass tiles, and solar panels display photo-induced
superhydrophilicity. Upon UV irradiation, the TiO, coatings
generate oxygen vacancies and hydroxyl groups that induce
superhydrophilicity. This causes water to spread into a thin
film. Also, the hydroxyl radicals oxidatively decompose organic
contaminants into CO, and H,O through photocatalysis,
inducing effective self-cleaning.>” Fig. 2(a) and (b) depict some
examples of super-hydrophobic and super-hydrophilic surfaces
found in nature and their engineering applications,
respectively.

Structures with special wettability can provide an efficient
solution for environmental remediation. Superhydrophobic-
superoleophilic surfaces are used to separate oil from water in
oil spill recovery. These surfaces repel water while attracting
oil, and are used in absorbent sponges, meshes, and fabrics to
selectively absorb and recover 0il.>* Conversely, superhydrophi-
lic but underwater superoleophobic surfaces are used to separ-
ate water from oil. They trap water and repel oil when sub-
merged, allowing water to pass through while rejecting oil,
and are effective for separating oil-in-water emulsions.”®

Application »
of

Super-hydrophobic 2, S

Surface g Redu®

W

ter S0

View Article Online

Nanoscale

Another application can be found in nanofabrication, given
that template surfaces with patterned hydrophilic and hydro-
phobic zones aid site-selective crystallization. When the solu-
tion containing dissolved materials is applied to the surface, it
seeks out and confines itself to the hydrophilic zones. Thus,
when the solvent evaporates, crystals nucleate and grow in pre-
determined hydrophilic zones.””* In addition, controlled wett-
ability in nanochannels gives us precise control over fluid
behavior.>**® In nanochannels, a significant portion of fluid
molecules directly interacts with channel walls. As such,
surface wettability becomes the key factor in controlling fluid
transport and chemical reactivity.>**> Hydrophobic channels
can exhibit slip boundary conditions that reduce flow resis-
tance, while hydrophilic channels promote spontaneous capil-
lary filling and can induce ordered molecular layers near the
surface. Such controlled fluid behavior is critical for nanoflui-
dic applications, including nanofiltration membranes and
nanopore-based molecular sensing. Furthermore, confining
chemical reactions in nanochannels can significantly affect
reaction kinetics.>’>° Nanoconfinement increases the reac-
tant’s local concentration and enhances effective collision and
reaction rates. Furthermore, the geometric constraints of nano-
channels can impose preferential molecular orientation that
favors desired reaction pathways and reduce activation energy
barrier. These confinement effects have been utilized in selec-
tive chemical synthesis processes, zeolite catalysis, and fuel
cell electrodes.*>*° In lithium-ion batteries, proper wetting of
electrode nanopores by liquid electrolyte is crucial for optimal
electrochemical performance, given that the nanoporous struc-
tures contain the active material. A complete electrolyte pene-
tration ensures that lithium ions can access all available active
sites during charge-discharge cycles.>**' Therefore, to opti-
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Fig. 2 Application of (a) super-hydrophobic and (b) super-hydrophilic surfaces in nature and in engineering.
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mize battery performance, it is crucial to improve electrode
wettability using surface modification techniques and employ-
ing electrolytes with superior wetting characteristics.

Special wetting surfaces have importance in biomedical
and textiles application.**** When contaminated water from
coughs, splashes, or contact lands on a fabric, it carries bac-
teria with it. When water soaks in, it leaves the bacteria behind
in contact with the surface. But in a superhydrophobic textile,
contaminated droplets roll off, taking bacteria with them.** In
addition, bacteria need moisture to survive and colonize, thus
water-repellent surfaces create an unfavorable environment for
bacteria, reducing infection transmission.>* Similarly, the
superhydrophobic outer layer of wound dressing prevents
external contamination and bacterial penetration.

1.2 Motivation and scope of this review article

Although wettability has widespread application in material
design, biology, and engineering, as discussed in section 1.1,
significant scientific and real-world challenges remain unre-
solved, which motivates more in-depth research. Classical
wetting theories work at the macroscale but break down at the
nanoscale. Young’s equation (1805)*° assumes an ideal, smooth,
chemically homogeneous surface, while real surfaces experience
nanoscale roughness, chemical patches, defects, and contami-
nation. Although Wenzel®” and Cassie-Baxter*® models extended
Young to incorporate roughness and surface texture, both
models treat roughness as a single number applied uniformly
across the entire surface, leading to results that differ signifi-
cantly from expectations.” A deeper problem is that most of the
wettability research is centered on the contact angle measure-
ment, which is basically trying to capture complex interfacial
physics with a single macroscopic metric. At the nanoscale,
interfacial water structuring, hydrogen bond networks, and
entropic contributions become important, but these molecular-
level features are invisible to macroscopic descriptions.” This
motivates the need for molecular and electronic-scale under-
standing of wetting properties alongside continuum models.
Wettability has been widely studied through experiments,
molecular dynamics (MD) simulations, and density functional
theory (DFT), but there is a clear connection gap between
these approaches. Each of them has distinct strengths and
limitations. From the experimental side, contact angle
measurements vary widely even for almost identical surfaces
due to protocol dependence, environmental contamination,
and differences in measurement techniques. For instance, the
intrinsic wettability of graphite and gold has been debated for
decades.***' While MD simulations offer molecular-level
insight, they are extremely sensitive to force field selection and
the initial interfacial molecular structure. The same material
can be found hydrophobic or hydrophilic, depending on the
water model employed and cross-interaction parameters uti-
lized. On the other hand, DFT provides an accurate and in-
depth understanding of electronic structure, polarization, and
chemical bonding, but remains limited to small system sizes
and short timescales. Also, the results depend on the choice of
exchange correlation functional and dispersion corrections.

This journal is © The Royal Society of Chemistry 2026
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Hence, there is a clear disconnection between these
approaches: experiments measure highly-protocol-dependent
macroscopic observables but cannot resolve molecular details;
MD predicts interfacial chemistry but relies on the molecular
interactions parameterization; and quantum mechanics calcu-
lations achieve electronic accuracy but cannot approach experi-
mental length and time scales. Bridging this gap by employing
an integrated framework that enables cross-validation is
crucial for an accurate understanding of wettability.

In the last two decades, wettability research has grown expo-
nentially, with thousands of papers being published each year
in materials science, chemistry, physics, engineering, and
biology (see Fig. 1). However, some disconnect is observed
across fields and amongst experiments, simulations, and the-
ories, each describing the same phenomena using varied ter-
minology and failing to reach a consensus. On top of that,
existing reviews often concentrate on a certain methodology,
whether it is exclusively experimental, computational, or appli-
cation-driven, or they may focus on specific material cat-
egories, such as carbon surfaces or polymers. We still lack a
cross-platform analysis of wettability connecting theory, experi-
mental characterization, MD simulations, and first-principles
calculations while discussing their strengths and limitations
side by side. This review seeks to address this gap by combin-
ing insights from these methodologies, identifying areas of
consensus, controversy, and significant knowledge gaps, and
thereby establishing a unified foundation for future research.
Fig. 3 depicts the knowledge map of our wettability review,
highlighting the main aspects of wettability research discussed
in this paper.

Q"Perime“\s

Modetin®

Fig. 3 Knowledge map of this wettability review article, highlighting
the main aspects of wettability research: application, theoretical ana-
lyses, computational modeling, experimental studies, and the current
knowledge gap in wettability research.
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The subsequent sections of this article are structured as
follows: the theoretical foundation of wettability is the subject
of section 2, which encompasses classical models and mole-
cular-level descriptors. Experimental methodologies and
results are the primary focus of section 3, which also addresses
methodological constraints. Section 4 addresses MD simu-
lations and recent advancements in parameter optimization
and entropy analysis. Section 5 explores DFT and ab initio cal-
culations, elucidating the electronic structural contributions
and constraints of classical potentials. Section 6 investigates
the current knowledge gaps in wettability research. Lastly,
section 7 presents findings and prospective research directions.

2. Theoretical background on
wettability

2.1 Classical concepts: contact angle, surface tension, and
Young’s equation

Thomas Young established the foundational description of
wettability on ideal surfaces in 1805.*> The mathematical
expression of Young’s theory, formulated by later researchers,
describes the mechanical equilibrium at the three-phase
contact line, where solid, liquid, and vapor phases meet. Here,
three interfacial tensions, which are solid-vapor tension (ysy),
the solid-liquid tension (ysr), and the liquid-vapor tension
(yv), act as forces per unit length along the contact line. A
balance of the horizontal components of these forces yields:

Ysv — ¥sL = yLv cos(0) (1)

where 6 is the contact angle measured through the liquid phase.
A large contact angle (>90°) indicates hydrophobicity, whereas a
small contact angle (<90°) implies hydrophilicity. Fig. 4 illus-
trates the three vector components of Young’s equation.

Young’s equation obeys some key assumptions.**** It is
valid for a perfectly smooth surface with no roughness at any
scale, chemically homogeneous, rigid and non-deformable,
inert (no chemical reaction between solid-liquid), non-porous,
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and insoluble. Young’s equation further assumes the system
has reached true thermodynamic equilibrium, it has no
contact angle hysteresis and maintains constant interfacial
tension during measurements. However, real surfaces violate
these assumptions in various ways. All practical surfaces
possess roughness at some length scale, chemical heterogen-
eity arising from contamination, oxidation, grain boundaries,
or intentional patterning. Deviations from the ideal surface
condition lead to measuring the apparent contact angle
(APCA), defined as the angle formed between the tangents to
the liquid-air interface and the solid surface. The APCA is
widely used as a practical indicator of wettability and has a
dependence on the roughness, chemical heterogeneity, and
composition of the surface.”® Moreover, soft materials such as
polymers and biological tissues deform under capillary forces
involving a moving three-phase contact line (TCL). Further,
clean surfaces can be contaminated by airborne hydrocarbon
adsorption within seconds, thereby altering their wetting
characteristics. As such, real surfaces exhibit contact angle hys-
teresis (CAH); that is, the advancing contact angle (ACA,
measured as liquid spreads forward) differs from the receding
angle (RCA, measured as liquid withdraws).*® Because measur-
ing CAH inherently requires a moving TCL, they serve as the
foundational metrics for defining the dynamic contact angle
on non-ideal surfaces.

The limitations initially motivated the development of
extended equilibrium models (Wenzel, Cassie-Baxter (CB),
and intermediate Cassie-Wenzel - presented in Fig. 5) as well
as the dynamic models to address rough and heterogeneous
surface wettability.*” The following section provides an over-
view of surface area-dependent static models, followed by a
brief discussion of the classical models of dynamic wetting to
discuss the effect of a moving contact line.

2.2 Surface roughness models: Wenzel and Cassie-Baxter

2.2.1 Wenzel model. Robert Wenzel recognized that
surface roughness increases the actual solid-liquid contact
area compared to the droplet’s horizontal projection, and this

Fig. 4 Three vector components of Young's equation: solid—liquid (ys), solid—vapor (ysy), and liquid—vapor (yy) surface tensions. ¢ is the contact

angle.
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Fig. 5 Schematic depiction of the surface roughness effect on the solid surface wetting by a droplet on (a) an ideal smooth surface, (b) Wenzel
state, (c) intermediate state between Wenzel and Cassie—Baxter, (d) Cassie—Baxter state. Reproduced with permission from ref. 47; Copyright

2019 John Wiley & Sons.

should modify the observed contact angle.”” His model has
some key assumptions.*®*® First, it considers a homogeneous
wetting regime, that is, the liquid fully penetrates the surface
texture and maintains close contact with all topographical fea-
tures with no air pockets beneath. Second, the intrinsic
contact angle is uniform everywhere. Third, the droplet size is
much larger than the characteristic length scale of the rough-
ness. Fourth, the system is at thermodynamic equilibrium,
and the contact line adopts its lowest-energy configuration.
With these assumptions, Wenzel introduced a dimensionless
roughness factor, 7 (>1) defined as the true solid surface area
divided by the projected (flat) area, when r = 1 represents a
perfectly smooth surface. Considering the APCA on the rough
surface as 6*, and the intrinsic Young angle on the ideally
smooth surface as 6, the Wenzel equation can be expressed as:

cos 0+ =r cos 0 (2)

This relationship implies that surface roughness amplifies
the intrinsic wetting tendency of the material; that is, a hydro-
philic surface becomes more hydrophilic, and a hydrophobic
surface becomes more hydrophobic. In addition, this effect
explains that roughening a surface can make its wetting behav-
ior more extreme, or in other words, enhanced hydrophilicity
or hydrophobicity based on the underlying surface chemistry.
Wenzel’s model has important limitations.**>°

Assuming a complete liquid penetration into the texture
may not be true for surfaces with deep and high aspect ratio
structures, or intrinsically hydrophobic chemistry, where air
can be trapped. The model also assumes a single equilibrium
angle. However, real rough surfaces show significant 6 hyster-
esis because of contact line pinning at geometric edges and
defects.”® Furthermore, the global roughness factor represents
a spatial average, ignoring local texture variations. These limit-
ations motivated the development of the Cassie-Baxter model
for scenarios where air entrapment occurs.

2.2.2 Cassie-Baxter model. A. B. D. Cassie and S. Baxter
extended this analysis to porous and textured surfaces where

This journal is © The Royal Society of Chemistry 2026

the liquid does not fully penetrate the roughness, but rather
sits on the texture, with air pockets trapped beneath.?® This
model characterizes the solid as a composite surface with two
distinct regions: solid patches where the liquid contacts the
substrate, and air pockets where liquid bridges without touch-
ing the gap’s base.”® This model introduces the following
assumptions:*>°%°? first, the surface will maintain its compo-
site characteristics by stably trapping air within the texture
throughout the measurement; second, the surface texture is
chemically homogeneous so that all solid regions will present
the same intrinsic contact angle; third, the droplet size is large
compared to the texture features; and fourth, the liquid over
air pockets is considered to be in a perfectly non-wetting con-
dition with a 180° contact angle.

Assuming that fg;, is the area fraction of the surface where
solid-liquid contact occurs, fiy(1 — fsp) is the fraction where
the liquid bridges over air, and considering that the effective
contact angle over the air fraction is 180° (cos 180° = —1), the
Cassie-Baxter equation gives the APCA 6* as:

cos Ok = fg, cos 6 — (1 — fs1) (3)

Here, 0 is the intrinsic Young’s contact angle on a flat,
smooth surface of the same solid material. Eqn (3) can be
rewritten as:

cos Ox = for(cos0+1) — 1 (4)

Eqn (4) shows that reducing the solid-liquid contact frac-
tion, fs1, always increases 6*, regardless of the intrinsic contact
angle . That is, if the texture reduces fs;, sufficiently, a mildly
hydrophobic material (6 slightly above 90°) can achieve super-
hydrophobicity with APCAs exceeding 150°. This principle
motivates designing biomimetic superhydrophobic surfaces
(lotus leaf effect), where hierarchical micro- and nanoscale
structures maximize air entrapment and minimize solid-
liquid contact.
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While the Wenzel and CB equations (eqn (2) and (4))
provide foundational frameworks for predicting wettability,
they rely on global surface area averages and assume a static,
ideal equilibrium contact line. However, as mentioned in
section 2.1, the measured 6 is dependent on the contact line
motion direction,” and the contact line become stuck at local
energy barriers due to roughness, chemical heterogeneities,
and flaws, which leads to the CAH.>* Because the classical
Wenzel and CB models fundamentally fail to capture these
microscopic events, theoretical predictions from eqn (2) and
(4) often deviate from experimental observations.”>*® The fol-
lowing section discusses the attempts to incorporate micro-
scopic physics into the static models with modifications to the
Wenzel and CB equations.

2.2.3 Modifications to classical models. To bridge the gap
between macroscopic global averages and localized contact line
behavior, several studies have been conducted to incorporate
additional parameters to address the discrepancies observed by
using the Wenzel and CB equations. For example, Choi et al.’”
provided a more accurate estimation of roll-off angles and direc-
tional wettability on patterned substrates. They introduced a
differential surface texture parameter to predict ACA, RCA, and
CAH, which is dependent on surface texture anisotropy.
However, their approach is somewhat geometry-specific and
limited to irregular and well-defined surfaces, hindering the
applicability to regular surfaces, though the authors introduced
a reasonable idea regarding the interactions on regular surface
wettability. Forsberg et al>® addressed the issues in Wenzel’s
equation, explaining the elevated values observed for ACA on
microstructure pillars. The author proposed a contact line
pinning mechanism to replace the global roughness factors
with a line fraction approach, which only considers the portion
of the pinned contact line on surface roughness. The authors
produced a valid qualitative approach; however, this method
was strongly dependent on pillar geometry and arrangement,
limiting the generalization of their approach.

The attempts to correct the Wenzel and CB equations were
limited to two-dimensional efforts until Yamaguchi et al.>®
extended the study to incorporate three-dimensional effects
into the Wenzel equation, redefining the pitch and depth of
nano-periodic structures. Yamaguchi et al.>® claimed that their
3-D model agreed with experimental results on nano-fabri-
cated silicon structures and identified a method to find
threshold pitch and depth values for the transition between
hydrophilic and hydrophobic surfaces. Nonetheless, their
work only focused on Wenzel-type surface roughness, Liu
et al.>® proposed a solution to update the CB equation and
render the model applicable to dynamic 3-D droplets. They
reasoned that in a 3-D system, frictional resistance only acts on
the portion of the contact line that is physically in contact with
the solid structures. A new geometric parameter called the line
solid fraction (45) was introduced, defined as the length ratio
of the real (microscopic) contact line on the solid to the appar-
ent (macroscopic) contact line, shown in eqn (5).

cos Ok = cos 0’ + (cos Or — cos Oy)is (5)
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where 6 is the apparent receding angle, ¢ is the static CB
angle, and (cosfr — cosfy) represents the hysteresis. Liu
et al.>® claimed that A scales the hysteresis term in the CB
equation successfully to predict a wide range of 3-D
microstructures.

While the introduction of line fractions and 3-D corrections
extend classical wetting models down to the microscale, these
modified equations presume that the liquid acts as a continu-
ous medium and that the contact line remains a macroscopic
boundary. As the dimensions of the system approach the mole-
cular level, the modified equations begin to lose their physical
validity as discussed in the next sections.

2.3 Limitations of macroscopic descriptions at the nanoscale

Young’s equation and the classical wetting models work well
at macroscopic scales, but their underlying assumptions do
not hold at smaller length scales. They assume that solid-
liquid and liquid-vapor interfaces have sharp boundaries with
well-defined surface tensions. They further assume that bulk
liquid properties hold right up to the interface. However, close
to the liquid-vapor interface, the liquid’s density changes
gradually over a few molecular diameters.*»°”! Similarly,
ordered liquid molecular layers and orientation preferences
are observed near the solid interface.>***®! In the case of
nanoscale confinement, such as water in a nanochannel or a
nanoscale droplet, the thickness of these interfacial regions
scale to the system’s size itself, and these interfacial regions
can overlap.”*®! At this point, the concept of a single contact
angle becomes ambiguous. Atomistic simulations demon-
strated that near a solid-liquid interface, water molecules
organize themselves with a specific arrangement of hydrogen
bonds.*'*®°"%® These atomistic features cannot be captured
with a single contact angle measurement and the necessity of
calculating the APCA at the interface becomes clear.

Finite-size effects add another layer of complexity in contact
angle calculation. Nanoscale droplets have highly curved sur-
faces, whereas the surface tension used in Young’s equation is
for a flat interface. Molecules at a curved interface have a
different local environment than those at a flat interface, and
this can change the effective surface tension.®* These changes
in surface tension with curvature can be quantified through
the Tolman length correction.®*** The correction becomes sig-
nificant for nanoscale droplets with a radius of only a few
nanometers, and the effective surface tension differs from the
bulk value. Another finite-size effect arises from line
tension.®®®” Line tension describes the excess energy per unit
length at the one-dimensional boundary where the solid,
liquid, and vapor phases meet.®® The effect of droplet size on
the APCA can be obtained from the modified Young’s

equation:°®:6%:°

T

cos 6 = coS O — —— (6)
140728

Here, 6 is the APCA of the droplet, 0, is the intrinsic Young
contact angle for an infinitely large droplet, 7 is the line
tension, y;y is the liquid-vapor surface tension, and r is the
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radius of the contact line. It is apparent from eqn (6) that the
line tension effect becomes significant when the contact-line
radius r is small, and for nanoscale droplets, this correction
can shift the observed contact angle substantially. As a result,
even for nominally identical materials, the contact angles of
nanoscale droplets predicted by MD simulations often differ
from experimental measurements. Eqn (6) demonstrates the
impact of the three-phase contact line (TCL) at the nanoscale;
the extent of its influence on real-world macroscopic surfaces
has been a subject of considerable debate in the literature. As
discussed in section 2.4, this realization challenges classical
area-based models.

2.4 The role of the three-phase contact line

Real surfaces often contain micro-structural defects, and
experimental disturbances such as viscous forces during depo-
sition, droplet impact force, and instrument vibration result in
the formation of an intermediate Wenzel-CB state.” In these
non-ideal scenarios, several works indicate that APCA is pri-
marily governed by the physical interactions and geometry at
the TCL rather than the macroscopic solid-liquid contact
area.””® Gao and McCarthy’* reported that the major limit-
ation of the Wenzel and CB models is the exclusion of the
influence of TCL, adding that the factors r and 4 in eqn (2)
and (5) can be attributed globally only if the surface is isotro-
pic. Moreover, unlike liquid molecules, solid atoms at inter-
faces are somewhat restricted and cannot be rearranged to
form a true equilibrium surface structure. This physical restric-
tion challenges the direct application of eqn (2) and (5) to real
scenarios, as these equations depend rigidly on the principle
of surface area minimization.*>

However, for measuring the APCA as the governing para-
meter, the TCL introduces new complexities in the description
of rough surfaces. In a completely penetrated Wenzel state,
changes in the contact angle occur through the movement of
the exterior contact line at the droplet periphery. Conversely,
in the CB state, multiple interior contact lines coexist beneath
the droplet. While the stability of 8 is governed by the mini-
mized energy state along these interior lines, and shifts in the
exterior TCL or transitions between CB to Wenzel states alter
both the solid-liquid contact area and the measured APCA.”®
Hence, identifying the droplet perimeter alone as the TCL is
insufficient; the internal contact line geometry beneath the
droplet must also be considered. Experimental validations
comparing CB and intermediate-state droplets confirm that
the outermost TCL determines the measured APCA, whereas
the contact area enclosed within the droplet is largely irrele-
vant, and droplets sharing the same outermost TCL configur-
ation exhibit nearly identical 8, regardless of differences in the
internal wetting state beneath the droplet.”® The theoretical
and experimental findings indicate that the outermost TCL
plays an important role in establishing interfacial equilibrium,
whereas the interior contact area contributes only marginally
to the apparent wetting behavior. Despite recent progress in
understanding the wetting behavior of a wide range of sur-
faces, the absence of a comprehensive theory relating the geo-
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metry and chemical heterogeneity of the TCL to the measured
APCA remains a fundamental gap.

This theoretical shortcoming becomes even more critical
when transitioning from equilibrium to kinetic regimes.
Because classical macroscopic models fail to capture the
interactions at the TCL even in static cases, they are funda-
mentally unequipped to describe systems where the TCL is
forced into motion. When a droplet spreads, recedes, or is
driven across a surface, the observed dynamic contact angle
(6p) deviates further from equilibrium due to energy dissipa-
tion at the moving TCL. Understanding this dynamic behav-
ior needs shifting focus from surface area minimization to
the classical models of dynamic wetting as discussed in
section 2.5.

2.5 Understanding dynamic wetting

As established in comprehensive reviews of wetting and
spreading,” the motion of the TCL is governed by the capillary
forces and resistive dissipative forces. The force dissipation
mechanisms and boundary dynamics are described through
the following theoretical frameworks.

2.5.1 The hydrodynamic model. The classical hydrodyn-
amic model treats the liquid as a continuum and attributes
the deviation of 0 to viscous dissipation within the bulk
liquid. As the fluid flows near the moving TCL, viscous friction
causes the liquid-vapor interface to bend. The most widely
used expression of this macroscopic bending is the Cox-
Voinov law’® shown in eqn (7), which relates the cube of 6, to
the capillary number (Ca).

Op® =6 +9-Ca-In (i) (7)
m
Here, 05 is the static contact angle, L is a characteristic
macroscopic flow length, and L, is a microscopic slip length.
High-resolution experiments such as micro-particle image
velocimetry (p-PIV) show that classical hydrodynamic models
fail to capture complex three-dimensional interfacial curvature
and often require non-physical slip lengths. To address these
limitations, recent modifications incorporate CAH and replace
the artificial slip parameter in eqn (7) with a precursor film
model, resulting in a modified expression for the advancing 6y
as shown in eqn (8),

2Ca sin® 6p
B (sin Oy - cos Op — Op)

cos Op — cos Oy = (8)
where 0} is the initial ACA with hysteresis effect, f = A/c is a
fitting factor that relates the precursor film length to a stress
proportionality constant ¢, and 1 is the characteristic para-
meter that propagates ahead of the macroscopic contact
line.””

2.5.2 Molecular-kinetic theory (MKT). In contrast to the
continuum-based hydrodynamic approach, which attributes
energy loss to bulk fluid viscosity, the Molecular-Kinetic
Theory (MKT) formulated by Blake and Haynes’® focuses exclu-
sively on the non-hydrodynamic energy dissipation occurring
directly at the solid-liquid interface. MKT treats the movement
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of the three-phase contact line not as a fluid flow, but as a
rate-activated statistical process. It envisions the advancing or
receding contact line as a series of discrete, thermally activated
jumps of liquid molecules between adjacent adsorption sites
on the solid surface. When the contact line is at rest, the mole-
cules jump forward and backward at an equal equilibrium fre-
quency (ko). When driven out of equilibrium, the out-of-
balance capillary forces bias these jumps in the direction of
motion. The fundamental equation of MKT relates the macro-
scopic velocity of the contact line («) to the 6y through these
molecular parameters:

cosh 6y — cos )
ZKBT

2
u = 2k04 sinh Za (9)
where A is the distance between adsorption sites (the jump
length), y is the liquid-vapor surface tension, 6, is the static
equilibrium contact angle, kg is the Boltzmann constant, and
T is the absolute temperature.”® While the MKT explains
dynamic wetting behavior quite well by linking the macro-
scopic contact angle directly to molecular-scale surface
diffusion and the work of adhesion (W,q), its classical form
completely ignores bulk viscous dissipation. Consequently,
comprehensive models in modern literature frequently
combine MKT with the hydrodynamic model to account for
both localized contact line friction and bulk viscous bending
across different velocity regimes. The experimental techniques
used to measure the static and dynamic #s will be discussed
further in section 3.

Combined dynamic models provide mathematical frame-
work for ideal substrates, relying on macroscopic 6s, whether
static or dynamic; however, they still present fundamental
limitations for real materials with anisotropic wetting behav-
ior, which introduces complexities in describing true inter-
facial physics. The physical and geometric limitations motivate
the need for alternative descriptors to capture solid-liquid
interfacial thermodynamics, as explored in the following sub-
section 2.6.

2.6 Thermodynamic and molecular descriptors of wettability

The limitations of contact angle resolution motivated research-
ers to develop alternative parameters to provide a more com-
prehensive understanding of solid-liquid affinity. These
descriptors can be divided into two categories: thermodynamic
quantities calculated from interfacial free energies, and mole-
cular-level structural parameters obtained from simulations or
experiments. The W,4 is one of the most fundamental thermo-
dynamic parameters that represent the work per unit area
required to separate a liquid from a solid surface in a revers-
ible path.®®> The classical expression for W,q is given by the

Young-Dupre equation®® as follows:
Wad = y1v(1 + cos(6)) (10)

where yy is the liquid-vapor surface tension, and 6 is the
contact angle. By combining eqn (1) and (10), we obtain:

Wad = ¥sv + 7Lv — ¥sL (11)
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W,.aq is more useful than 0 in the sense that it remains
meaningful even when the contact angle approaches zero.®?
For highly wettable surfaces, while @ saturates and loses sensi-
tivity, W,q continues to increase, which helps differentiate
interfaces demonstrating almost identical contact angles.
Moreover, W,q is less dependent on y;y, which can vary
between different water models in simulations; thus, it is more
related to the solid-liquid interaction.®*%!

In addition, we can express each interfacial tension as y =
AF/A, where AF represents the Helmholtz free energy associ-
ated with forming the interface, and 4 is the interfacial area.®?
Hence, W,q inherently includes an entropy term as the free
energy contains both energetic and entropic contributions (F =
U — TS). Studies based on first-principles MD showed that this
entropic contribution can be significant, e.g., in palladium-
water systems, the entropy term is found to lower the solid-
liquid interfacial tension by a measurable amount.®* This ulti-
mately increases the inferred W,q. Therefore, energy-only
approaches that ignore this term can inaccurately evaluate sur-
faces having similar interaction energies yet different inter-
facial entropies.®?

Another useful descriptor that is often used in molecular
simulations is the minimum of the solid-liquid interaction
potential, Enin. Emin can be obtained from an adsorption-
energy curve by placing the liquid molecule near the surface
and recording the deepest point of the distance vs. energy
attraction well. For water on graphitic carbon, where the inter-
action is largely nonreactive and dominated by dispersion and
short-range repulsion, a linear correlation has been observed
between W,q and Epmin.>>%*8%%* However, this correlation does
not apply to all interfacial properties. For instance, thermal
boundary conductance does not show any clear correlation
with Woq and Emin.°”®® Hence, neither W,q nor E.;, alone
explains properties that depend on interfacial structure and
dynamics.

Other molecular level wettability descriptors include the
interfacial liquid layering. On hydrophilic surfaces, the liquid
density profile typically exhibits pronounced oscillations. A
sharp first peak is observed that indicates an ordered adsorp-
tion layer where molecules occupy preferential positions.®?
Alternatively, on hydrophobic surfaces, the first peak is
broader and less intense, and a region of reduced density may
appear between the surface and the bulk liquid.®* However, as
discussed above, the specific shape of the density profile
depends not only on the solid-liquid interaction strength but
also on the atomic structure of the surface. The hydrogen-
bond network topology is another relevant factor, which indi-
cates how water molecules coordinate with each other and
with surface sites.®® Near a surface, this network is more dis-
rupted than the bulk water, and quantifying the average
number of hydrogen bonds per molecule, their orientation,
and their lifetime can reveal how strongly the surface perturbs
the liquid structure.®®® The effect of these structural and
dynamic descriptors on wettability is examined through MD
simulations in section 4 and through first-principles calcu-
lations in section 5.
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3. Experimental approaches to
measuring wettability

3.1 Contact angle measurements

Contact angle measurement is one of the most common
methods for understanding surface wettability. As discussed in
section 2, Young’s equation provides a foundational principle
to quantify the static 6, assuming the solid surface is in an
ideal condition (perfectly smooth, rigid, homogeneous, and
non-reactive to the contacting liquid). With these assumptions,
experimental measurements should provide value of ¢ for the
surface. To study this wide range of wettability through 6
measurement, there are two main surface-wetting characteriz-
ation methods available: the optical or direct method and
force-based or indirect methods.*®

3.1.1 Optical methods: sessile drop method. Among the
direct methods to measure 0, sessile-drop goniometry is one of
the most used due to its simplicity. Sessile-drop goniometry is
an optical imaging method, where a water droplet on a solid
surface is recorded, and the 6 from the image is measured by
following eqn (1) (Young’s equation). The experimental
measurements of § have shown its dependency on several vari-
ables, such as surface cleaning, droplet volume, and the time
of measurement.®*® These variables hamper the finding of a
reproducible true equilibrium 6; instead, the sessile droplet
method incorporates the RCA and ACA, occupying any of the
local minimum energy states within the CAH range, represent-
ing a metastable state. Drelich® cited that these quasi-static
measurements are more reproducible and accurate than the
static § measurements. Part of his contributions included a
detailed experimental procedure for measuring RCA and ACA.
However, the effects of the chemical composition and surface
geometrical structure on wetting properties were not dis-
cussed. Kung et al.*” provided a detailed overview of the sessile
droplet 6 measurements technique. They reported that the
reliability of the sessile drop method is constrained by metast-

ability, size effects, model inconsistencies, and optical
limitations.
In practice, the sessile droplet method is often

implemented with other advanced imaging techniques to over-
come such limitations. For example, Santini et al.’* combined
X-ray micro-computed tomography (microCT), and the sessile
droplet technique to reconstruct the three-dimensional drop
surface and to measure the 6 of a complex opaque geometry at
a high resolution. In addition, the droplet size dependency
across macro to nano scale on ¢ measurements is another
limitation of the sessile droplet method. At the microscale,
evaporation of the sessile droplet occurs significantly and
cannot be neglected, which eventually changes the volume of
the droplet during the observation period.** To directly visual-
ize and measure droplets resolving the evaporation issue, Park
et al.®® used a cryogenic-focused ion beam (FIB) milling and
the SEM imaging technique (cryo-FIB/SEM), which is advan-
tageous in decreasing the evaporation effect using a rapid
freezing rate. Their findings indicate that at larger scales, sur-
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faces exhibit hydrophobic behavior, gradually evolving into
superhydrophobic at the submicron range, where a nonlinear
dependence between the cosine of contact angle and contact
line curvature is reported.

3.1.2 Optical methods: tilted plate method. In addition to
sessile 6, dynamic (ACA and RCA) 6 provides a more informa-
tive measurement of surface wettability as discussed in section
2.6. The dynamic 6 can be determined using methods such as
the tilting plate or volume-change techniques discussed in ref.
93 and 94. Gao and McCarthy’* reported on the interactions
between Teflon and water to show the role of dynamic 6 in
wettability. The authors proposed the concepts of shear and
tensile hydrophobicity based on ACA and RCA to explain the
contrasting results from sessile #. Shear hydrophobicity is
related to droplet roll-off, which can be quantified using the
Furmidge equation® by predicting the tilt angle, whereas
tensile hydrophobicity represents the W,q4, dependent on RCA.
These parameters underscore the role of hysteresis as a more
important metric than absolute 6 in evaluating hydrophobi-
city. However, as for the sessile #, measurements of the
dynamic 0 could also be complicated by contact line pinning
and the restricted smooth droplet motion, surface heterogen-
eity, and sensitivity to droplet size.”® Consequently, while the
dynamic 6 provides deeper insight into wetting and adhesion,
its evaluation could be experimentally challenging due to the
complexities linked to the measurements reproducibility.
Moreover, the theoretical foundations of dynamic 6 remain
debated.

Several studies have been conducted to address the repro-
ducibility issues observed in the measurements of the static 8
and dynamic 6. Huhtamiki et al.®® presented a detailed proto-
col for reliable and reproducible # measurements, minimizing
the systematic and random errors. The protocol further pro-
vides practical guidance on droplet size selection, equipment
setup, curve fitting (Young-Laplace, circle, polynomial, spline),
and sample preparation. They also noted that reproducibility
depends on the strict control of experimental parameters. The
authors further recommended to focus on the reproducible
parameters ACA, RCA, and CAH, obtained by gradually increas-
ing or decreasing droplet volume.”® Although ACAs and RCAs
are often considered dynamic, they are more accurately
described as quasi-static values. Since true dynamic 6 occur
only under continuous contact line motion, such as spreading
or flow, and are dependent on the velocity and dissipation
mechanisms.®®

3.1.3 Forced-based method: Wilhelmy balance method.
The complex experimental procedure for the tilted plate
method hinders the reproducibility of the measured dynamic
0. Alternatively, the Wilhelmy method provides a fully auto-
matic, comparatively simple, and reproducible technique with
precise control over kinetic parameters, e.g., immersion speed.
This method was broadly discussed by Volpe et al®” The
mechanism involves immersing a thin, rigid, and symmetri-
cally shaped plate or fiber into a liquid. Then the force balance
acting at the solid-liquid-vapor interface is recorded with a
sensitive microbalance. By applying the Wilhelmy equation,
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formulated in eqn (12), the method determines ACA and RCA
from the measured force.

Fm+Fc+Fg+Fg=0 (12)

In eqn (12), Fy, Fc, Fg, and F, are the measured, capillary,
buoyancy, and gravitational forces, respectively. Further
studies by Karim and Kavehpour®® demonstrated that the con-
ventional force balance, shown in eqn (12) and accounting for
capillary force, buoyancy, and the weight of the plate, is funda-
mentally incomplete. This is because the viscous forces acting
on the moving plate are not taken into consideration. To
demonstrate this limitation, a series of experiments were con-
ducted, and true dynamic 6 were measured using an indepen-
dent optical method, showing a discrepancy in the measured
parameters. Thus, it was confirmed that neglecting the viscous
force introduced a substantial error.

To address this issue, Karim and Kavehpour®® proposed a
modified force balance, depicted in Fig. 6 and described by
eqn (13), incorporating the theoretical viscous force model (F,)
derived from boundary layer theory, where F, is positive for
ACA and negative for RCA.

Fm—Fc+FB—Fg+FV:0 (13)

Karim and Kavehpour®® used a thin glass plate, which was
immersed in a silicone and glycerin (with different viscos-
ities) pool to determine how liquid viscosity and immersion
speed affect dynamic #s. While they modeled both ACA and
RCA, they experimentally validated only the ACA. For low vis-
cosity silicone, the authors reported ACA values from 17° to

Wilhelmy Plate Method
Without Viscous Model

Frn

Fg
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69°, whereas for glycerin, this range was 34° to 63°, and for
high viscosity silicone, a range of 57° to 115° was reported.
However, the authors also noted a significant limitation to
their proposed correction. The viscous force term in the
model depends on the slip length and capillary number.
Therefore, to apply this correction, the precise value of the
slip length is required, and the sample must have the same
composition and morphology on all surfaces. The relation-
ship between the measured force and the obtained dynamic 6
depends on the length of the contact line, which may be com-
plicated to determine for rough surfaces. Despite these chal-
lenges, the Wilhelmy method remained one of the most
reliable techniques in surface wettability characterization,
especially when corrections were applied. Table 1 compares
the advantages and limitations of the methods described
briefly.

Both the static and dynamic 6 measurement techniques
have been well developed over the years, as discussed above.
Furthermore, these methods are widely used due to the simple
experimental procedure of direct methods like the sessile
droplet or tilting plate methods. However, these direct
approaches often suffer from limited resolution due to the
simplified algorithms and formulas used for fitting droplet
profiles. Indirect techniques like the Wilhelmy plate method
offer a highly versatile alternative for characterizing dynamic
wetting behavior.” However, this method fails to provide
visual feedback on how wetting occurs or provide information
on surface roughness.*® Moreover, in the submicron (below
100 nm thickness), a transition region can be observed with a
varying micro contact angle instead of the concept of a single

Wilhelmy Plate Method
With Viscous Model

Frn

Fg

Fig. 6 Effect of viscous force on dynamic contact angle measurement using the Wilhelmy plate method. Reproduced with permission from ref. 98.

Copyright 2018 Elsevier.
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Table 1 A brief comparison between the sessile droplet, the tilted plate, and the Wilhelmy plate methods

Method Description

Advantages

Limitations

Sessile-drop ACA and RCA are measured by increasing

the volume of the droplet.

area
Tilting plate The leading and trailing edges of a

distorted droplet on a tilted surface make

a sliding angle, which can be measured

as a droplet mobility parameter
Wilhelmy plate A thin plate of the sample surface is

immersed in the liquid, and dynamic 6s
can then be measured from the

cumulative calculated force. less time.

macro contact angle. Thus, conventional optical approaches
cannot access this micron region, where intermolecular forces
become dominant."®°

Theoretical models of interfacial wetting through 6 were
initially developed around the assumption of ideal macro-
scopic surfaces. Nonetheless, real-world surfaces deviate sig-
nificantly from these ideal scenarios, introducing limitations
to conventional measurement techniques. For example, the
optical methods may provide a distorted TCL approximation
due to diffraction and scattering, causing errors in the evalu-
ation of 6."®" Moreover, for highly rough surfaces, finding out
the contact points of a projected drop shape on the contact
line is complex due to gravity-induced drop sagging of the
droplet near the tangent line, which was reported by Dorrer
and Riihe.'®? They further commented that for surfaces with
large angles (6 ~ 180°) showing superhydrophobicity, various
existing Young-Laplace fitting equations can cause an under-
estimation of the true contact angle. Additionally, these macro-
scopic techniques often fail to capture local variations in
wetting by chemical heterogeneity or surface texture.'® The
following section describes some advanced methods for char-
acterizing wettability and surface roughness throughout the lit-
erature, addressing these limitations.

3.2 Surface characterization techniques: AFM, ESEM, and
LSCM

Atomic Force Microscopy (AFM) is one of the most popular
surface characterization methods, featuring sub-micron level
resolution to directly scan the liquid film near the contact line.
Thus, AFM can, in general, reveal important surface features
with a higher level of accuracy and resolution than optical
methods, but limitations can arise. In an early work, Wang
et al'® applied digital microscopy and non-contact mode
AFM (NC-AFM) to measure macro and micro wetting 6s of
water droplets on various metal surfaces, e.g., chromium,
nickel, iron, and their oxides. The authors defined the &s
measured by the conventional digital microscope as macro-
wettability, while s measured by AFM was referred as micro-
wettability. The comparative study revealed that the micro-wett-
ability was consistently higher than the macro-wettability
measured by conventional optical methods on the same sur-
faces. The authors correlated the changes to the chemical com-
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Simple to execute and compatible
with samples with a small surface

Simple and less time-consuming

Automated, prone to less human
error, and large area wettability
information can be obtained in

Prone to operator errors, time-consuming,
and sensitive to impurities.

No true indication of ACA and RCA can be
obtained; thus, contact angle hysteresis
cannot be identified.

Homogenous sample composition is required
morphologically, faces hardship in measuring
rough surfaces, and no information on
surface uniformity can be gathered.

position of the surface, such as wet polishing, air oxidation,
and pure water immersion. The authors also reported a large
degree of scattering and significantly more stable droplets in
the micro-wetting case. The study highlighted that AFM could
not accurately scan the profile of droplets with 6 greater than
90° because the cantilever used was unable to scan the lower
part of the water droplet, limiting the analysis mostly to hydro-
philic metal surfaces.

While Wang et al.'® reported the differences between the
macro and microscale measurements of wettability, in a later
study, Checco et al'®® explained the physical mechanism
behind these differences by implementing NC-AFM on several
methyl-terminated substrates or self-assembled monolayers or
SAM (e.g., alkyltrichlorosilanes on silica, alkylthiols on gold,
alkyl chains on hydrogen-terminated silicon, and crystalline
hexatriacontane chains on silica). The authors showed that
mesoscale heterogeneity is one of the dominating factors, in
addition to the line tension (arising from dispersive solid-
liquid interactions), for the observed differences in wettability
measurements. Moreover, they reported that this purely disper-
sive interaction, where the vdW interaction is the only signifi-
cant force, is negligibly small for contact line curvature less
than 10 pm™". It is noteworthy that this study involved the
partial wetting of SAMs on these organic monolayers, where all
measured 6 were in a hydrophilic state, and did not encounter
the limitations associated with measuring hydrophobic (6 >
90°) systems. To address the issue with the hydrophobic
surface 6 measurement, Nguyen et al'%® continued with the
idea that the contact angle measurement is fundamentally
dynamic, and not static. The authors attached a spherical
solid polyethylene particle to the cantilever of the AFM and
measured the interaction force with a submerged air bubble.
Their goal was to measure the interaction forces between the
particle and the surface to calculate @ indirectly from the
force-distance curve. The authors specified that the measured
value corresponded to the RCA, as it was determined during
the piezoelectric translator approach and penetration into the
bubble. It was observed that RCA changed significantly with
the translator speed of the AFM. Due to the dynamic effects
and uncertainty of contact line pinning, the authors were skep-
tical about whether the measured 6 could be a true representa-
tion of the intrinsic hydrophobicity of the surface.
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It is necessary to understand the behavior of the liquid film
near TCL for a comprehensive idea of wetting. Targeting this,
Yu et al.'®” attempted a state-of-the-art tapping mode AFM
(TM-AFM) technique near the contact line, revealing droplet
film-TCL features such as film profile and 6. To analyze a wide
range of 6, two distinct substrates, high-surface-energy mica
and low-surface-energy polystyrene, were considered, and both
surfaces were wetted with glycerol. The authors applied the
direct optical method and the AFM in sequence to measure ¢
on these surfaces and found a very good agreement between
the methods, as shown in Table 2. Moreover, by scanning
across the contact line with AFM, at a distance of several to
tens of microns from the contact line, a highly linear film
profile was observed. However, in the immediate vicinity of the
contact line (film thicknesses below ~100 nm), a non-linear
transition region was found, where the concept of a single
macro contact angle is invalid.

Deng et al'®® also used TM-AFM for the first direct
measurement of water droplet equilibrium 6 on the surface of
rough quartz grains found in natural sand rocks. Previous
studies were focused on idealized, smooth, artificial mineral
crystals; however, this work addressed a significant gap in
wettability research by studying mineral surfaces found in real
reservoirs, given that traditional optical methods are unsuita-
ble for micro-sized mineral surfaces. The authors studied
asymmetrical water micro-droplets on the natural quartz with
contact lines displaying imperfect curvatures and observed
variations of # along the contact line of a single droplet
ranging from 27.8° to 50.3°. The authors attributed these vari-
ations to the surface roughness, chemical heterogeneity, and
the atomic arrangement of the quartz crystal face. In a recent
study, Huo et al.'® performed a micro-scale investigation on
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shale reservoir rock employing a dual-method approach by
combining the sessile drop contact angle method and AFM
visualization. For direct comparison of wettability, the authors
defined two dimensionless wettability indices: W, based on the
sessile drop, and I, derived from AFM adhesion force measure-
ments; these parameters are defined in eqn (14) and (15),
respectively.

W = (6 —90°)/90° (14)

I= (Fos 7Fws)/(Fos +Fws) (15)

Here, F,; and F,s are the oil-solid and water-solid
adhesion forces, respectively. It was concluded that both the
AFM (I) and sessile drop (W) indices highlighted oil-wet be-
havior of the surfaces. However, the sessile drop method
could not capture the true degree of oil-wetness compared to
AFM. This discrepancy was attributed to the roughness of the
surface, given that rougher and organic-rich areas on the
shale surface were more prone to oil adhesion than smoother
regions. Moreover, the study indicated that surface roughness
can trap air pockets, preventing the water droplet from fully
contacting the solid. Thus, the nanoscale AFM probe pro-
vided a more precise and better assessment of the wettability
by addressing the impact of surface roughness. Table 2 sum-
marizes some of the corresponding contact angle measure-
ments for different materials by implementing AFM contact
measurements in the literature:

Recent studies have been using AFM to directly quantify the
internal nanoscale phenomena, such as local adhesion forces,
the role of surface heterogeneity, and the structure of the inter-
face, which can provide a more fundamental understanding of
wettability. For example, Castillo et al."*® applied contact mode

Table 2 Summary of #s measured from macroscopic and AFM-based micro/nano-scale methods

Study Liquid Solid substrate Method Measured contact angle(s)
Wang et al.'** Pure water Pure Cr Macro (digital microscope) 64-78° (depending on
surface treatment)
Micro (AFM) 8-60° (max scatter range)
Pure Ni Macro (digital microscope) 64-72° (depending on
surface treatment)
Micro (AFM) 10-35° (max scatter range)
Pure Fe Macro (digital microscope) 66-96° (depending on

SUS304 steel

Nguyen et al.'®  Deionized water  Polyethylene (PE) particle

Checco et al.’®  n-Alkanes (Octadecyltrichlorosilane (OTS) on silica)
Dodecanethiol (DT) on ultra-flat Au

Yu et al.’”’ Glycerol Mica
Polystyrene (PS)

Deng et al.'*® Water Natural, rough quartz in reservoir rock

Huo et al.*®® Distilled water Shale reservoir rock
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Micro (AFM)
Macro (digital microscope)

Micro (AFM)

Macro (sessile drop on flat PE)

Micro (colloidal probe AFM)
Macro (goniometer)
Nano (AFM)

Macro (goniometer)
Nano (AFM)

Macro (optical method)
Micro (AFM)

Macro (optical method)
Micro (AFM)

Micro (AFM)

Macro (sessile drop)

surface treatment)
10-22° (wet polished only)
64-68° (depending on
surface treatment)

2-38° (max scatter range)
92° (ACA), 67° (RCA)
19.5-41.5° (RCA)

43° (ACA)

7-25°

45° (ACA), 41° (RCA)
15-29°

17 £1°

16.958 + 0.005°

67 +£2°

67.965 + 0.018°
27.8-50.3°

112.3° to 133°
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AFM to determine the nanoscale adhesion forces, surface topo-
graphy, and morphology of SiO, nanoparticles. Their goal was
to create superhydrophobic surfaces with silica nanoparticles
and analyze the wettability at both macroscopic and nano-
scopic levels. The authors applied the sessile droplet method
to measure the 6 at the macroscale and AFM for the nano-
scopic level. The silica nanoparticles are inherently hydro-
philic, but after modification by wet impregnation and grafting
with stearic acid, the particles displayed hydrophobic and even
superhydrophobic behavior, resulting in 6 values from 145 to
151°. A study presented by Wanli et al.''" reported on the use
of silica nanoparticles from rice husk (RH-SNP) to alter the
wettability of mineral surface material, creating a hydrophilic
surface with low 6 to improve enhanced oil recovery. Silica
nanoparticles serve as a mask on the muscovite mineral
surface, effectively modifying its wettability from an oil-wet to
a water-wet state. To understand the implications for wetting
behavior, the SCA measurement technique was implemented
both in the presence and absence of RH-SNP. The study
showed that RH-SNP can significantly stabilize the hydro-
philicity of the surface; moreover, the adsorption of RH-SNP
was also influenced by the brine solution they used.
Interestingly, the presence of Ca*" ions served as an electro-
static bridge that promoted nanoparticle adhesion, resulting
in enhanced stability of the hydrophilic wetting state. In
these studies, sessile droplet method was applied to find the
macroscale 6, and for further understanding of the surface
structure and physical interactions, AFM was implemented
complementarily.

AFM provides a high-resolution imaging capability of the
outer profile of a droplet near the TCL by scanning the cantile-
ver tip directly over the sample surface. However, the actual
solid-liquid interface underneath the droplet remains inac-
cessible to the probe. In this context, to visualize the solid-
liquid interface beneath the droplet, laser scanning confocal
microscopy (LSCM) can easily penetrate the transparent
droplet and scan the interface by measuring the differences in
optical reflection; thus, a 3-D image of the interface is
created.’"® Hongru et al.'*® measured the Wenzel roughness
factor (r) to characterize superhydrophobic surfaces, showing
that for texture-irregular surfaces with small roughness, LSCM
measurements agreed with those obtained by AFM. The
primary advantage of LSCM is its unique capability to charac-
terize texture-irregular surfaces with large roughness, an area
where AFM is inapplicable. However, the authors reported that
the main limitation of the LSCM method is its resolution,
which is dependent on the wavelength of the laser; therefore,
the technique is effective for surfaces with micro or larger-
sized textures but faces difficulties in characterizing nano-
scaled structures. Haimov et al.''* showed that LSCM allows
direct visualization of hidden interfaces by using a confocal
microscope with an immersion lens submerged directly within
the water drop, which allowed them to analyze the Cassie-
Baxter state shape. It was reported that the local mean curva-
ture of the interface is constant and approaches zero at every
point. The authors claimed that it was the first direct experi-
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mental proof of theoretical predictions based on the Young-

Laplace relation,
1 1
Ap=y|—+—
p=r(5+7)

where, y is the surface tension of the liquid-gas or liquid-
liquid interfaces, r; and r, are the radius of curvature of the
droplet. The term (1/ry + 1/r,) is often referred to as mean
surface curvature. While the mean curvature remained consist-
ently near-zero, the standard deviation of the mean curvature
increased with higher density and lower surface tension. This
phenomenon was attributed to the interplay between the
pressure difference at the interface and the surface tension.
Furthermore, the researchers explored this behavior by varying
the droplet density (using H,O-D,O mixtures) and surface
tension (using water-ethanol mixtures). This work established
a powerful method for in situ characterization and offered fun-
damental insights into the precise nature of the composite
interface that defines superhydrophobicity. The study by
Papadopoulos et al.'*® also provided time-resolved 3-D visual-
izations of superhydrophobicity by imaging the Cassie-to-
Wenzel transition using LSCM of evaporating water droplets
on polydimethylsiloxane (PDMS) micropillar arrays. The evap-
oration-induced transition of the water droplet changed the
thickness of the air gaps, as shown in Fig. 7(a); the variation of
the apparent contact angle with time is also shown in
Fig. 7(b). It was evident that the ACA tends to decrease over
time while transitioning from Cassey to Wenzel type wettabil-
ity. Nonetheless, the main limitation of this procedure lies in
the transparency of the substrate analyzed using LSCM.
Another method to measure 6 is the Environmental
Scanning Electron Microscopy (ESEM), which applies high
spatial resolution, allowing the implementation of smaller dro-
plets to minimize gravitational distortion. This feature enables
experimental study of phenomena like the line tension effect
that are inaccessible with conventional goniometry.''®'18
Jenkins and Donald noted that, by condensing microdroplets
directly on the surface, s can be evaluated with improved
accuracy, and the ability to image through the liquid phase
enhances contact point and edge detection for § analysis."*®
ESEM has been successfully applied to dynamic wetting
studies of superhydrophobic patterned surfaces,''” real-time
imaging of contact line structures, and investigations of line
tension effects."*° In fiber wetting studies, ESEM circumvents
the distortions in sessile static & measurements caused by
cylindrical geometries and avoids the uniformity requirements
of Wilhelmy plate techniques.'" One of the limitations of the
ESEM method is that the detector observes the sample at an
oblique angle rather than parallel to its surface, resulting in
geometric distortion of the droplet profile in the acquired
images. Consequently, the APCA measured from an ESEM
imaging is not the true angle. To account for the sample
tilting during the imaging process and correct the measured 0,
mathematical models have been proposed by Brugnara
et al.'*® Their study made it possible to directly measure 6 on

(16)
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Wenzel

(a) Confocal microscopy section image of a water droplet before Cassie to Wenzel transition and after the Cassie-to-Wenzel transition, and

(b) change of the ACA with time. Reproduced with permission from ref. 115. Copyright (2013) National Academy of Sciences.

micron range surface regions, showing a good agreement with
the existing data from literature. Based on these mathematical
models, Marbou et al.'* attempted an in situ characterization
of highly ordered pyrolytic graphite (HOPG) surface to success-
fully explain the graphite/graphene wettability alteration. Their
observations provided evidence that the graphitic surface is
intrinsically hydrophilic (with a measured contact angle as low
as 37°). It was concluded that the hydrophobic behavior of
graphite reported in the literature is caused by the presence of
airborne contaminants on the surface. However, from the
study of Brugnara et al.'®>* and Marbou et al,'* it was clear
that due to the heating effect of the electron beam on the
surface as well as on the droplet, complexity arises in wettabil-
ity measurement with ESEM. The heating effect causes drop
shape deformation through condensation, evaporation, and
coalescence. Therefore, it becomes necessary to control the
environment (e.g., temperature, pressure, and relative humid-
ity) of the ESEM chamber, to reduce these beam-induced
deformities. Moreover, it was also mentioned that for a
smaller droplet (thickness <1 pm), it was not possible to
measure the contact angle with enough accuracy due to
distortion.

To address this issue, Barkay'>* proposed an indirect
method for wettability analysis for smaller droplets (diameter
<1 pm) by implementing wet scanning transmission electron
microscopy (wet-STEM) in ESEM. By implementing this
method, the 2-D map of electron intensity was obtained, as
well as measurements of the intensity profile of the nanodro-
plet. To resolve the shape and 8s of various shaped droplets,
Monte Carlo simulations were applied. By fitting the experi-
mental intensity profile to the simulated results, the 3-D geo-
metry of the nanodroplet was determined, and s were calcu-
lated. Alternatively, it has been shown that it is possible to cal-
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culate € directly from experimental data through in situ con-
densation of water in the ESEM environment. For example,
Korber'”® presented an ESEM technique to determine micro-
scopic 0 on capillary building materials to understand their
hydrophobicity. For in situ condensation of water vapor, the
building material sample was first placed on a cooling table
inside the ESEM chamber. The temperature and pressure of
the ESEM chamber were controlled so that the vapor could
condense into droplets on the sample surface. Then, § was
determined by taking images of these droplets from the ESEM
and analyzing the contour of the droplet using Drop Shape
Analysis (DSA) algorithm. Moreover, Al-Naimi et al.'*® showed
almost similar techniques for finding the microscopic wett-
ability of carbonate rocks, under three conditions: natural,
aged in crude oil, and aged in a cationic surfactant, by ESEM
in situ condensation. Images of these condensed micro-dro-
plets were captured through ESEM, and equilibrium 6 were
measured using the Image] software. The authors also com-
pared the results from ESEM with the macroscale s found
from sessile drop goniometry. It was reported that the micro-
scale ESEM method captured the non-uniform wetting behav-
ior properly, which was caused by the chemical and physical
heterogeneity of the sample surface. Although ESEM provides
a proper and versatile visualization of the surface wettability
with high resolution image, its applicability is limited to
water-based wetting experiments only.

3.3 Effects of surface heterogeneity and surface chemistry on
wettability (other techniques: XPS, FTIR, Raman, NMR)

For a better understanding of surface chemistry, macro-
scopic surface characterization techniques such as X-ray
Photoelectron ~ Spectroscopy ~ (XPS),'*” Nuclear Magnetic
Resonance (NMR),"*® Fourier Transform Infrared Spectroscopy

This journal is © The Royal Society of Chemistry 2026
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(FTIR),"*® and Raman Spectroscopy (RS),'*° are some popular
methods often listed in the literature. AFM can provide better
surface physical attributes, while XPS, FTIR, NMR, or RS are
ideal for providing chemical state information correlated with
wetting behavior. XPS is significantly surface sensitive as the
X-rays can penetrate micrometers deep into the sample,
enabling the XPS method to provide information exclusively
from the material surface, which is crucial to study properties
such as wettability, adhesion, and for surface characteriz-
ations."®' XPS provides quantitative elemental analysis of a
surface, chemical state, and bond distinction, while other
methods, such as FTIR, can be used to identify the presence of
functional groups, e.g., carboxyl, hydroxyl, or alkyl chains, and
hydrogen bonding. For nanomaterial surface analysis, FTIR is
usually applied in attenuated total reflection (ATR) or diffuse
reflectance (DRIFTS) mode, giving the FTIR technique an
advantage XPS in studying liquid-nanoparticle
interfaces.”*

These methods are often implemented with other @
measurement techniques to correlate the surface chemical
compositions with wettability. Zhou et al'** analyzed the
implementation of XPS on the evaluation of the effects of coal
dust on the surface chemistry across different stages of geo-
logical formations. The SCA measurements were carried out
using a technique similar to the sessile method between coal
dust and water droplet, and the authors found that as coal
changes from lignite to anthracite, the surface becomes less
wettable. The s for the deashed coal samples used for the XPS
analysis ranged from 50.13° for the most wettable sample
(Beizao Lignite) to 71.47° for the least wettable sample
(Yangquan anthracite). This wettability alteration was associ-
ated with a decline in oxygen content and a corresponding
decrease in the abundance of hydrophilic polar functional
groups, including carboxyl and hydroxyl moieties. Similarly,
Xu et al.** also found a consistent trend of decrements in the
wettability as the metamorphic degree of coal increased. The
static @ was observed to rise from 47.05° to 72.88° as lignite
transformed into anthracite, and to elucidate the microscopic
origins of this enhanced hydrophobicity, XPS and NMR tech-
niques were employed. NMR characterized the carbon skeleton
to identify the carbon-containing groups, especially the
increase in aromatic carbon groups, which showed a strong
correlation with the 6. On the other hand, XPS was used to
analyze the surface chemistry and quantify the effects of
oxygen-containing functional groups on 6. Their result also
denoted hydroxyl groups as a significant contributor to wett-
ability by enhancing hydrophilicity. The authors concluded
that the poor wettability of high-ranked coal was caused by the
increased hydrophobic aromatic C structures and the loss of
strong hydrophilic groups, e.g., hydroxyls.

Woche et al.'® also used XPS to link wettability to the
surface elemental composition. The authors demonstrated
that the atomic surface O/C ratio could be a significant indi-
cator of soil wettability. In this investigation, soil samples col-
lected along the Damma Glacier chrono sequence exhibited a
progressive change in surface wettability from completely wet-

over
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table (0° contact angle) to subcritically wettable and ultimately
to hydrophobic (98° contact angle) across an age span of 0 to
120 years. From XPS analysis, it was revealed that the C and N
content of the soil sample progressively increased while the O
content and mineral-derived cations (Si, Al, Ca) decreased with
time. Consequently, the study established a strong negative
correlation between the surface O/C ratio, which was also cor-
roborated by measurements of samples obtained from
different sources."*®'*” The authors concluded that the
surface O/C ratio is a general parameter that could connect
wetting properties and surface composition, especially for
materials consisting of inorganic solid matter coated with
organic components. This relationship showed validity for € in
the range from 0° to around 120°, independent of surface
roughness, which is another crucial physical property that
affects both the adsorption capacity and wettability of
materials.

Jiang et al.'*® further investigated the dependability of coal
dust wettability on different functional groups by combining
experimental analysis and MD simulations. In this process,
bituminous coal was chemically modified to enhance the con-
centration of surface oxygen-containing functional groups
(OFGs) and to examine their influence on wettability. FTIR and
XPS analyses were used to identify and quantify the OFGs,
respectively, and the # measurements were subsequently corre-
lated with the variations in these groups. The initial 6 for the
raw bituminous coal was around 92.47°, which decreased to
80.2° when the coal was modified with OFGs, making it more
hydrophilic. On the other hand, the MD simulations were per-
formed by grafting eight different functional groups on a gra-
phene substrate to study the effect of each group on water
molecule adsorption. The results confirmed that strong polar
groups such as -COOH and -OH enhance hydrophilicity by
promoting the formation of hydrogen bonding with water
molecules. Thus, the water molecules spread out on the
surface, resulting in a lower 6. In contrast, non-polar groups
like the alkyl groups (-CHj, -C,Hs, and -C3;H;) are bound
through weaker vdWs interaction, increasing the hydrophobic
nature with longer C chains. Yang et al.'*® investigated the
surface wettability and hydrothermal stability of methyl-modi-
fied silica film, demonstrating that their hydrophobicity can
be altered by tuning the surface chemistry. The authors men-
tioned that the water 6 could be significantly increased by
increasing the concentration of the methyl groups on the silica
surface. By applying vibrational spectroscopy methods, e.g.,
FTIR and RS, direct evidence of this wettability modification
was obtained. The substitution of polar hydrophilic hydroxyl
groups with non-polar methyl groups was found to increase
the contact angle from 46° to 98°, leading to a decrease in the
overall surface energy of the silica films. Moreover, the modi-
fied silica films showed thermal stability up to a calcination
temperature of 350 °C while still maintaining their hydropho-
bicity. However, after 400 °C, the methyl groups started to
decompose, and the silica film turned hydrophilic again with
a 6 around 25°. The influence of aging on the modified film
was further evaluated, and the results showed that the methyl-
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silica film preserved its hydrophobic character after one week,
while the unmodified sample exhibited a reduction in 6 of
about 32.6%.

An approach to control the graphene surface wettability was
introduced by Vijayarangamuthu et al.**® by applying an elec-
trical bias across a single-layer graphene oxide (SLGO) to
observe the reversible electromigration of oxygen adatoms. By
using RS and 2-D Raman mapping, the migration of oxygen
atoms was visualized, while XPS was used to confirm the pres-
ence of oxygen and quantify the changes in the C-O and C-C
bonds, which served to validate the RS results. In the mean-
time, the SCA was measured. Their finding indicated that the
static € decreased from ~76° to ~67° in the oxygen-rich region,
making it more hydrophilic, whereas the oxygen-depleted
region became more hydrophobic with an increase in the
static 6 to around 83°. To minimize the effect of contami-
nation, the experiments were conducted under vacuum after a
nitrogen purge to avoid humid environments around the
sample surface.

3.4 Experimental studies on metals, graphitic carbon, and
oxides

Chow et al.™*' investigated the wettability of mono- and few-

layered MoS, and WS, through RS and focused on the ACA,
since a CAH of ~20° suggested considerable variability in the
static measurements. The wettability of the monolayer
materials was measured on layers supported by SiO,/Si wafers.
The bulk wetting behavior was approximated as the number of
layers of 2-D material increased; after three layers, no signifi-
cant differences were observed with respect to the bulk wetting
behavior. The authors developed two models, dispersive-only
and dipole-dipole-only interaction models, and these models
were built using Hamaker’s constants to find the energy inter-
action. Their findings indicated that experimental obser-
vations lie somewhere between dispersive-only and dipole-
dipole-only behavior. Furthermore, aging effects were observed
just as in the case of graphene; thus, MoS, and WS, are hydro-
philic (0 ~ 70°) and become hydrophobic after exposure to
ambient conditions.

Kozbial et al."** provided a comprehensive overview of the
wettability of graphitic carbon and graphene-coated surfaces,
documenting the evolution in understanding from the tra-
ditional view of graphite as hydrophobic to recent evidence
demonstrating the hydrophilic characteristics of carbon sur-
faces. Different measuring techniques have shown that hydro-
carbons constitute the main form of contamination on carbon
surfaces. Clean carbon surfaces exhibit approximately 20%
polar contribution to their surface tension, reflecting an
inherent affinity for water. This polar contribution is dimin-
ished when hydrocarbons are adsorbed on the surface.
Furthermore, a number of studies have reported that hydrogen
bonding plays a significant role in governing water-graphite
interactions."**™'*> Moreover, Hong et al.'*® investigated the
wettability of graphene-coated SiO,/Si substrate surfaces,
noting the effect of hydrocarbon contamination. Nonetheless,
unlike previous investigations, the authors suggested a modifi-
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cation of the Fermi level as the origin of the hydrophilicity of
graphene. For a hydrophobic condition, after applying a nega-
tive/positive voltage, the surfaces became hydrophilic and
maintained that condition after the voltage was removed.
Alternatively, for hydrophilic conditions, a € change was not
observed after applying a voltage. Furthermore, DFT simu-
lations showed that charged graphene layers (both electron-
doped, —1e, and hole-doped, +1e) generate a larger adsorption
energy than neutral surfaces. This increased the surface inter-
action between water and graphene, thus enhancing the hydro-
philicity of the charged graphene layer. The study concluded
that both chemical modification and the application of electri-
cal potential can increase the electron or hole density of states,
thereby rendering the surface more hydrophilic. Ashraf
et al.™ conducted a similar investigation, reaffirming the
reported findings. In this investigation, graphene was doped
with both electron donors and acceptors to alter its electronic
structure. This doping shifted the Fermi level, leading to
enhanced hydrophilicity of the graphene-coated surfaces. In
other words, the charge carrier density of graphene was modi-
fied by doping, resulting in a modification of the surface
wetting and turning the substrate to display more hydrophilic
behavior. In addition to doping, a metal-graphene heterojunc-
tion was also analyzed (graphene-gold), and the resulting 6
seemed to increase as the distance of the droplet from the
metal-graphene junction increased, thus indicating that the
presence of the metal changed the surface potential of gra-
phene. DFT simulations demonstrated that doped systems dis-
played changes in their absorption energy and force potential.
These values were subsequently used in classical MD simu-
lations of droplet wetting, predicting an increase in hydrophili-
city for doped surfaces relative to neutral graphene. This inves-
tigation highlighted that wetting transparency is governed
more by the doping level of graphene than by the properties of
the supporting substrate.

Terzyk et al'*® further studied the wettability of hydro-
phobic (graphene and gold) and hydrophilic (polytetrafluoro-
ethylene, PTFE) surfaces in the presence of airborne contami-
nants, to align the study with real-world environmental con-
ditions. The authors demonstrated that the pristine surfaces of
gold and graphene are both hydrophilic in nature; however,
their wettability depends on the adsorption of airborne hydro-
carbons (e.g., n-decane, n-tridecane, and n-tetracosane). It was
reported that static 0 increases non-linearly for both gold and
graphene with the increment in the hydrocarbon concen-
tration. For gold, the change was drastic, shifting from a com-
plete wetting state (0°) to a hydrophobic state (110°). On the
other hand, static @ of PTFE decreased to a more hydrophilic
state. The authors offered a two-state model based on classical
thermodynamics to explain this phenomenon, where the con-
taminants mask the original surface by forming a stable
monolayer under the droplet. The wettability of gold, specifi-
cally whether it is intrinsically hydrophilic or hydrophobic, has
long been debated in the literature. Smith'*® addressed this
controversy by examining the wettability of clean gold surfaces
using Auger Electron Spectroscopy (AES) under ultra-high
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vacuum conditions. Their results demonstrated that clean gold
is intrinsically hydrophilic, with an SCA close to 0°. After
exposure to atmospheric air, the angle increased significantly,
leading the authors to conclude that the apparent hydrophobic
behavior of gold originates primarily from carbonaceous con-
tamination rather than from the gold surface itself.

The impact of airborne hydrocarbons on both metals and
2-D materials highlights a critical bottleneck in macroscopic
experimental wetting studies. Because extreme conditions,
such as ultra-high vacuum, are required simply to observe the
true intrinsic wettability of a clean surface, isolating the solid-
liquid interactions from environmental artifacts remains
experimentally challenging. To bypass these environmental
vulnerabilities and investigate the uncontaminated solid-
liquid interface, atomistic computational methods could be a
solution. These simulation techniques, e.g.,, molecular
dynamics, provide the controlled environments necessary to
isolate and resolve the fundamental physics of wetting at the
nanoscale, which serves as the focus of the following section.

4. Molecular dynamics models of
wettability

4.1 Overview of simulation methods: droplet, film, and
indirect techniques

As discussed in section 3, the characterization of surface
wetting has been the focus of extensive studies, and multiple
approaches have been proposed to quantify solid-liquid
affinity. However, experimental methods remain constrained
by several intrinsic limitations that hinder their ability to fully
capture interfacial phenomena. Techniques such as sessile-
drop goniometry, tilted-plate measurements, and even
advanced imaging techniques like AFM, LSCM, and ESEM are
often affected by contact-line pinning, metastable states,
optical distortion, and surface contamination. Moreover, the
determination of true equilibrium contact angles becomes
increasingly challenging at micro- and nanoscale dimensions,
where intermolecular and capillary forces dominate and the
assumptions of continuum theory begin to fail.

To overcome these limitations, MD simulations have
emerged as a powerful complementary tool for studying wett-
ability at the atomic scale. By directly resolving molecular
interactions and dynamic processes at the solid-liquid inter-
face, MD simulations enable the quantitative evaluation of
parameters such as contact angle, work of adhesion, interfacial
density, and interfacial free energy with exceptional spatial
and temporal resolution. These capabilities make MD
methods indispensable for elucidating the microscopic origins
of wetting behavior and for providing insights that remain
inaccessible through experimental observation alone.
Nevertheless, defining quantities such as the contact angle or
the solid-liquid interfacial free energy at nanometric scales
remains a subject of ongoing discussion, since curvature, line
tension, and thermodynamic ensemble choice can yield non-
unique interpretations. These conceptual aspects are revisited
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in later sections, where the limitations and consistency of
different definitions are analyzed in detail. Depending on the
level of detail required and the target property of interest, MD
simulations of wettability are commonly performed using
three principal approaches: the droplet method, the film or
slab method, and indirect free-energy-based techniques. Each
of these methods provides complementary insights into the
thermodynamic and structural characteristics of the solid-
liquid interface, differing primarily in computational cost, the
ease of interpretation, and sensitivity to finite-size effects.

Droplet-based MD simulations represent one of the most
intuitive and widely employed approaches for characterizing
wettability at the nanoscale, as these simulations closely repli-
cate the classical sessile-drop experiments used in macro-
scopic measurements. In this technique, a nanometric droplet
is equilibrated on a solid substrate, and the liquid-vapor inter-
face is analyzed to determine the APCA from the equilibrium
meniscus profile. One of the earliest and most influential
implementations of this methodology was reported by
Nijmeijer et al.,">® who investigated the wetting and drying
transitions of a Lennard-Jones fluid on an atomically smooth,
inert wall. Their study demonstrated that contact angles
extracted from the time-averaged density contour of the
droplet were consistent with those obtained independently
from interfacial-tension calculations, thereby validating the
droplet-shape analysis as a robust measure of solid-liquid
affinity in molecular simulations. Moreover, their results
emphasized the need for long equilibration and sampling
times to suppress capillary fluctuations and achieve accurate
curvature determination. Beyond the equilibrium require-
ments of individual cases, reliable estimation of contact
angles and interfacial energies generally demands extensive
temporal averaging and ensemble sampling to suppress
thermal noise and capillary-wave effects. In practice, conver-
gence can require nanosecond-to-microsecond trajectories,
particularly for droplets with slow relaxation dynamics or
strong surface interactions. Building on this foundation, de
Ruijter et al'®' extended the droplet method to explore
dynamic wetting phenomena by simulating the spontaneous
spreading of Lennard-Jones droplets on solid substrates. Their
simulations successfully captured the transition between mole-
cular-kinetic and hydrodynamic regimes of contact-line
motion and reproduced experimentally observed spreading
behaviors, including Tanner’s law and the predictions of the
molecular-kinetic model. This work was among the first to
demonstrate the capability of MD simulations to bridge micro-
scopic and macroscopic descriptions of wetting, simul-
taneously resolving molecular displacement frequencies, inter-
facial frictional dissipation, and transient variations in the
dynamic contact angle.

Subsequent advances by Werder et al.>® further refined the
droplet-based approach by calibrating the water-carbon
Lennard-Jones cross-interaction parameters to reproduce
experimentally measured contact angles on graphite surfaces.
This calibration yielded one of the first systematic parametriza-
tions of heterogeneous solid-liquid interactions, establishing
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a benchmark that remains widely adopted in simulations
involving graphitic and carbon-nanotube interfaces. Fig. 8(a)
and (b) illustrate how Werder et al.®* connected force-field
parameter tuning to wettability on graphite. In their simu-
lations, they observed that increasing water-carbon attraction
linearly strengthens interfacial binding (Fig. 8(a)) and systema-
tically reduces the droplet contact angle (Fig. 8(b)). Following
this work, several studies extended droplet-based simulations
to more complex wetting scenarios, including dynamic spread-
ing, contact-line hysteresis, and metastable Cassie-Wenzel
transitions. These developments bridged molecular and conti-
nuum descriptions of wetting and provided new insights into
the role of interfacial friction and surface heterogeneity.'>> >
Most early MD studies adopted the spherical droplet geometry
owing to its direct analogy with experimental sessile-drop con-
figurations, while later variants introduced alternative geome-
tries to minimize curvature effects (discussed further in
section 4.2). Overall, the droplet method remains a corner-
stone of nanoscale wettability studies due to its conceptual
simplicity and close analogy with experimental observations.
Nevertheless, it is intrinsically affected by finite-size and curva-
ture effects, as well as by the presence of line tension, which
can introduce notable deviations from macroscopic behavior.
Consequently, accurate quantitative analysis often requires
either explicit size corrections or extrapolation toward the
macroscopic limit.

In contrast to the droplet configuration, the film or slab
method eliminates the need to analyze a curved liquid-vapor
meniscus by modeling a planar liquid film adsorbed on a
solid substrate under periodic boundary conditions. The key
quantities obtained are the W,4 and the solid-liquid interfacial
free energy (ysp), both extracted from potential-energy differ-
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ences between bound and separated configurations or via
equilibrium free-energy sampling. The total interaction energy
is commonly decomposed into enthalpic (AUs;) and entropic
(TASs;) terms, providing a rigorous thermodynamic basis for
wettability analysis.

The foundations for computing interfacial free energies via
thermodynamic integration were established by Broughton
and Gilmer,"”® who used cleaving potentials to reversibly sep-
arate crystal and melt phases. Later, Davidchack and Laird"®”
subsequently refined the method by employing planar cleaving
walls constructed from properly oriented crystal layers.
Although developed specifically for crystal-melt interfaces,
their framework provided a rigorous thermodynamic route to
interfacial free energies and established key principles that
inspired subsequent adaptations to general solid-liquid
systems relevant to wettability. Building on the cleaving-wall
concepts, Leroy et al'®® developed a thermodynamic-inte-
gration framework to compute interfacial excess free energies
for solid-liquid systems. Their goal was to compute a free-
energy difference between the real solid-liquid system and a
reference system where the liquid interacts with an unstruc-
tured repulsive wall. They implement this through a cleaving
procedure in which repulsive walls move from inside the solid
to a position where the liquid is separated from the solid, and
the reversible work is obtained by thermodynamic integration.
Subsequently, Leroy and Miiller-Plathe'*® referred this thermo-
dynamic integration approach as the “phantom-wall method”
and utilized it to investigate the influence of surface topogra-
phy on solid-liquid surface free energies. They explicitly
studied how nanoscale roughness changes the computed
solid-liquid surface free energy compared with smooth sur-
faces. They observed that roughness lowered the surface free
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energy AE on graphite. The numbers 14-21 denote different sets of interaction parameters considered by the authors. The dashed line is a linear fit
to the data points. (b) Contact angle 0 of water droplets on graphite as a function of the binding energy AE of a single water molecule obtained from
different Lennard-Jones parameters considered by Werder et al.*® The dashed line is a linear fit excluding the cases 22, 25, and 27. Reproduced with

permission from ref. 39. Copyright (2003) American Chemical Society.
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energy on surfaces with favorable liquid interactions while
raising it on surfaces with weak liquid interactions. This
finding is consistent with the macroscopic Wenzel framework.
Fig. 9(a) illustrates the solid-liquid surface free energy differ-
ence as a function of groove number density for two solid-
liquid interaction strengths (£ = 0.6 and X = 0.4), illustrating
that increasing roughness decreases ys;, on strongly interacting
surfaces while increasing it on weakly interacting surfaces.

As an alternative to the phantom-wall approach, Leroy and
Miiller-Plathe’®® introduced the dry-surface simulation
scheme, which calculates the work of adhesion as the revers-
ible work to turn off the attractive part of the solid-liquid
interaction potential. This method employs thermodynamic
integration to transform the actual solid-liquid interface into
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an effectively repulsive (“dry”) interface. Their results demon-
strated that W,q (represented by —Ay,p in their formulation)
varies nonlinearly with the solid-liquid Lennard-Jones energy
parameter &g, (see Fig. 9(b)), with values spanning from hydro-
phobic surfaces such as polymers and carbon materials (eg;, <
0.5 k] mol™) to metallic substrates like gold (W,q ~ 317 m]
m™?). Consequently, the “dry-surface” method provides a con-
tinuous thermodynamic description of wettability from low-
energy nonpolar surfaces to strongly interacting metals. Later,
using the dry-surface method, Leroy et al®® established a
relationship between the macroscopic W,q (Ws, in their study)
and the single-molecule adsorption energy, demonstrating
that W,q depends mainly on the effective binding energy Enin
at the interface and that this relationship holds for water on
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(a) Solid-liquid surface free energy difference as a function of the groove number density per unit area in rough surface systems (in reduced

units). Reproduced with permission from ref. 159. Copyright (2010) AIP Publishing. (b) Variations of —Ayag (equivalent to W,q) over the range of &5
values considered in the study of Leroy and Mller-Plathe'®® using the “dry-surface” method. The dashed lines are guides to the eye. Reproduced
with permission from ref. 160. Copyright (2015) American Chemical Society. (c) Schematic illustrating linear fits (dashed lines) to cos 6 versus 1/a. 6 is
the contact angle and a is the radius of the 3-phase contact line. Reproduced with permission from ref. 161; Copyright 2019 Elsevier. (d) The appar-
ent line tension, z,, versus the Young contact angle 6. The curve shows an asymmetric U-shaped trend and a sign change at intermediate wettability,
illustrating that the extracted 7, depends strongly on wetting state. The dashed line is the baseline prediction, while the red and blue curves show the
small changes obtained when a Tolman correction and an assumed intrinsic line tension are included. Reproduced with permission from ref. 162.
Copyright 2023 American Physical Society.
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graphene, graphite, and hexagonal boron nitride surfaces.
More recently, Surblys et al'®® extended the dry-surface
method to systems with long-range electrostatic interactions
by incorporating damped Coulomb potentials. They acknowl-
edged that when long-range Coulombic interactions are
present at the interface, special treatment is required that is
not typically implemented in generic molecular dynamics soft-
ware. By replacing long-range Coulombic interactions with
damped interactions, Surblys et al.'®® demonstrated that the
Waa can be accurately computed for polar interfaces such as
water on silica and metal oxide surfaces, thereby broadening
the applicability of thermodynamic integration methods to
technologically relevant systems. Together, these develop-
ments from the cleaving-wall framework to the phantom-wall
and dry-surface methods, established a robust computational
framework for quantifying interfacial energetics on both flat
and textured surfaces.

While both the droplet and film approaches aim to quantify
solid-liquid affinity, they differ fundamentally in scope and
practical implementation. The droplet method reproduces the
geometry of macroscopic experiments and provides a direct
and visually intuitive measure of the APCA while capturing
transient wetting dynamics and spreading behavior. However,
its quantitative accuracy is often limited by curvature and line-
tension effects that become pronounced at the nanoscale. In
contrast, the film or slab configuration eliminates these geo-
metric artifacts by employing a planar interface under periodic
boundary conditions, which allows the evaluation of absolute
interfacial free energies that can be decomposed into enthalpic
and entropic contributions. The trade-off lies in interpretabil-
ity since droplet simulations connect naturally with experi-
mental observables, whereas film-based calculations offer a
more rigorous thermodynamic route to W,q and ys;, but lose
direct information on dynamics. These two techniques are
therefore best regarded as complementary because droplet
models elucidate kinetic and morphological aspects of
wetting, while planar films provide benchmark thermo-
dynamic data for comparison with theoretical and continuum
descriptions. Most of these studies considered chemically
homogeneous and atomically smooth substrates to isolate fun-
damental wetting mechanisms, yet real surfaces often exhibit
chemical heterogeneity, nanoscale roughness, and defects that
profoundly affect both static and dynamic 6. These effects and
their treatment in molecular simulations are discussed in
section 4.4.

The range of MD methodologies available for studying wett-
ability provides a comprehensive framework for connecting
microscopic interfacial phenomena with macroscopic observa-
bles. Droplet configurations capture the morphological and
dynamic aspects of spreading, film geometries provide direct
access to interfacial energetics, and free-energy-based
approaches yield thermodynamic quantities that can be rigor-
ously compared across materials and conditions. Despite their
methodological differences, all these techniques ultimately
rely on the accuracy and transferability of the underlying force
fields used to describe solid-liquid interactions. Thus, the pre-
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dictive capability of MD simulations depends critically on how
well the employed interaction potentials reproduce dispersion,
polarization, and cross-species effects at the interface. Taken
together, these methodologies now form a mature simulation
framework that enables both qualitative and quantitative
investigation of wetting phenomena across a wide range of
materials. Yet, their predictive power continues to evolve as
advances in force-field design and interfacial thermodynamics
improve the consistency between atomistic and continuum
descriptions of wetting. Section 4.3 examines these aspects in
detail, emphasizing the parameterization strategies, mixing
rules, and cross-interaction models that govern the quantitat-
ive reliability of wettability predictions.

4.2 Size effects, line tension, and curvature corrections

The quantitative interpretation of wetting behavior in mole-
cular simulations is strongly influenced by finite-size effects
and interfacial curvature, which alter the apparent thermo-
dynamic quantities extracted from nanoscale droplets and
films. One of the primary consequences of nanoscale model-
ing is the size dependence of the ACA. Because MD droplets
typically range from 2 to 10 nm in radius, their pronounced
curvature produces a significant Laplace pressure that mod-
ifies the internal structuring of the fluid and shifts the balance
of interfacial tensions. Classical Young’s law does not include
this curvature dependence, and as a result, simulated contact
angles tend to deviate systematically from macroscopic
measurements. Numerous studies have shown that the ACA
varies approximately linearly with the inverse droplet radius,
allowing extrapolation toward the macroscopic limit through
relations of the form cos 6 versus 1/r, where r is the contact-line
radius, see Fig. 9(c). This linear scaling behavior has been
demonstrated consistently for both spherical and cylindrical
droplets.'®"'%41%¢ These observations highlight the impor-
tance of size scaling and extensive ensemble averaging when
interpreting contact angles from MD simulations, as the
apparent wettability can otherwise be strongly biased by nano-
metric curvature effects.

Beyond the curvature-induced deviations captured through
inverse-radius scaling, several additional factors complicate
the interpretation of size-dependent contact angles in MD
simulations. At very small radii, typically below 2-3 nm, the
assumption of a smooth macroscopic interface breaks down
due to molecular granularity, leading to nonlinear deviations
from the expected cos(d) — 1/r behavior and limiting the
reliability of extrapolation procedures.'®”'®® Moreover, the
degree of size dependence varies substantially across different
force fields and substrate-liquid interaction strengths, reflect-
ing differences in liquid structuring, density oscillations, and
layering at the solid-liquid interface."””®'”" The choice of
droplet geometry also plays a significant role since cylindrical
droplets often exhibit weaker size dependence than spherical
droplets, given that cylindrical configurations eliminate curva-
ture in one dimension, whereas spherical droplets suffer more
pronounced Laplace-pressure variations and require larger
simulation domains to converge.'”>'”? Periodic boundary con-
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ditions further modulate these effects by constraining capillary
fluctuations of the liquid-vapor interface and introducing
long-range interactions between droplet images. Taken
together, these considerations highlight that finite-size effects
in nanoscale droplets arise from a combination of geometric
curvature, molecular structuring, and boundary artifacts, and
that careful control of these variables is essential for extracting
physically meaningful wettability descriptors from molecular
simulations.

A second source of deviation from classical wetting behav-
ior arises from line tension, the excess free energy associated
with the three-phase contact line. While negligible for droplets
larger than tens of micrometers, line tension can exert a mea-
surable influence on nanoscopic droplets, effectively modify-
ing the balance of interfacial forces and shifting the equili-
brium 6. MD simulations suggest that line tension may be
either positive or negative depending on the intrinsic structure
of the interface and the degree of liquid layering near the
substrate.'®*'7*17> A positive line tension tends to increase the
0 of small droplets, making the surface appear less wetting,
whereas negative line tension has the opposite effect. In practi-
cal terms, line-tension contributions are incorporated into
modified forms of Young’s equation, where the ACA becomes
explicitly dependent on droplet size. Extracting line tension
from MD simulations often involves fitting the size-dependent
6 to these extended models or computing the free-energy
change associated with incremental variations of the contact-
line length. The sensitivity of these estimates to noise,
sampling time, and droplet geometry highlights the need for
rigorous statistical averaging.

In practice, the quantitative determination of line tension
from MD simulations remains highly controversial. Reported
values span several orders of magnitude, typically from 10™*?
to 107° N, depending on the model system and analysis proto-
col, which raises questions about whether 7 can be regarded as
a well-defined material parameter.®®*”®'’” A major source of
uncertainty stems from the ambiguity in defining the droplet
size and contact radius in nanoscale systems, where thermal
fluctuations, density oscillations, and deviations from a
perfect spherical-cap shape blur the location of the three-
phase contact line."”>'”® Different fitting strategies, such as
using 0 versus 1/r, cos 8 versus 1/r, or free-energy-based con-
structions, can produce significantly different estimates of =
for the same underlying trajectory, highlighting the sensitivity
of line-tension extraction to the chosen geometric or thermo-
dynamic definition.%®161:1647166:173 Moreover, line tension is
strongly influenced by microscopic details including liquid
layering at the substrate, the range and shape of wall-fluid
interaction potentials, and the amplitude of capillary waves
along the interface.'®*'7'8% This sensitivity is illustrated in
Fig. 9(d) (adapted from ref. 162), where the apparent line
tension extracted from nanoscale droplet fits varies non-mono-
tonically with wettability and even changes sign with increas-
ing contact angle. These sensitivities imply that 7 is not a uni-
versal constant of a given solid-liquid pair but rather an
effective parameter that depends on droplet size, thermo-
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dynamic state, surface chemistry, and the specific operational
definition employed in the analysis.

Overall, the influence of finite-size effects and line tension
on nanoscale droplets highlights that ACAs derived from MD
simulations are effective, scale-dependent quantities shaped
by curvature, molecular layering, capillary fluctuations, and
definition-dependent geometric choices. These factors compli-
cate direct comparison with macroscopic measurements and
require explicit treatment through careful size scaling, consist-
ent operational definitions, and rigorous statistical sampling.
Rather than small perturbations, these contributions can sub-
stantially alter the apparent wettability at nanometric dimen-
sions, underscoring the need for methodological consistency
and clear thermodynamic interpretation when extracting inter-
facial properties from simulation data. These considerations
also interact strongly with other sources of deviation from con-
tinuum wetting descriptions, including system anisotropy,
substrate heterogeneity, and the coupling between interfacial
structure and dynamic relaxation, which are addressed in the
following subsections.

4.3 Force fields and cross-species interaction potentials

The accuracy of the simulation methods described in section
4.1 largely depends on the accuracy of the underlying intera-
tomic potentials representing the solid-liquid interface.
Accurate prediction of wettability for a particular interface is
very sensitive to the selection of the water model, the intra-
molecular potential for the solid phase, and the cross-species
solid-liquid interaction potential.**®' Studies demonstrated
that the same interface can be predicted as hydrophobic, partial
wetting, or even hydrophilic based on the selection of these
interaction potentials, making appropriate force-field selection
crucially important for MD simulations on wettability.>**%*8*

4.3.1 Simple Lennard-Jones models. Early wettability MD
studies used simplified systems where both the liquid and
solid atoms were considered as identical and interacting only
through the 1J potential.'®® Although these hypothetical
monoatomic LJ fluids do not represent any real substance,
they remove many properties associated with real molecules,
such as complex geometry, electric charges, and hydrogen
bonding. Several early studies confirmed that Young’s
equation, which relates the 6 to interfacial free energies, does
hold for nanoscale droplets of LJ fluids on LJ solid
walls.**'827184 gurblys et al.'® summarized these findings and
demonstrated that systematically varying the solid-liquid L]
well depth results in a change in the contact angle in a predict-
able manner following Young’s equation. It has been observed
that increasing solid-liquid attraction causes the 0 to decrease.
By observing this linear relationship between the LJ energy
parameter and wetting behavior, researchers concluded that
the fundamental physics of wetting can be predicted by these
simple models even for microscopic droplets. These studies
also established a foundation for more complex studies invol-
ving realistic molecular liquids.

Building on these foundations, researchers tried to obtain a
direct connection between the microscopic interaction para-
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meter and the macroscopic thermodynamic quantity. Using
the phantom-wall thermodynamic integration method, Leroy
and Miiller-Plathe'*® demonstrated that for L] liquids on LJ
solids, W,q varies linearly with the solid-liquid LJ energy para-
meter over a wide range of values. More recently, researchers
have moved from simple LJ fluids to studying real water on
solid surfaces. However, they face additional complexity since
water molecules have unique properties that simple L] atoms
cannot capture, e.g., water has a specific bent geometry, carries
partial electric charges, forms hydrogen bonds with neighbors,
and exhibits bulk properties like surface tension and density.
For addressing these criteria, researchers developed sophisti-
cated water models, such as SPC/E (Extended Simple Point
Charge)'®® and TIP4P (Transferable Intermolecular Potential
with 4 interaction sites),"®® describing intermolecular water
interactions. These models are designed to include partial
charges and specific bond geometries, and to reproduce
experimental properties of liquid water. Nonetheless, while
using these sophisticated water models, researchers typically
describe the water and non-polar surfaces (such as graphite or
carbon nanotubes) interaction using a simple L] potential
between specific atom pairs (e.g., C-O pairs). This method
maintains the water model’s accuracy for water-water inter-
actions while leveraging the tunable L] potential for the solid-
water interaction for predicting wetting behavior,**'8>183

4.3.2 Classical and DFT-informed water models and non-
polar surfaces. One of the most extensively studied cases of
wettability using MD simulations is water on graphitic and
related nonpolar carbon surfaces. Researchers typically use
explicit water models such as SPC/E and describe the water-
carbon interaction with a LJ potential between water oxygen
atoms and solid carbon atoms.***° The landmark study by
Werder et al®® established the foundation for calibrating
water—carbon interaction parameters. In their investigation,
the authors placed water droplets on graphite surfaces, imple-
menting the SPC/E water model while the graphite surface was
modeled as discrete carbon atoms. The solid-liquid inter-
actions were modeled through a simple C-O LJ potential with
a fixed distance parameter 6co = 3.19 A and varying energy
well depth eco. For each eco value, they computed both the
equilibrium @ and the binding energy of a single water mole-
cule adsorbed on the graphite surface. The authors observed
that a stronger water-surface attraction (increased well depth)
leads to a more negative binding energy and a smaller 6. This
linear relationship provided a practical calibration strategy,
given that if the experimental 8 of water on a surface is known,
we can determine the appropriate e¢o value for the simulation
to reproduce this experimental result. Werder et al.® suggested
several quantitative benchmarks that later became reference
points for the field. In addition, the authors reported a critical
binding energy value (approximately —12.82 kJ mol™") below
which water completely wets the graphite surface. Lastly, the
optimum ego value (0.392 k] mol™) was calibrated to repro-
duce the experimental @ of approximately 86°,'®” and predicted
a binding energy of about —6.33 kJ mol~" for water droplets
having 2000 molecules.
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Later, Jaffe et al.*® corroborated this procedure to calibrate
water-carbon L] parameters from 6 data rather than relying on
adsorption energies from quantum calculations. The authors
comprehensively surveyed water-carbon interaction potentials
from the literature and found dramatic inconsistencies in wett-
ability prediction. It was found that different studies calibrated
their parameters based on different experimental values, and
some parameter sets predicted complete wetting of graphite,
while others predicted contact angles ranging from about 40°
to over 100°. Further observations indicated that some
researchers included C-H LJ interactions along with the C-O
terms, while others did not, and this choice affects the pre-
dicted 6. The effect of the long-range cutoff distance was also
investigated, and it was found that this interaction cutoff mod-
ifies the effective interaction strength and the 6. An important
takeaway from these studies is that for water-graphite systems,
researchers should calibrate the solid-liquid interaction poten-
tial properly against experimental measurements, rather than
relying on standard Lorentz-Berthelot mixing rules that are
used to estimate L] parameters between unlike atoms by
taking arithmetic and geometric means of the pure-com-
ponents.*® In conclusion, Werder’s and Jaffe’s results demon-
strate that even after using the same SPC/E water model and
identical non-polar carbon surface, predicted wettability can
range from complete wetting to a 6 over 100° (just as observed
in experimental setups) depending on the chosen water-
carbon LJ parameters and surface representation.

Recently, researchers have developed DFT-informed classi-
cal potentials with a view to combining the accuracy of QM cal-
culations and the computational efficiency of classical MD
simulations. In one notable study, researchers utilized a gra-
phene-water potential developed by using an adaptive force
matching (AFM) method.'®® They fit the graphene-water inter-
action parameters to reproduce forces obtained from DFT cal-
culations (at PAW-PBE-D3 level) while keeping the water model
(BLYPSP-4F) and the graphene potential (PPBE-G) unchanged.
The ultimate potential function provided a computationally in-
expensive approximation of the DFT calculation that includes
many-body polarization effects. The study further revealed that
when they expressed the graphene-water interaction in a
Buckingham form (different than 12-6 LJ), they obtained a
lower root-mean-square error between fitted and DFT forces
compared to a standard LJ cross interaction.

Using this DFT-trained potential, they obtained a macro-
scopic water—graphene contact angle of about 86°, which
showed very good agreement with an experimental value of 85°
+ 5° on suspended graphene.'®® This DFT-informed approach
shows a promising path for developing water-surface poten-
tials that can retain QM accuracy while remaining computa-
tionally inexpensive.

4.3.3 Force fields for wettability on 2-D materials, oxides,
and metals. For more complex solids than graphite, research-
ers still rely on the same basic force field ingredients. Many
studies use Lennard-Jones and Coulomb interactions, and the
difference arises from the choice of force field ingredients and
their combination. Some studies treat MoS, sheet as non-reac-
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tive and keep the water model standard, then tune the MoS,
parameters. One such study modeled water using SPC/E, while
the atoms in MoS, carried partial charges and interacted with
water through a standard 12-6 L] and Coulomb parameters.
The water-solid L] cross terms were generated using a geo-
metric-mean mixing rule.'®! The partial charges on Mo and S
atoms were derived using the DFT-based charge derivation
approach (DDAP). Then the L] parameters for Mo and S were
fitted using lattice dynamics to reproduce the bulk MoS,
lattice and elastic properties. Hence, the charges were derived
from the electronic structure, while the L] parameters were
tuned to match the mechanical structure. The authors vali-
dated this force field by comparing the force field-predicted
interlayer interaction energy between two MoS, nanosheets to
values obtained from dispersion-corrected DFT. An additional
key finding of this study was obtained by comparing simu-
lations performed with and without partial charges. This com-
parison showed that MoS,-liquid interactions are overwhel-
mingly governed by dispersion forces, with electrostatic contri-
butions accounting for less than 1% of the total interaction
energy.

On the other hand, for oxides and glass surfaces, electro-
statics and hydrogen bonding are significantly more impor-
tant. Consequently, force fields for these surfaces typically
assign fixed charges to the solid atoms and combine that with
a water model. Thus, wettability predictions largely depend on
charge values, surface chemistry, and long-range electrostatics.
In one glass wettability study, the substrate was modeled as
amorphous SiO,, and the surface region was allowed to move
while interacting with water. The COMPASS force field was
used for both the glass and the water."”® The authors com-
pared untreated glass with surfaces modified by plasma treat-
ment and observed that surface functionalization changed
wettability significantly. Hydroxylated surfaces were found to
have a stronger interaction with the water droplet and showed
significant improvements in wetting. A study performed by
Surblys et al."®* shows a more mechanistic point. The authors
studied water on a crystalline silica surface (a-cristobalite
(101)) without silanol groups. The water molecules were mod-
elled through the flexible SPC/Fw model, and silica parameters
were obtained from Emami et al.,'®" while the cross-interaction
parameters were obtained from Lorentz-Berthelot mixing
rules."® The authors found that increasing either L] or
Coulombic strength results in an increased value of W,q. In
addition, it was noted that the system having both L] and
Coulombic interactions can provide a lower W,4 than an LJ-
only system having the same total solid-liquid interfacial
energy, which was attributed to the entropic contribution.
Electrostatic interactions created a broader range of local inter-
facial energies, which could increase entropy contributions
that reduced the W,q. These examples demonstrate that for
oxides and glass surfaces, along with the water models,
researchers should specify what charge model is used, what
functional groups are present, and how electrostatic inter-
actions are computed, as all of these affect the predicted
contact angle and Wyq.
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For metal-water interfaces, many classical MD studies used
three parts: a many-body potential for the metal, a rigid water
model, and an empirical metal-oxygen interaction. For a gold-
water interface, Paniagua-Guerra and Ramos-Alvarado*' used
an embedded atom method (EAM)'? potential for Au-Au
interactions and SPC/E for water, while the Au-water inter-
actions were defined through several parameter sets from the
literature. The authors tested nine different Au-water inter-
action parameter sets from the literature, including different
functional forms, such as LJ 12-6, L] 9-6, Buckingham, Morse,
and Morse + Born-Mayer-Huggins.”" Each of these parameter
sets was originally derived by fitting to different target pro-
perties, including experimental 6, experimental adsorption
energy, experimental surface tension, and DFT-derived
binding energies. All these force fields predicted almost com-
plete wetting on gold, so that a macroscopic 6 could not be
resolved within the simulation; thus, the authors used inter-
facial interaction energy as a practical metric instead of 6.*'
Even though the 0 was essentially zero for all Au-water force
field options, the computed thermal boundary conductance
varied significantly. In fact, it varied by a factor of four to five,
ranging from 98 to 472 MW (m” K)~". This variation highlights
that even if different metal-water potentials predict similar
wetting behavior, they can produce substantially different
interfacial transport properties. The authors also argued that
the changes in thermal boundary conductance could not be
fully explained by the interaction energy alone. The authors
found that the density depletion length provided better charac-
terization of thermal boundary conductance and observed an
exponential relationship between the thermal boundary con-
ductance and the depletion length. Overall, metal-water wett-
ability simulations are highly sensitive to the exact parameteri-
zation of the metal-water potential. Hence, while discussing
the wettability of metals, researchers should clarify the metal
potential, the water model, and the full metal-water inter-
action model used.

4.3.4 Force-field sensitivity and non-uniqueness of wett-
ability. Examples in earlier subsections indicate that MD wett-
ability calculations do not solely depend on the chosen system
setup (droplets vs. films, dry-surface vs. phantom-wall), but
also depend strongly on the chosen interatomic potentials.'?®
For graphite-water and carbon nanotube-water systems, the
MD studies by Werder et al.*® and the follow-up work by Jaffe
et al.*® demonstrated that changing the water-carbon L] para-
meters can strongly shift the wetting behavior, e.g., some para-
meter sets predicted the surface to be strongly hydrophobic,
while others predicted full wetting. Their findings explained
this sensitivity in terms of how strongly the chosen potential
binds a single water molecule to graphene or graphite. Werder
et al. suggested a critical binding energy of water-graphite
(about 12.8 k] mol™" for their setup) below which the model
predicts complete wetting. Jaffe et al. found that high-level QM
predicts a much stronger water-graphene binding energy
(around 24 k] mol™), and so, a potential calibrated to match
that binding energy will predict complete wetting, although
some experiments report a finite @ of around 84-86°.%%87:194
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MoS,-wettability is another example of force-field parameter
sensitivity; Leroy'®! showed that the direct combination of
existing force-field parameters can lead to opposite wetting
characteristics, from complete wetting to hydrophobic behav-
ior. In addition, it was shown that if the surface tension of the
chosen water model is not considered, then droplet-based
force field fitting for MoS, can be misleading. That is, if the
water model has a surface tension different from the experi-
mental value, and such a model is used to parametrize the
force field to reproduce a target 8 or adhesion behavior, then
the fitting procedure can push the substrate-water L] para-
meters to unrealistic values.'®* Similarly, Govind Rajan et al.'®'
found that dispersion interactions dominate the interfacial be-
havior on the MoS, basal plane and electrostatic interactions
play a negligible role.

For metal-water systems, particularly Au-water interfaces,
the choice of interatomic potential significantly affects wett-
ability prediction. Classical MD studies using various L] and
Morse-type force fields predict strong hydrophilicity with com-
plete wetting for Au surfaces. These force fields were parame-
terized from Lorentz-Berthelot mixing rules, experimental 6,
experimental adsorption energies, or DFT-derived binding
curves.”’ However, although all of them show complete
wetting, these models can give very different interaction ener-
gies and density depletion lengths near the surface, indicating
that microscopic structure and energetics can differ signifi-
cantly even when the droplet shape looks similar. In stark con-
trast, ab initio MD simulation has predicted Au(111) to be
weakly hydrophobic, with a # around 95°,%* which is funda-
mentally different from other classical MD results for Au. This
gap suggests that common classical pairwise metal-water
potentials may be missing important physics. The missing
information could be related to electronic response at the
interface and entropy-related effects that are present in
ab initio simulations but are absent in simple empirical pair
potentials.

Surblys et a pointed out an important non-uniqueness
for silica-water interfaces. The authors reported that two inter-
faces can have almost the same average solid-liquid inter-
action energy but still depict different values of Woq. If the
interface is modeled primarily using LJ interactions, a higher
work of adhesion W,q4 is obtained for a given average inter-
action energy. However, when solid-liquid Coulomb inter-
actions are included while maintaining the same average total
solid-liquid energy, W,q4 can decrease by approximately 25 mN
m~". All these examples explain a common problem in the
wettability literature, namely, the same interface has been
reported to have different values of 6, depletion lengths, slip
lengths, and W,4.°”®"'*®* Many times, this discrepancy is not
due to a methodological error by a particular research group,
but rather to the use of different force fields calibrated against
different target properties. Because wettability is not uniquely
determined by a single fitting parameter, several studies rec-
ommend that future interfacial force fields be validated
against a broader set of observables, rather than relying on a
single @ alone.*"0%°1:82182193 pyamples of such validation
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targets include adsorption energies, interfacial density pro-
files, hydrogen-bond statistics, interfacial free energies, and,
when possible, transport-related quantities such as slip length
or thermal boundary conductance.'®®

4.3.5 Systematic force-field verification, optimization, and
emerging potentials. The force-field sensitivity documented in
sections 4.3.1-4.3.4 highlights the need for systematic verifica-
tion and optimization strategies. Rather than calibrating inter-
facial force fields against a single target property, a multi-prop-
erty validation protocol should be adopted that simultaneously
benchmarks against contact angles or work of adhesion,
single-molecule adsorption energies from high-level quantum
mechanical calculations, interfacial density profiles, hydrogen-
bond statistics in the first hydration layer, and at least one
transport quantity such as thermal boundary conductance or
slip length.*"°%°! Heinz et al.'®” proposed such a philosophy
for the INTERFACE force field, emphasizing simultaneous
reproduction of surface energies, lattice parameters, and den-
sities with considerable accuracy. Beyond validation, the para-
meterization process itself benefits from multi-objective
optimization frameworks that identify Pareto-optimal para-
meter sets balancing multiple target properties simul-
taneously. Jaramillo-Botero et al.'®® developed GARFfield, a
genetic algorithm-based multi-objective optimizer for reactive
force fields, while Verstraelen et al.'®® introduced a balanced
loss function for ReaxFF parameterization that replaces
manual weight assignment with category-specific tolerances
for water adsorption on alumina. Bayesian optimization
approaches further complement these methods by providing
uncertainty estimates on fitted parameters and guiding
efficient exploration of high-dimensional parameter spaces.>*
Applying such frameworks to wettability-specific parameteriza-
tion, where contact angles, adhesion energies, and interfacial
structure are optimized simultaneously, remains a largely
unexplored but promising direction.

Emerging potential energy descriptions offer additional
pathways to mitigate force-field limitations. Machine learning
interatomic potentials (MLIPs) learn the potential energy
surface directly from ab initio reference data through flexible
representations such as neural networks or equivariant
message-passing architectures, capturing many-body effects
and polarization without imposing fixed functional forms.>’*
Recent applications to solid-liquid interfaces demonstrate that
MLIPs can reproduce AIMD-quality interfacial structures at a
fraction of the computational cost. For instance, high-dimen-
sional neural network potentials and DeePMD have been
applied to oxide-water interfaces, including magnetite, mica,
and calcium-silicate-hydrate systems, enabling nanosecond-
scale simulations with near-DFT accuracy.>’>?%* However, chal-
lenges remain in treating long-range electrostatic and dis-
persion interactions critical for wettability, and universal
MLIPs trained predominantly on bulk data require further
benchmarking at interfaces.>***°> Reactive force fields such as
ReaxFF?°® complement these approaches by enabling bond
formation and breaking through a bond-order formalism,
which is essential for surfaces where dissociative water adsorp-
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tion, proton transfer, or hydroxylation govern the wetting
state.””” ReaxFF has been applied to water interactions with
calcium oxide,>*® alumina,'®® and silicate glasses,**® capturing
reactive wetting events inaccessible to non-reactive potentials.
While neither MLIPs nor reactive force fields have yet been sys-
tematically deployed for contact angle calculations in the manner
of classical non-reactive potentials, their ability to capture elec-
tronic-level accuracy and interfacial reactivity positions them as
key tools for next-generation wettability simulations.

4.4 Interfacial structure: density profiles and hydrogen
bonding

A detailed understanding of wettability at the nanoscale
requires examining how liquid molecules reorganize in
response to the chemical and physical nature of a solid
surface. Surface composition, polarity, functional groups, and
atomic topology strongly modulate the local arrangement of
interfacial molecules, yet macroscopic descriptors such as the
contact angle cannot reveal these underlying structural mecha-
nisms. Thus, MD simulations uniquely resolve these micro-
scopic features, liquid layering transitions, orientational order-
ing, and hydrogen-bond restructuring that are inaccessible
through conventional experimental techniques. These inter-
facial signatures directly influence the solid-liquid interfacial
free energy, the W,q, and the hydrophobic or hydrophilic char-
acter of a surface. The associated structural modifications alter
the energetic cost of displacing interfacial molecules and
therefore serve as the microscopic origin of macroscopic
wetting behavior, linking molecular organization to adhesion
and contact-angle trends. Because the microscopic structure of
interfacial liquids responds sensitively to chemical termin-
ation, surface polarity, defect sites, and the choice of inter-
action potential, characterizing these structural arrangements
provides a mechanistic foundation for understanding and pre-
dicting wetting behavior across diverse material systems.

The density profile, perpendicular to the solid surface is
one of the most fundamental structural descriptors for charac-
terizing a solid-liquid interface in MD simulations, as it
directly quantifies how the local number density of water reor-
ganizes in response to the chemical and topographical features
of the substrate. Studies of graphitic materials consistently
report pronounced oscillatory layering within the first few
molecular layers, arising from excluded-volume effects and the
corrugation of the underlying carbon lattice.®® This behavior
has been demonstrated in detailed interfacial analyses of
graphite-water systems, where the first-layer adsorption peak
and the subsequent decay length correlate with the interfacial
free energy and wettability.®>®>*'® Comparable trends are
observed for transition-metal dichalcogenides such as MoS,,
where density layering and decay constants track variations in
hydrophobicity and are strongly coupled to interfacial thermal
resistance.>'’ In contrast, polar and partially ionic ceramics
such as 3C-SiC or Al,O; exhibit stronger layering amplitudes,
shorter structural relaxation lengths, and more prominent
first-layer adsorption, reflecting their higher surface polarity
and stronger water-solid interactions.?”'* Fig. 10(a) illustrates
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interfacial density profiles for 3C-SiC surfaces, where Si-termi-
nated planes exhibit significantly higher first-layer adsorption
peaks (~3.5 g cm™>) and deeper penetration of liquid structur-
ing into the bulk compared to C-terminated surfaces.’” These
system-specific observations collectively support the broader
trend that enhanced layering and rapid structural decay corre-
late with higher solid-liquid adhesion and reduced contact
angle. Taken together, graphitic, MoS,, SiC, and alumina
systems illustrate a continuum in which increasing surface
polarity and electronic heterogeneity strengthen first-layer
adsorption, amplify structural ordering, and reduce the equili-
brium contact angle. Thus, density profiles serve as a primary
microscopic observable that connects interfacial molecular
organization with emergent wetting behavior.

Beyond the oscillatory density layering observed at most
solid-liquid interfaces, the specific structural response of
water depends strongly on the chemical identity, charge distri-
bution, and lattice geometry of the substrate. On covalent sub-
strates such as 3C-SiC, the interfacial water structure is
strongly influenced by the atomic arrangement and termin-
ation of the surface. Simulations show that water molecules
tend to adopt positional patterns that mirror the underlying
distribution of Si and C atoms, forming density maxima above
specific surface sites determined by the lattice geometry.*'?
The degree of water adsorption depends on the surface termin-
ation: more hydrophilic terminations promote stronger align-
ment of water molecules with the substrate, producing higher-
density regions within the first hydration layer, whereas hydro-
phobic terminations yield weaker layering and reduced occu-
pation of interfacial sites. These high-density interfacial
regions exhibit vibrational characteristics reminiscent of solid-
like, ice-like structures, reflecting constrained molecular
motion and reduced diffusivity relative to the bulk. Such struc-
tural signatures highlight the strong coupling between local
surface chemistry and the molecular organization of interfacial
water on SiC. Alumina-water interfaces represent another case
where the solid’s electronic structure imposes pronounced
ordering on the adjacent liquid. Partial ionic character and
strong electrostatic interactions anchor water molecules within
the first few hydration layers, leading to tightly bound inter-
facial water, restricted reorientation, and well-defined hydro-
gen-bond networks.®” These features produce large layering
amplitudes and significantly lower mobility compared to non-
polar surfaces. Weakly interacting substrates such as graphite
present an opposite limit: interfacial layering arises primarily
from excluded-volume effects and the corrugated sp” lattice,
with reduced hydrogen-bond coordination and preferred in-
plane dipole orientations that correspond to low adhesion and
high interfacial slip.°”® Comparisons among SiC, alumina,
and graphite highlight how interfacial density, hydrogen
bonding, and orientational ordering are dictated by the local
electronic structure and surface chemistry of the solid.

Hydrogen bonding and molecular orientation provide a
complementary perspective on interfacial structure, since vari-
ations in hydrogen-bond topology are expected to have a
further effect on wettability than density alone. At hydrophobic
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Fig. 10 (a) Interfacial water density profiles perpendicular to 3C-SiC surfaces with different crystallographic planes and atomic terminations. Si-ter-
minated surfaces exhibit higher first-layer adsorption peaks and more extended liquid layering compared to C-terminated surfaces, reflecting stron-
ger solid—liquid interactions and enhanced hydrophilicity. Reproduced with permission from ref. 87. Copyright 2018 American Chemical Society. (b)
Molecular dynamics snapshots of interfacial water at an amorphous alumina—water interface. Atoms are colored by instantaneous heat transfer rate
(red: low, white: medium, blue: high). Tracked water molecules in deep potential wells (orange) remain spatially confined with restricted mobility,
while those in weaker interaction regions (green) retain greater translational and rotational freedom. Adapted with permission from ref. 87.
Copyright 2021 American Chemical Society. (c) Temperature dependence of the work of adhesion W,4 for water near a Lennard-Jones 9-3 wall at
varying substrate strengths. Curves from bottom to top correspond to surface strengths of e = 0.831, 1.66, 2.49, 3.33, 4.16, 4.99, and 5.82 kJ mol™.
Adapted with permission from ref. 213. Copyright 2013 American Chemical Society. (d) Number of hydrogen-bond donors (HBDs) per water mole-
cule in the adlayer region as a function of surface hydrophilicity, quantified by the work of adhesion (W,q). Data span hydrophobic carbon surfaces
(fluorographene, graphene, graphite) to hydrophilic metal surfaces (Ag, Au, Pt, Pd) with (100) and (111) facets. The horizontal dashed line indicates
the bulk water value of 1.70. The strong linear correlation (R? = 0.92) demonstrates that hydrogen-bond network connectivity serves as a molecular-
level descriptor of macroscopic wettability. Reproduced from ref. 63, under the terms of the Creative Commons Attribution 4.0 License (CC BY 4.0).
Changes: none.

surfaces such as graphite, the hydrogen-bond network remains
close to bulk-like in the second and third layers, but water
molecules in direct contact with the solid tend to orient one
OH group toward the vapor phase, generating a population of
undercoordinated “dangling” OH bonds and reduced hydro-
gen-bond saturation at the interface.>'>'* On weakly interact-
ing surfaces, density layering and orientational ordering often
play a more decisive role in determining interfacial structure
than hydrogen-bond rearrangements, which remain relatively
bulk-like and only modestly perturbed by the substrate. This
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broken coordination pattern is consistent with the weaker
solid-liquid adhesion and enhanced slippage reported for gra-
phitic substrates, where interfacial water exhibits preferential
in-plane dipole orientation and diminished hydrogen-bond
connectivity within the first layer.°>*>*'* On hydrophilic and
partially ionic surfaces, hydrogen bonding reorganizes much
more strongly. At alumina-water interfaces, for example,
partial charges on surface Al and O atoms stabilize a dense
network of surface-anchored hydrogen bonds, producing
tightly bound hydration layers with restricted rotational
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freedom, enhanced tetrahedral order, and solid-like
vibrational signatures within the first two to three molecular
layers.’” This stabilization is captured in Fig. 10(b), depicting
the interfacial atomic trajectories for an amorphous alumina
surface. In this snapshot, the color-coded spheres reveal the
instantaneous interatomic heat transfer rates, while tracked
water molecules (highlighted in orange) are shown trapped in
large attractive potential wells caused by the outermost solid
atoms. These molecules maintain fixed positions and orien-
tations throughout the observation period, which illustrates
the strong mobility constraints and the absorption mechanism
that facilitates vibrational energy transmission parallel to the
substrate. Si-terminated 3C-SiC surfaces exhibit a different but
equally pronounced structural response. Simulations show
higher density peaks in the first hydration layer and strongly
confined interfacial regions with ice-like characteristics, indi-
cating that water molecules adopt highly ordered configur-
ations that closely follow the underlying lattice.?'*>!216
Although explicit hydrogen-bond statistics were not reported
in this study, the combination of large first-layer densities and
solid-like vibrational behavior suggests the presence of a
strongly coordinated hydrogen-bond network within these
interfacial regions. Across these systems, quantitative metrics
such as hydrogen-bond coordination numbers, donor-accep-
tor lifetimes, angular distributions, and tetrahedral order para-
meters consistently correlate with calculated adhesion ener-
gies, interfacial thermal conductance, and macroscopic
contact angles, underscoring the central role of hydrogen-
bond networks and orientation in determining wetting
behavior.%>>14217

The structural signatures discussed above, density oscil-
lations, orientational ordering, and the degree of hydrogen-
bond stabilization or disruption, have direct consequences for
macroscopic wettability and interfacial energetics. Systems
that promote tightly bound, strongly coordinated hydration
layers, such as alumina-water interfaces, exhibit large
adhesion energies and low interfacial thermal resistance, con-
sistent with enhanced solid-liquid affinity.®” In contrast, sur-
faces that generate weak or diffuse first-layer structuring, as
reported for graphitic substrates, typically display lower yg,
values, reduced vibrational coupling, and higher thermal
boundary resistance.®®® The SiC studies demonstrate an inter-
mediate behavior: the formation of dense, ice-like hydration
layers on Si-terminated surfaces correlates with stronger
adhesion and reduced interfacial resistance compared to
C-terminated surfaces, where weaker structuring accompanies
reduced wettability.>'*> Across these materials, MD evidence
consistently shows that the characteristics of the first one or
two hydration layers are strongly predictive of both macro-
scopic contact angles and thermal transport properties, under-
scoring the central role of interfacial liquid structure in govern-
ing the strength and functionality of solid-liquid interactions.
Collectively, these findings emphasize that wettability does not
arise from a single microscopic descriptor but instead emerges
from the coupled interplay among density structuring, mole-
cular orientation, hydrogen-bond coordination, and interfacial
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dynamics, all of which define the energetic landscape at the
solid-liquid boundary.

4.5 Entropy, diffusion, and dynamic properties

MD simulations show that the wetting behavior of a solid surface
is closely related to entropy, diffusion, and other dynamic pro-
perties. As discussed earlier, Surblys et al.'®* showed that two
interfaces can have almost the same average solid-liquid inter-
action energy but still have different W,q due to entropic contri-
butions. The authors showed that adding electrostatic inter-
actions may broaden the distribution of interfacial energies that
can increase the solid-liquid entropy and change the W,q even
when the average interfacial energy is similar. This suggests that
6 and wetting cannot be explained by interaction energy alone.

Temperature dependence is another simple way to probe
the effects of entropy. Kumar and Errington®'® studied water
near nonpolar flat surfaces using an interface-potential
approach and found that the W,q changes almost linearly with
temperature. Fig. 10(c) illustrates the variation of W,q with
temperature T for a range of surface-liquid interaction
strengths (egr). The slope of each curve directly yields the
entropy of adhesion, while the intercept provides the enthalpic
contribution, with stronger substrates exhibiting steeper
slopes indicative of greater entropic penalties upon wetting.
This entropic penalty is not negligible. By evaluating the temp-
erature dependence of contact angles across a range of solid-
liquid-vapor systems, Weber and Stanjek®'® discussed that the
excess entropy of adhesion falls within a consistent, narrow
range (0.1 to 0.2 mJ m~> K™). Notably, their quantification
showed that at room temperature (25 °C), entropic contri-
butions make up 30% to 50% of the total work of
adhesion.”'®?**  This contribution invalidates classical
approaches that treat surface tension components as purely
mechanical or energetic constants, proving the temperature
dependence of wettability. Furthermore, MD simulations by
Orselly et al.>*' demonstrated that if ygy is estimated using
only the cohesive energy difference (neglecting entropy), the
model predicts that surface tension increases with tempera-
ture. However, when the entropic contribution, which was esti-
mated to be ~171 mJ m™ at 450 K, was properly integrated
into the free energy calculations, the surface tension showed a
physically accurate decrease with temperature.

In short, if wetting behavior changes with temperature,
then entropy plays a significant role, since entropy is related to
the temperature-dependent part of free energy. Govind Rajan
et al."® reported a similar observation for MoS,, indicating
that the surface tension of SPC/E water decreases noticeably
over the temperature range of 280-350 K, while the changes in
water 6 on MoS, were very small (less than 3°). The authors
attributed this result to the compensating effects of entropy on
wettability. An analysis of the temperature dependence allowed
them to separate enthalpic and entropic contributions, reveal-
ing a significant entropic component that counterbalances
temperature-induced changes in interaction energies and
maintains an approximately constant contact angle across the
studied temperature range.
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Wetting is also connected to diffusion and molecular mobi-
lity near the surface; thus, using a first-principles-based multi-
scale method (DFT-CES), Gim et al.®® studied water on clean
metal surfaces. The authors evaluated wettability using the
Waq, and found that clean Ag, Au, Pd, and Pt surfaces are
strongly wetting, producing 0° contact angles. The wetting
strength was then related to the microscopic structure and
dynamics of interfacial water. Water molecules adjacent to the
metal surface were found to organize into well-defined adsorp-
tion layers. An analysis of hydrogen bonding within the first
water layer revealed systematic shifts in the donor structure as
surface hydrophilicity increased, as quantified by the work of
adhesion. Notably, the number of hydrogen-bond donors
(HBD) per water molecule in the adlayer increases linearly with
Waa (Fig. 10(d)), rising from values below bulk water at hydro-
phobic surfaces such as fluorographene and graphene to
values approaching the ice-like limit of 2 at strongly hydro-
philic metal surfaces.®® These findings indicate that the hydro-
gen-bond pattern of the adlayer can serve as a molecular-level
indicator of hydrophilicity. Furthermore, mean-squared displa-
cement analyses showed that interfacial water exhibits reduced
mobility compared to bulk water. Both translational and
rotational diffusion coefficients decrease with increasing work
of adhesion, demonstrating that stronger wetting is associated
with increasingly hindered interfacial dynamics.

5. First principles and ab initio studies
5.1 DFT-based modeling of solid-liquid interfaces

Predicting surface wettability depends on the ability to
describe intermolecular interactions at the electronic scale,
where charge redistribution, polarization, and chemical
bonding govern the affinity between a liquid and a solid.
These effects lie beyond the reach of classical force fields and
empirical surface-energy models. Ab initio simulations, par-
ticularly those based on Density Functional Theory (DFT),
provide a rigorous quantum-mechanical framework to probe
these interactions with chemical accuracy. First-principles ana-
lyses capture the formation and breaking of interfacial bonds,
electron-density rearrangements, and subtle polarization
effects that emerge when a fluid molecule approaches or
adsorbs on a solid surface. Such capabilities make DFT key for
elucidating the mechanisms governing hydrophilicity, hydro-
phobicity, and surface-specific reactivity. This section reviews
recent progress in DFT-based wettability studies, emphasizing
how descriptors such as adsorption energies, charge-density
differences, interfacial dipoles, and work-function modifi-
cations relate to macroscopic 6. These insights not only bridge
electronic-structure effects with continuum theories of wetting
but also guide the rational design of functional surfaces for
catalysis, coatings, energy conversion, and liquid-solid inter-
facial engineering.

5.1.1 DFT-based models: exchange-correlation functionals
and dispersion corrections. DFT provides a theoretical frame-
work for studying interfacial physics and offers a predictive
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approach for describing the electronic structure®**?** and
surface free energy (y)*** of the solid-liquid interfaces.
However, the accuracy of DFT-based descriptions is dependent
on the parameters such as exchange-correlation (XC) func-
tional, representation of the solvent (explicit and implicit), and
the boundary conditions (slab models and electrified inter-
faces). For the structural accuracy of surface wetting, the
choice of the XC functional is critical. The simplest XC energy
description for solids can be provided by the local density
approximation (LDA) functionals; however, LDA overapproxi-
mates the energy by 1 eV per bond.**® To overcome this issue,
Generalized Gradient Approximation (GGA) functionals were
introduced. In previous studies, GGA functionals, such as the
Perdew-Burke-Ernzerhof ~ (PBE),>*®  Becke-Lee-Yang-Parr
(BLYP)**”?*® and revised-PBE (RPBE),”*’ have been used to
model solid (e.g., transition metals, Pd, or Pt) and liquid
(water) interfaces.”*******! Standard PBE functionals have
failed in modelling the liquid water properly, as these func-
tionals tend to overpredict binding and structuring, yielding a
more ice-like liquid with low diffusivity. In contrast, RPBE
tends to have an opposite effect, given the underestimation of
binding and structuring (less ordered water), leading to higher
diffusivity and a lower density compared to experimental
observations.”***** The reason behind this discrepancy could
be attributed to the fact that standard GGA functionals fail to
describe the proper balance between H-bond and vdW forces
in water systems.>*"?**?3* 1astly, to address the GGA short-
comings in predicting the non-covalent interactions of water
and other molecular systems, modern interface models incor-
porate semi-empirical dispersion corrections by adding an
auxiliary energy term to the DFT functionals’ energy, as shown
in eqn (17).

Etot = Eprr + Edisp (17)
where E, is the total energy, Eppr is the energy calculated
with a given functional, and Egq, is the dispersion
interaction.>?*

To account for the missing vdW interactions, eqn (17) is
implemented in the widely used DFT-D family of approaches
(e.g., DFT-D1, D2, D3). Developed by Grimme et al.>*® DFT-D
methods evaluate Egisp as a sum of atom-pairwise potential
terms using the positions of the atoms and their atomic
numbers. Thus, DFT-D methods are often termed as geometry-
based methods, providing advantages such as simplicity, com-
putational speed, and robustness.>*” Another approach for
deriving the dispersion coefficients is from the electron
density, known as the TS method proposed by Tkatchenko,**®
which allows for the dispersion correction to respond to local
polarization and charge transfer events. The TS method
employs Hirshfeld partitioning to derive effective atomic
volumes from the electron density and divide it by the stan-
dard volume of the free atom to find the scaling factor.
However, these semi-empirical approaches have some limit-
ations in describing the atomic interactions. For example, the
standard TS method neglects the electrodynamic screening by
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the surrounding dielectric medium, eventually leading to over-
estimation of energies for condensed or ionic systems.>°
Furthermore, both standard TS and DFT-D methods rely on a
pairwise-additive approximation, in which interactions are
summed over atom pairs while the influence of the surround-
ing atomic environment is neglected. For resolving the electro-
dynamic screening and energy overestimation problem, the
many-body dispersion effects should be taken into consider-
ation.>*® The Many-Body Dispersion (MBD) method addresses
these deficiencies with pairwise methods by modeling the
system as a set of coupled quantum harmonic oscillators.
Thus, MBD can capture infinite-order many-body effects, as
well as electrodynamic screening, and calculate the binding
energies accurately for periodic systems, such as crystals and
layered materials. Table 3 provides a summary of the dis-
persion techniques discussed in this section.

Thus, dispersion corrections significantly improve the pre-
dicted density and structure of water when combined with
RPBE functionals; however, the same improvement is not
observed for PBE. Because PBE already overestimates the
strength of directional hydrogen bonding, it tends to overbind
aqueous structures. Since vdW dispersion forces are purely
attractive, adding a dispersion correction further exacerbates
this overbinding problem.”*! A significant advancement in
this regard is the Strongly Constrained and Appropriately
Normed (SCAN) meta-GGA functional.>*> With the implemen-
tation of SCAN, it is possible to predict the structural, elec-
tronic, and dynamic properties of liquid water as well as the
density difference between water and ice with high accuracy.
For example, SCAN predicts the room temperature density for
liquid water (1.050 g cm™?), which is much closer to the experi-
mental value (0.997 g cm™>) compared to PBE-GGA results
(~0.850 g cm™).>** However, for water specifically, SCAN
suffers from density-driven errors like self-interaction delocali-
zation, leading to an overcalculation of the 2-body interaction
energies in water clusters.”** Moreover, the inclusion of stan-
dard dispersion corrections, such as SCAN-D3(0) or SCAN-D3
(B]), often degrades the accuracy for water systems by introdu-
cing additional attractive interactions into systems that are
already overbound.**> Furthermore, SCAN often overestimates
the magnetic properties of certain transition metals and the
lattice constants of alkali metals.>*®>*° Advanced strategies
like Density Corrected-SCAN (DC-SCAN) and SCANO may miti-
gate the self-interaction error of the SCAN functional. However,
running first-principles simulations for thousands of steps
with these meta-GGA functionals becomes significantly

expensive.**?

Table 3 Comparison between the GGA dispersion correction methods
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While the meta-GGA SCAN functional offers superior accu-
racy for the prediction of the liquid water properties, its appli-
cation is limited by the higher computational cost compared
to standard GGA functionals. In this context, RPBE functional,
when implemented with dispersion corrections like RPBE-D3,
serves as an efficient alternative. By reducing the PBE problem
of overestimation of water structuring, RPBE-D3 achieves the
necessary chemical accuracy for predicting the wetting behav-
ior and density profiles, while maintaining the computational
efficiency needed to run longer timescales. After choosing the
right functional, the next step is the selection of an appropri-
ate solvation model to make the solid-liquid interface simu-
lation feasible and computationally efficient. The following
section discusses the available solvation techniques applied to
wettability research, ranging from explicit atomistic models to
implicit continuum methods for modeling wettable surface
chemistry.

5.1.2 DFT-based models: explicit vs. implicit solvation.
DFT can provide a good perspective of electronic structures;
however, when the system becomes dynamic, such as the
interactions of solid and liquid at the interface, DFT alone
cannot provide complete dynamic information. To accu-
rately model solvation in complex aqueous solutions or at
solid-liquid interfaces, the trade-off between precision and
algorithmic efficiency must be balanced. There are two
primary methodologies for this purpose, the explicit (ato-
mistic) solvation models and the implicit (continuum) sol-
vation models. Explicit models such as ab initio molecular
dynamics (AIMD) or DFT-MD simulations solve the elec-
tronic and nuclear equations of motion, treating the entire
solute and solvent system from a quantum mechanical per-
spective to capture the complex liquid environment and
interactions.>®® The explicit solvation methodologies are
preferred when the solvent actively participates in chemical
processes. For interpreting experimental data like NMR, UV-
vis, and IR spectra, studying localized phenomena such as
reaction free energy profiles>®" H-bond dynamics, proton
transfer processes, and the electronic charge distributions
are crucial, and explicit models are helpful in these
studies.>***°> AIMD is one of the preferred applied methods
in understanding the underlying physics at the solid-liquid
interfaces®*"?>*>>> given that AIMD can provide a funda-
mental understanding of water/metal interfaces, e.g., strong
polarization effects occurring at these interfaces.”*®
However, such methods are computationally expensive and
commonly used for benchmarking computationally less
expensive empirical approaches.>*”

Feature DFT-D (D2/D3) TS

MBD

Physics

Interaction order
Best application
Computational cost

Geometry (coordination number)
Pairwise + 3-body

Rapid screening, organic chemistry
Negligible

Pairwise

Low

This journal is © The Royal Society of Chemistry 2026

Electron density (Hirshfeld volumes)

Molecules, non-metallic solids

Electron density + coupled oscillators
Infinite-order many-body

Metals, interfaces, layered materials, crystals
Medium
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Early AIMD studies (Car-Parrinello MD or CPMD>**®) were
mostly limited to modeling a single adsorbed water layer on
metal surfaces. Such a limitation arose due to the high compu-
tational cost required for solving the electronic structure at
every time step in multilayer water films.>***¢° In addition,
and for computational efficiency, these simulations only con-
sidered areas where water and metal chemisorption or struc-
tured hydrogen bonding occur. CPMD considers the electronic
orbitals as dynamical DOFs using a pseudo-Newtonian
dynamics,*®" helping to avoid solving the full electronic
problem at every step and making the calculation faster.
However, this method requires controlling the pseudo-
Newtonian dynamics (fictitious mass) to keep the electrons
close to the ground state.>> Another method for AIMD calcu-
lation is the Born-Oppenheimer MD (BOMD),***?** where the
electronic structure is solved to convergence (ground state) for
every single time step, ensuring that the nuclei always move on
to the true Born-Oppenheimer potential energy surface by
fully relaxing the Kohn-Sham orbitals. BOMD can be applied
to both metallic and insulating systems without requiring any
algorithmic modifications, which is a key advantage of this
approach.>*® Furthermore, recent adaptation of BOMD-AIMD
to advanced DFT software, e.g., Quantum Espresso, CP2K, has
increased its popularity’®®*°® and made it possible for robust
applications across a variety of systems ranging from clean
close-packed metal surfaces (Pt(111), Au(111), Ag(111), Pd
(111), and Ru(0001)) at lower temperature of ~100 K (ref. 267
and 268) as well as deformed surfaces like Au(511).”*°

Simulations reveal that step edges can effectively pin water
networks, and similar behavior is observed at room tempera-
ture, where these pinned networks maintain stable interfacial
structures.”’® In addition, for surfaces doped with species
such as hydrogen (H), hydroxide (OH), and carbon monoxide
(CO), AIMD simulations can be used to elucidate their effects
on interfacial water structure by analyzing properties such as
the vibrational spectrum, obtained from the Fourier transform
of the velocity autocorrelation function (VAF). For example,
interfacial water species can be distinguished from VAF
vibrational spectrum specific peaks (e.g., O-H stretch). VAF
provides the specific orientation and bonding of water species,
which induce a net dipole moment, modifying the work func-
tion at solid-liquid interfaces.>”* Furthermore, the modifi-
cation of the work function by the water layer provides an esti-
mation of the Potential of Zero Charge (PZC) at which no
excess charge exists on metal surfaces,> relative to the
Standard Hydrogen Electrode (SHE). The PZC is a reference
point for understanding the thermodynamics at solid-liquid
interfaces, providing information on the structural orientation
of the interfacial water molecules.>”® In addition to describing
the structural properties of the water/metal interface, AIMD
also captures the electronic polarization effects, such as the
significant charge transfer from water layers to Pt(111), creat-
ing an interface dipole.>”* To calculate these important surface
properties, explicit methods treat every solvent molecule separ-
ately by full relaxation of electronic and ionic DOFs, incurring
high computational costs even after applying simplifications
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such as treating atomic nuclei as classical particles, neglecting
quantum effects. There are AIMD methods available that con-
sider quantum nuclear effects, e.g., path-integral (PI-AIMD),>”*
but these are computational heavy, making AIMD only suitable
for smaller system sizes and shorter time scales.’’>*’® The
computational constraints of AIMD make it insufficient for
modeling slow processes like ion diffusion at the Electrical
Double Layer (EDL), processes that demand nanosecond-scale
sampling to achieve statistical accuracy.”””

An alternative strategy is the implicit solvation method,
where the solute is modelled quantum-mechanically while the
solvent is treated as a continuous medium, as if the solute is
immersed in the solvent. Implicit methods were first applied
by Fattebert and Gygi*’® to periodic DFT and also added to the
Joint Density Functional Theory (JDFT)*’® with further exten-
sion to account for dispersion effects.”®® Thus, instead of
tracking detailed atomic movements, this method implicitly
averages over the solvent DOFs, promoting a significant
reduction in computational cost.*®" For example, implicit
models can model the entire EDL by allowing the capacitive
charging of the EDL beyond the confines of the finite super-
cell, which can stretch up to 100 A, a size impossible for expli-
cit models to handle.*”” Implicit models, eg, Grand
Canonical DFT (GC-DFT), enable simulations of the electro-
chemical conditions properly by introducing necessary
counter charges to maintain the electrode potential fixed and
calculate the PZC.”®* GC-DFT is highly efficient for bulk
systems with inert solvents; however, to maintain compu-
tational efficiency, GC-DFT relies on fitted parameters and
inherently neglects directional bonding and steric interactions,
which are critical for describing polar solvents like water.”®
Therefore, implicit methods need to be paired with explicit
models for capturing complex chemical reactions to maintain
a balance between computational efficiency and atomistic
accuracy.

5.1.3 COSMO-RS approach for interfacial tension and wett-
ability. To overcome the computational limitation and achieve
the necessary balance between continuum efficiency and ato-
mistic accuracy discussed above, advanced frameworks such as
the Conductor-like Screening Model for Real Solvents
(COSMO-RS) are a powerful extension of implicit solvation.

COSMO-RS computes the polarization charge density (c-
profile) of molecules using DFT and applies statistical thermo-
dynamics to quantify intermolecular interactions.*®*
COSMO-RS bypasses explicit sampling of large configurational
ensembles, to make it faster as well as preserving quantum-
chemical accuracy. For fluid interfaces, the COSMO-RS frame-
work uses molecular surface contacts and c-moments to
model macroscopic tension. Early implementations coupled
these c-moments with artificial neural networks to estimate
the temperature-dependent surface tension of various organic
compounds,®®® which expanded the capability of COSMO-RS
to evaluate complex multi-component mixtures, such as cos-
metic oils,>®® and refined through direct empirical corrections
to calculate both gas-liquid and liquid-liquid
tensions.*®”

surface
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Beyond liquid systems, the thermodynamic outputs gener-
ated by COSMO-RS can be related to Young’s equation to
predict solid surface wettability (6). Notably, combining DFT
with COSMO-RS allows for the calculation of the solvation con-
tribution to solid-liquid interfacial tension.*®*® The method
predicts the wetting behavior of a solid surface in contact with
competing liquids by treating surface features like deprotona-
tion explicitly, showing agreement with experimental water-in-
oil contact angles on silica wafers, SAMs, and functionalized
polymeric networks.”®® Furthermore, the methodology can be
implemented with complex fluids, e.g., ionic liquids, on polar
and non-polar substrates by correlating experimental fs with
cation-anion pair interaction energies for predicting the
wettability.>®°

Integrating DFT-derived electronic structures with statistical
thermodynamics via COSMO-RS creates a balanced compu-
tational method while operating on a timescale that facilitates
the screening of solvents, ionic liquids, and solid surface
modifications.

5.2 Role of electronic structure, adsorption, charge transfer,
and polarization

The reactivity and stability of solid-liquid interfaces are gov-
erned by the electronic structure of the solid, the dipolar pro-
perties of the solvent, and the charge distribution across the
interface boundary. First-principle-based methods are well-
suited for the description of the underlying physics in these
systems.>*! For example, the adsorption mechanism of water
on clean transition metal surfaces can be described by the
hybridization of water orbitals with the metal d-bands, where
water molecules typically bind to the flat surface with their
oxygen atoms.?*°*> This electronic interaction can be
observed in the local density of states (LDOS) analysis derived
from periodic DFT calculations.>®® In addition, at oxide inter-
faces such as TiO,, the electronic structure faces localization of
states, and to accurately model these oxides, corrections to
standard DFT, such as Hubbard U*** or hybrid functionals
(Hartree-Fock) are needed to correctly describe band gaps and
charge trapping.

As discussed in section 4.4, interfacial water adopts specific
structural orientations depending on the substrate chemistry.
The consequence of this orientation is the modification of the
metal work function (¢), which is driven by interfacial polariz-
ation.>*® While classical electrostatic arguments might suggest
that alternating structural orientations (such as the specific
H-up or H-down configurations visualized in MD simulations)
should produce opposing dipolar effects, ab initio calculations
show that both orientational states ultimately lower ¢ due to
the charge transfer between the water layer and the metal
surface.”’* The magnitude of this charge transfer depends on
the degree of electronic hybridization, which is lowest on
weakly interacting surfaces like Au(111) but highest on strongly
interacting transition metals like Ru.>*> However, when the
interfaces are electrified, the orientation of interfacial water
shows a dynamic change to the surface charge. For instance, at
negative potentials on Au(111), water molecules tend to reori-
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ent to the H-down position, maximizing the electrostatic
attraction.?”® To model the electrified interfaces, excess charge
is often introduced to the electrode. This approach requires a
corresponding countercharge in the electrolyte to maintain
overall charge neutrality within the simulation cell.

6. Challenges and knowledge gaps in
wettability research

6.1. Conceptual limitations of wettability as a single number

Across the literature, the concept of wettability is traditionally
expressed by one reported value, which is a static 6. However, a
critical analysis of the information presented in the earlier sec-
tions indicates that a single parameter/metric is not enough to
describe the full wetting behavior in real-world systems.>*®
This is because a single macroscopic angle is unable to
account for surface roughness, chemical heterogeneity, and
the complex molecular structuring that dictates interfacial
interactions. As discussed in section 2, classical wetting
models assume ideal, smooth, and chemically uniform sur-
faces with sharp phase boundaries. However, real surfaces are
far from ideal, which leads to contact-line pinning and CAH.
Hence, real surfaces exhibit a spectrum of metastable states
ranging between the ACA and RCA. A single static angle, there-
fore, captures only one of these many metastable states, which
is determined by the deposition history of the droplet and not
by the intrinsic material properties. In addition, under con-
finement, the interfacial region can occupy most of the avail-
able liquid domain, which makes a single static angle an
ambiguous descriptor of the wetting state.

Another important limitation of a single 6 is the “wettability
transparency”, as detailed in section 4.3.3 through MD simu-
lations. The section highlighted simulations of gold-water
interfaces using different force field parameters that predicted
identical wetting behavior (complete wetting) but predicted
thermal boundary conductance values differed by a factor of
five, demonstrating that the macroscopic 6§ does not uniquely
define the microscopic physics of the interface. Finally, SCA is
insensitive to the molecular-level structuring at the interface,
which is a key determinant of interfacial properties at the
nanoscale. As described in sections 2.3 and 4.4, solid-liquid
interfaces experience density depletion zones, oscillatory layer-
ing, and hydrogen-bond network disruptions that can extend
up to several nanometers into the liquid. Thus, surfaces with
the same 6 can exhibit different interfacial density profiles that
alter fluid transport and adhesion.

6.2. Classical Young-Wenzel-Cassie pictures and their
breakdown

Many studies continue to interpret data using Young, Wenzel,
and Cassie-Baxter equations even though these models are
based on idealized assumptions that are often not true for
real-world surfaces.””” Real surfaces experience roughness,
chemical heterogeneity, and deformability, violating Young’s
assumption of a perfectly smooth, chemically homogeneous,
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rigid, and inert surface. Hence, real surfaces typically do not
exhibit the single thermodynamic equilibrium angle predicted
by Young; rather they show a range of metastable 0 values rep-
resented as hysteresis.

The limitations become more pronounced for the Wenzel
and CB models for rough and textured surfaces. These models
introduced global parameters (roughness factor r or solid frac-
tion f), which are averaged uniformly across the interface, but
this review has gathered evidence showing that the global aver-
aging often leads to wrong physical behavior. Kung et al.>*°
highlighted that this global averaging often fails to match
measured apparent 6 on rough surfaces, as it ignores local
variations. In particular, local contact line pinning at geo-
metric edges or defects are ignored, and these features can
dominate the actual wetting behavior. For instance, experi-
mental studies by Forsberg et al.>® on pillar-structured surfaces
have shown that contact line pinning can cause the APCA to
remain high (~140°-~160°), contradicting Wenzel’s prediction
that roughness should enhance the intrinsic hydrophilicity of
the material. Furthermore, the review by Erbil**® highlighted
that the Wenzel and CB equations can mathematically fit
many experimental datasets; however, the same textured
surface can support multiple metastable Cassie, Wenzel, or
mixed states depending on the deposition history of the
droplet. Another critical discrepancy mentioned in recent
research is the failure of these area-based models in capturing
the dominant role of the three-phase contact line (TCL). The
Wenzel and CB equations are derived by minimizing the
surface free energy over the entire solid-liquid contact area.
However, experimental evidence indicates that the APCA is gov-
erned primarily by the physics at the outermost TCL, rather
than by the total area beneath the droplet. Yang et al.”® con-
cluded that droplets with the same outermost TCL configur-
ation exhibit nearly identical 6, although the internal wetting
beneath the drop differed.

6.3. Experimental uncertainties and protocol dependence in
contact angle measurements

Contact angle measurements are often treated as straight-
forward; however, section 3 highlighted that they are strongly
protocol-dependent and can shift noticeably even for the same
surface. Schuster et al.>°° showed that the widely used sessile-
drop method is highly sensitive to experimental details such
as surface cleanliness, drop volume, and the time elapsed after
deposition. Moreover, the authors reported that some of these
parameters are not properly reported in many published
studies. Consistent with this observation, measurements per-
formed on metal surfaces such as TigAl,V and AISI 316
revealed that varying the measurement time from 10 to 190 s
can alter the measured water contact angle by approximately
6-8°. In addition, insufficient cleaning increased both the
magnitude and dispersion of the measured angles, illustrating
how modest changes in protocol can shift measured wettabil-
ity even for the same nominal surface.>®® Furthermore, on
non-ideal surfaces, the sessile-drop contact angle is signifi-
cantly sensitive to how the droplet imaging is acquired and
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processed. This is because locating the contact point and
fitting the droplet profile depend on image quality and oper-
ator choices. It has been observed that for the same droplet,
different fitting algorithms can yield differences in 6 of up to
20°.%°° Section 3 highlighted some additional uncertainties of
conventional measurement techniques; for instance, diffrac-
tion and scattering can distort the apparent TCL.'®' In
addition, on rough surfaces, gravity-induced sagging near the
tangent line hinders contact-point identification.'%

Beyond static measurements, dynamic methods face their
own challenges. The Wilhelmy plate method is considered a
standard for measuring dynamic 6. However, this methodology
requires rigid samples with uniform cross-sections and a
wetted perimeter that stays constant during immersion, which
is often difficult or impossible to achieve for real com-
ponents.*®®  Although modifications like the advanced
Wilhelmy approach by Park et al®°° attempt to reconstruct
true perimeters from shape analysis, the precise geometric
information requirements are difficult to obtain for real-world
components. Additionally, as discussed in section 3.1, Karim
and Kavehpour®® demonstrated that the conventional force
balance equation used in the Wilhelmy plate method ignores
the viscous forces acting on the moving plate, which intro-
duces substantial errors in dynamic # measurements unless
corrected with explicit hydrodynamic models. Similarly, single-
fiber dynamic # measurements are experimentally demanding
due to the need for highly sensitive microbalances and
vibration-free conditions to obtain reliable advancing and
receding angles.>® Moreover, advanced imaging techniques,
such as ESEM and optical methods, suffer from geometric
limitations®®" given that the  is resolved from 2-D projections
that rely on spherical-cap approximations. This becomes
difficult for strongly distorted droplets or when viewing angles
are oblique. Furthermore, in ESEM, the electron beam itself
can induce heating and charging effects that distort droplet
shape through evaporation and coalescence, further complicat-
ing the accurate measurements.'**>!

It can be argued that surface contamination is the most
critical source of experimental uncertainty, as this resulted
in long-standing debates over the intrinsic wettability of fun-
damental materials. Even for nominally flat gold, reported
water 0 spans from complete wetting (0°) to about 90°,
leading to conflicts on the classification of the surface as
either hydrophilic or hydrophobic.®**%> Similarly, for
decades, graphite and graphene surfaces were classified as
hydrophobic, but more recent measurements on carefully
cleaned, freshly prepared surfaces suggest their mildly
hydrophilic nature.'** Scientists suggested that airborne
hydrocarbons are responsible for most hydrophobic read-
ings'** and further emphasized that airborne hydrocarbon
adsorption produces significant time-dependent changes in
6 on graphene, graphite, gold, and oxide ceramics. It was
also noted that the molecular mechanisms underlying this
contamination remain poorly understood, and that more
effective strategies for removing and inhibiting airborne con-
tamination are still needed.***
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6.4. Multiscale modeling and force-field limitations

A major bottleneck in wettability research is the absence of a
single simulation technique capable of capturing interfacial
physics for both micro- and macro-scales. DFT provides the
necessary accuracy to treat electronic polarization, charge
transfer, and specific adsorption, but DFT simulations are
computationally expensive and restricted to systems of a few
hundred atoms, which is insufficient to study droplet spread-
ing and 6 relaxation. On the other hand, classical MD simu-
lation can access larger systems and time scales; nonetheless,
these simulations rely on empirical force fields that are funda-
mentally approximate and often lack transferability.®® This is
why multiscale approaches that combine DFT-level infor-
mation with MD sampling (for example, DFT-CES) are becom-
ing attractive.®*®* These approaches can connect microscopic
adsorption structure and dynamics to wetting descriptors, like
Waa, but they are also limited by the inherent trade-offs of the
underlying techniques.®**

A central limitation highlighted in section 4 is force-field
non-uniqueness and sensitivity. Quantitative prediction of  at
the atomistic level remains uncertain since the wetting behav-
ior is sensitive to the solid-liquid non-bonded interaction
parameters.’®® Such predictions also depend on whether
additional cross-terms are included with the non-bonded
interaction or what cutoff is used. Recent studies emphasize
that empirical force fields derived from different optimization
targets can yield vastly different interfacial predictions for the
same material pair.®*°® For instance, Gonzalez-Valle et al.®°
analyzed a broad range of literature parameter sets for graph-
ite-water interfaces and found that these parameters predict a
wide spectrum of wetting conditions (6 ranging from <10° to
79°) for the nominally same physical interface and have sig-
nificant effect on the interfacial thermal transport; a similar
ambiguity was discussed for Au-water systems in section 4. In
the case of Au-water, nine solid-liquid interaction parameter
sets, which were derived from different target properties and
even different functional forms, all predicted near-complete
wetting. However, the thermal boundary conductance deter-
mined using those models varied by roughly a factor of 4-5.*

Recent methodological advances offer concrete pathways to
mitigate the force-field non-uniqueness and multiscale model-
ing challenges outlined above. As discussed in section 4.3.5,
machine learning interatomic potentials (MLIPs) trained on
ab initio reference data can capture many-body polarization,
charge redistribution, and dispersion effects without relying
on fixed functional forms or empirical mixing rules, thereby
reducing the parametric ambiguity inherent in classical poten-
tials.*** When combined with multiscale frameworks such as
DFT-CES®**?%  or adaptive force-matching approaches,'®®
MLIPs can serve as an intermediate bridge: DFT-level accuracy
informs the potential energy surface at the interface, while the
computational efficiency of the learned potential enables the
large system sizes and long simulation timescales needed to
converge contact angles and interfacial free energies. Similarly,
reactive force fields such as ReaxFF?°**°” address a specific
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limitation of classical non-reactive potentials by modeling dis-
sociative adsorption and surface hydroxylation events that can
fundamentally alter the wetting state, particularly on oxide and
metal surfaces (see section 4.3.5 for specific applications). A
critical remaining challenge is closing the validation loop:
force fields or MLIPs optimized at one scale must be systemati-
cally validated against both quantum mechanical benchmarks
and experimental observables simultaneously, rather than
against either in isolation. Adopting multi-objective optimiz-
ation frameworks'®®'% that target contact angles, adsorption
energies, interfacial structure, and transport properties concur-
rently, as recommended in section 7.2, would help ensure that
the resulting potentials are not only accurate for the cali-
bration target but also transferable across interfacial pro-
perties, thereby directly addressing the non-uniqueness
problem documented throughout this section.

In confined flows, modelling sensitivity creates similar
ambiguities. For nanoconfined water in carbon slits, MD simu-
lations reveal that the predicted slip length is very sensitive to
the chosen solid-liquid interaction parameters.’’ Paniagua-
Guerra et al.®" demonstrated that interface models tuned to
produce the same macroscopic 6 (64.4°) can yield slip lengths
that differ from 27 nm to 62 nm. Ultimately, these examples
highlight the challenges in multiscale computational wettabil-
ity research. Classical force fields are often calibrated against
experimental values of @, but those experimental findings are
also uncertain due to surface contamination and protocol
dependence. Hence, a parameter set may be effectively cali-
brated to reproduce contaminated states rather than intrinsic
material properties.

6.5. Size dependence and line-tension effects

Droplet size dependence and line tension add further ambigu-
ities in the nanoscale results due to the breakdown of conti-
nuum physics. Theoretical treatments based on the modified
Young’s equation typically suggest minor corrections to the 6
due to line tension. However, experiments report widely scat-
tered behaviors, such as decreasing, increasing, or size-inde-
pendent apparent angles.>*®?® In addition, the inferred line
tension values span orders of magnitude.>****® Park et al.**®
utilized Cryo-FIB/SEM to directly image microscale droplets
and found that standard line-tension extensions of Young’s
law failed to reproduce the observed size dependence and
yield unphysically large values of line tension. The authors
claimed that these discrepancies may arise from the non-equi-
librium nature of micro-sessile droplets, where rapid evapor-
ation and condensation Kkinetics create complex thermo-
dynamics that static continuum models cannot capture.
Section 4.2 discussed how size and line tension effects
manifest in molecular simulations, where size-dependent
contact angles are routinely observed for droplets below
10-20 nm. In contrast, most experimental measurements
involve millimeter-scale droplets where line tension contri-
butions are often assumed negligible. The graphite-water
system serves as an instructive case study to illustrate this
scale gap. In MD simulations, Werder et al.** demonstrated
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that the predicted contact angle varies from approximately 40°
to over 130° depending solely on Lennard-Jones cross-inter-
action parameters, with their calibrated value yielding ~86° at
nanometer-scale radii. Experimentally, however, reported
contact angles on nominally identical graphite and graphene
surfaces span from below 10° to above 90°, a spread largely
attributable to airborne hydrocarbon contamination as docu-
mented in section 6.3.>°® This comparison highlights that simu-
lations model atomically clean surfaces while experimental sub-
strates contain heterogeneity, defects, and adsorbates that inde-
pendently modify the effective contact line energy.

This case study reveals that the simulation-experiment gap
arises from three compounding factors: (1) force-field non-
uniqueness in MD; (2) surface contamination masking intrin-
sic wetting behavior in experiments; and (3) scale mismatch
between nanometer-scale simulations and millimeter-scale
experiments. A closed-loop validation strategy therefore
requires simulation of droplets spanning nanometer to meso-
scopic regimes, experimental measurements on contami-
nation-controlled and atomically characterized surfaces, and
comparison based on interfacial free energies rather than
contact angle geometry alone.

6.6. Linking nanoscale interfacial structure to macroscopic
contact angle

Another limitation is the missing universal bridge between
microscopic interfacial structure and macroscopic observables.
Many studies agree that water near solids can show modified
dynamics relative to the bulk, including layering, orientational
ordering, and density changes near the interface, and these
structural descriptors do not correlate universally with the
contact angle.®"%*3°7:3%98 [ addition, there is a dispute among
researchers on whether a thermodynamically driven low-
density depletion layer exists at hydrophobic interfaces.
Experimental results range from distinct depletion gaps to inti-
mate contact or nanobubble formation.*®” On the other hand,
while some X-ray and neutron scattering studies identify a
depletion region with a thickness of a few angstroms, others
report no detectable gap.°”°® Therefore, both the fundamen-
tal existence and the size of the hydrophobic depletion zone
remain unresolved.

Moreover, MD simulations on alumina-water systems show
that standard wettability descriptors such as 8, W,g4, total solid—-
liquid interaction energy, and interfacial H-bond density cannot
individually predict the thermal boundary conductance in a
consistent way, suggesting that no single wettability descriptor
is universally adequate.’” Taken together, studies show that
thermodynamic quantities, hydrogen-bonding metrics, and
vibrational spectra can help predict wettability trends for a
specific group of materials. But a generally predictive, cross-
material framework that translates these microscopic descrip-
tors onto macroscopic wetting behavior is still lacking.®>*”*%

6.7. Bridging experimental and simulation scales

A central challenge in wettability research is the gap between
nanoscale molecular simulations and macroscopic experi-
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mental measurements. Simulations typically probe nanometer-
sized droplets or thin films on idealized, atomically flat sur-
faces, whereas experiments measure millimeter-scale droplets
on chemically heterogeneous and rough substrates. Direct
comparison of contact angles; therefore, conflates intrinsic
thermodynamic behavior with scale-dependent effects such as
roughness and line tension. Bridging this mismatch requires
structured experimental-simulation collaborative verification
strategies rather than sole reliance on geometric droplet
fitting.

One effective strategy is hierarchical observable matching.
Instead of validating simulations exclusively against macro-
scopic contact angles, intermediate thermodynamic quantities
should be compared. These include liquid-vapor surface
tension, solid surface energy, and work of adhesion derived
from Young-Dupré thermodynamics.*'® At the molecular
scale, adsorption energetics and interfacial free energies
obtained via thermodynamic integration or -cleaving-wall
methods can be mapped to macroscopic observables within
the assumptions of Young-type thermodynamic models,
enabling thermodynamically consistent comparisons.'>®'*°
For example, studies of graphite-water interfaces have demon-
strated how small variations in cross-interaction parameters
can produce large changes in apparent contact angle, empha-
sizing the need for energetic anchoring rather than geometric
agreement alone.*®

A second bridging pathway involves direct comparison of
interfacial structural observables. Interfacial water density
layering and molecular orientation can be probed experi-
mentally using X-ray or neutron reflectivity and compared
directly to simulated density profiles. As demonstrated by
X-ray reflectivity measurements combined with molecular
dynamics simulations of interfacial density depletion at hydro-
phobic interfaces, such structural comparisons enable quanti-
tative assessment of near-surface water organization beyond
macroscopic contact angle measurements.>'”*!* These struc-
tural benchmarks provide an intermediate validation scale
that is less sensitive to droplet size effects and surface defects,
allowing intrinsic interfacial ordering and depletion phenom-
ena to be evaluated consistently across experiment and
simulation.

A third strategy is controlled surface replication.
Experimental collaborators can fabricate atomically flat or
chemically well-characterized substrates whose roughness,
functional groups, and oxidation states are quantified using
AFM, XPS, or Raman spectroscopy. Simulations can then expli-
citly reproduce these surface terminations and defect den-
sities. This direct structural matching reduces ambiguity
arising from unknown heterogeneity and allows intrinsic
wetting behavior to be isolated.

Finally, multiscale integration offers a systematic route to
reconcile protocol dependence. Ab initio calculations or
machine-learned interatomic potentials trained on density
functional theory data can capture adsorption energetics and
many-body polarization effects at the atomic level.**>*'? These
energetics can then parameterize classical molecular dynamics
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simulations of larger droplets, while continuum capillary
models incorporate experimentally measured roughness
factors to predict apparent macroscopic angles. Such multi-
scale feedback loops move wettability research from qualitative
agreement toward predictive, reproducible solid-liquid inter-
face modeling.

Together, these collaborative verification strategies trans-
form experimental-simulation comparison from a single-para-
meter validation problem into a thermodynamically and struc-
turally consistent multilevel framework.

7. Conclusions and future directions

This review has combined insights from experimental investi-
gations, MD simulations, and first-principles theory to estab-
lish a comprehensive understanding of surface wettability. The
cross-platform analysis in this study identified several key find-
ings and persistent challenges.

7.1 Summary of key findings

The classical frameworks of Young, Wenzel, and Cassie-Baxter
provide foundational descriptions of wetting behavior.
However, these models fail to capture the complexity of real
surfaces where nanoscale roughness, chemical heterogeneity,
and metastable states lead to significant deviations from the
theory. At the nanoscale, 6 alone is often an incomplete
descriptor given that interfacial density profiles, hydrogen-
bond networks, depletion lengths, and entropy can play an
important role in wetting behavior. Experimental characteriz-
ation faces constant challenges, including surface contami-
nation, measurement protocol variability, and the difficulty of
capturing true equilibrium states. The debates over the intrin-
sic wettability of gold and graphitic surfaces, where reported 6
ranges from complete wetting to hydrophobic, show how air-
borne contamination and preparation protocols can dominate
observed behavior. On the other hand, MD simulations offer
atomic-level insight into the wetting phenomena but introduce
several uncertainties. Predicted wettability strongly depends
on the chosen water model, solid-phase potential, and cross-
species interaction parameters. Thus, depending on the
employed force field combination, the same material can
appear hydrophobic or exhibit complete wetting. For example,
standard Lorentz-Berthelot mixing rules can lead to deviations
from experimental findings; moreover, parameters optimized
for bulk properties do not always transfer cleanly to interfacial
wetting. Alternatively, first-principles calculations provide
accurate predictions of electronic structure and adsorption
energies, but these methods are limited to small system
sizes and timescales. An additional complexity in first-prin-
ciples simulations is the choice of exchange-correlation func-
tional and dispersion correction that can significantly
affect predicted water structure and surface interactions. All
these difficulties and drawbacks make no single approach uni-
versally optimal across different materials and interfacial
systems.
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In addition, several fundamental knowledge gaps continue
to hinder reliable predictions of wetting behavior. A central
challenge is the lack of a universal framework that connects
the microscopic molecular arrangement at the interface to the
macroscopic 6. While molecular features such as interfacial
layering, hydrogen bonding patterns, and local depletion
effects are known to influence wetting, their direct relationship
to continuum scale quantities remains poorly defined.
Furthermore, many studies focus primarily on energetic contri-
butions and neglect entropic effects, even though entropy can
modify the interfacial free energy sufficiently to change overall
wetting trends. Finally, the literature has not yet reached con-
sensus on the role of line tension or on how the APCA
depends on droplet size, further complicating the interpret-
ation and comparison of both experimental and compu-
tational results.

7.2 Guidelines for future research

The primary concerns identified in this review can be effec-
tively addressed through the implementation of the following
recommendations:

Standardized experimental protocols: standardizing wetting
measurements is essential for improving reliability and com-
parability. Experiments should be conducted under controlled
atmospheric conditions, with careful documentation of
surface preparation procedures, cleaning methods, and the
time elapsed between surface preparation and measurement.
Furthermore, reporting both ACA and RCA, along with contact
angle hysteresis, provides a more complete characterization
than relying solely on static @ values, better capturing surface
heterogeneity, pinning effects, and dynamic wetting behavior.

Unified force field frameworks: the traditional approach of
combining separate models for liquids and solids relies on
mixing rules that introduce compounding inconsistencies.
Prioritizing frameworks that maintain internal consistency
across all interaction types, such as DFT-informed potentials
or reactive force fields can reduce ambiguity and treat cohesive
and adhesive interactions within a single model. Careful para-
meterization and validation for the target interface remain
essential regardless of the framework chosen.

Multi-property validation and multi-objective optimization:
force field calibration should not rely on a single target prop-
erty like 6, as different parameter sets can match the same
angle while producing different interfacial structures and
transport properties. Future parameterization should simul-
taneously target work of adhesion, transport metrics such as
thermal boundary conductance, and interfacial structural pro-
perties such as hydrogen-bond statistics and density profiles.
Multi-objective optimization frameworks, including genetic
algorithm-based approaches and Bayesian optimization that
identify Pareto-optimal parameter sets balancing multiple
target properties, offer a principled route to achieving this, as
discussed in section 4.3.5.

Entropic decomposition: simulation studies should separate
interfacial free energies into enthalpic and entropic contri-
butions to understand whether wetting trends are driven by
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energy or entropy. This decomposition is particularly impor-
tant for systems where temperature-dependent wetting behav-
ior suggests significant entropic effects, as discussed in
section 4.5.

Emerging potentials: machine learning interatomic poten-
tials trained on ab initio reference data and reactive force fields
such as ReaxFF offer concrete pathways beyond classical
empirical potentials. MLIPs capture many-body polarization
and dispersion effects without fixed functional forms, while
ReaxFF enables modeling of dissociative adsorption and
surface hydroxylation that govern wetting on oxide and metal
surfaces. Systematic deployment of these potentials for contact
angle and interfacial free energy calculations remains an
important open direction, as outlined in section 4.3.5.

Multiscale integration: bridging the vast difference in time
and length scales requires hybrid approaches coupling elec-
tronic accuracy with computational efficiency. Frameworks
such as DFT-CES or machine-learned potentials trained on
ab initio data provide a practical route, where DFT-level accu-
racy informs interfacial energetics and classical MD or conti-
nuum models extend to experimentally relevant scales.
Critically, force fields or MLIPs optimized at one scale must be
validated against both quantum mechanical benchmarks and
experimental observables simultaneously, closing the vali-
dation loop discussed in section 6.4.

Experimental-simulation collaborative verification: bridging
the gap between nanoscale simulations and macroscopic
experiments requires structured collaborative strategies
beyond simple contact angle comparison. These include hier-
archical observable matching using intermediate thermo-
dynamic quantities such as work of adhesion, direct compari-
son of interfacial structural observables via X-ray or neutron
reflectivity, and controlled surface replication where simu-
lations explicitly reproduce experimentally characterized
surface terminations and defect densities. Such strategies, out-
lined in section 6.7, transform experimental-simulation com-
parison from a single-parameter validation into a thermo-
dynamically and structurally consistent multilevel framework.

Addressing these knowledge gaps collectively may enable
more reliable prediction of wetting phenomena and accelerate
the rational design of surfaces with tailored wettability.
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