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Atomically thin walls become increasingly prevalent in modern technologies. Exhibiting a unique
property —transparency to interparticle interactions—such walls influence processes as diverse as
capacitive energy storage, electron transfer, and wetting. However, the impact of wall transparency on
wetting and capillary phenomena remains poorly understood. Herein, we employ classical density
functional theory to explore how van der Waals interactions across thin solid walls affect capillarity and
substrate wetting. Our findings demonstrate that a fluid-filled, sidewise-open channel beneath a thin
wall can drastically enhance the lyophobicity of the wall (hydrophobicity if fluid is water), up to the point
of effectively transforming lyophilic surfaces into lyophobic ones. Conversely, a fluid covering a thin
wall can convert capillary condensation to drying and induce unusual capillary phases within the
channel. These findings highlight the potential of wall transparency as a tool for manipulating channel
filling and wetting behaviors, emphasizing its significance for interfacial phenomena and fluid

adsorption in porous materials.

Wetting and capillary phenomena' play a pivotal role in numerous physical
processes, ranging from water transport in plants> and joint tribology** to
superhydrophobicity”® and microfluidics’. Despite extensive theoretical
and experimental investigations'’™", most studies have focused on systems
with sufficiently thick pore walls so that the interactions among fluid par-
ticles from different, wall-separated compartments of the same system can
be neglected. However, many technologically important materials, such as
metal-organic frameworks (MOFs)"*", carbon-based microporous
electrodes'™'®, and particularly low-dimensional materials like graphene'’,
carbon nanotubes (CNTs)"*, and MXenes'’, inherently possess atomically
thin solid walls. Such walls are often transparent to van der Waals and other
interactions, rendering the behavior of fluid particles on opposite sides of the
walls to be interdependent.

This cross-wall communication gives rise to feedback mechanisms
underpinning nontrivial qualitative effects, emerging as important factors in
diverse processes™ ™, from charging microporous electrodes™" to electron
transfer in metal ion reduction®. In the context of wetting, Rafiee et al.
reported that graphene coating, even up to six layers thick, does not sig-
nificantly alter the contact angle of water at surfaces for which the wetting
behavior is determined by van der Waals interactions™. Most recently, wall
transparency has been demonstrated to significantly influence nanoscale

fluid transport, as exemplified by the transparency-induced slowdown of
water flow through CNT membranes™ and the phenomenon of “flow
tunneling,” where two liquids separated by an atomically thin wall exchange
momentum®. Despite these advancements, the impact of wall transparency
on wetting, pore filling, and capillary condensation remains poorly
understood.

Herein, we use classical density functional theory””™ (DFT) to
investigate the transparency-driven interdependence between channel
filling and the contact angle at a thin wall, i.e., we study how a fluid
covering an atomically thin wall influences the capillary behavior of an
underlying channel and, conversely, how capillary filling of the channel
affects the wetting properties of the thin wall (Fig. 1a). Our analysis
reveals three stable and metastable branches of the contact angle, each
associated with a distinct configuration of the capillary fluid. Moreover,
we find that wall transparency can increase the contact angle by as much
as 60°, effectively transforming lyophilic materials into (super)lyophobic
ones. Remarkably, we identify a stable droplet-induced capillary phase
featuring a liquid-vapor interface within the channel and show that a
vapor phase covering a thin wall can induce capillary drying in channels
composed of lyophilic walls—channels that would otherwise remain
filled with liquid.
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Fig. 1 | Model and channel filling. a Schematic drawing of a thin solid wall of
thickness £,, and a channel of width £ formed by the wall and a thick solid base of the
same material as the wall. The channel is connected to a reservoir filled with a fluid at
bulk liquid-vapor coexistence. We investigate how ¢,, affects channel filling,
depending on which fluid phase homogeneously covers the upper wall (not shown)
and how the wetting properties of the upper wall, expressed in terms of its contact
angle 6, change depending on channel filling. b Phase diagram of channel filling for
thick walls (£,, = o) in the plane spanned by €. and the reference contact angle 6,
between the liquid and solid. The full black line denotes first-order phase transitions
between capillary liquid and vapor phases. The black filled circle indicates the critical
point. The blue and orange shaded areas show the regions of metastability of the
liquid and vapor phases; the thin blue and orange lines show the corresponding
spinodals. The vertical dashed lines indicate the values of 8,.¢ used for Figs. 2 and 3.
All values of the model parameters are provided in Supplementary Table SI.

Results
We consider a slit-shaped channel of width ¢, formed by a rigid thin solid
wall of thickness £, (extremely thin walls may experience elastic deforma-
tions, giving rise to modulations of the channel width beneath droplet-
s;stransparency effects studied in this system will persist in the presence of
elastic deformations, but might be undulated) and a thick solid base of the
same material as the thin wall (Fig. 1a). The channel is filled with a fluid and
is connected to an external reservoir maintained at constant temperature
and pressure (or chemical potential, in a grand-canonical ensemble) cor-
responding to liquid-vapor coexistence. The thin upper wall is covered at the
outside with the same type of fluid, which can be in the liquid or the vapor
state. In order to isolate generic physical effects from the chemical com-
plexity of fluid molecules and the structural details of solid walls, we
modeled the fluid using a truncated Lennard-Jones potential. This widely
used model represents a simple yet generic system, capable of exhibiting
liquid-gas coexistence. For the solid, we considered a material composed of
particles of radius Ry significantly smaller than the radius R of the fluid
particles (specifically, R, = 0.2R). This choice enables us to investigate dif-
ferent fluid-wall combinations, including ultra-thin walls. If we take water as
the fluid (R=0.28 nm), the thickness of a graphene layer (¢, = 0.3 nm)
corresponds to a wall comprising about 2.6 solid particles in our model.
One-layer walls of our model can be realized by using graphene and colloidal
suspensions” or fluids composed of larger molecules, e.g., perfluoro-
methylcyclohexane (C,F,4), a popular nonpolar, volatile fluid*'.

We determined the contact angle of aliquid droplet residing on the top
of a wall using the macroscopic Young equation

6 = arccos ((yys — 11/ V1) )

where y,, is the vapor-liquid surface tension, while y,s and y;5 denote the
vapor-solid and the liquid-solid surface tension, respectively. We computed
Pvb> Pvs and s numerically for various configurations using classical density
functional theory (DFT), in which the equilibrium density profiles are
obtained by minimizing the grand thermodynamic potential” . In our
DFT calculations, the repulsive steric interactions were captured by using a
robust fundamental measure theory (FMT)**~**, while the attractive van der
Waals interactions were treated at the level of mean-field theory (MFT) (see
Methods and Supplementary Note 2 for details). We note that MFT neglects
thermal fluctuations. However, since the phenomena discussed here are

primarily governed by the long-ranged nature of van der Waals interactions,
we expect that our findings remain valid even if such fluctuations are
included. Nonetheless, incorporating fluctuations explicitly within DFT
could be an interesting extension of this work. Such promising approaches
include perturbative schemes™ and machine-learning-assisted DFT™.

Capillary transitions in channels with thick walls

We first examined the filling of channels composed of macroscopically thick
walls. We varied systematically the channel width €. and the strength of the
fluid-wall interaction. The latter controls the reference contact angle 6,
between the liquid drop and a thick solid slab, which serves as an experi-
mentally accessible characteristic of the fluid-solid system.

Figure 1b presents a capillary phase diagram, which shows a line of
first-order (discontinuous) transitions separating the regions where the
capillary liquid and the capillary vapor phases are stable. This line terminates
at a critical point (6, ¢;), implying that the fluid density varies con-
tinuously with O, for £ < £¢.

For €. 10R, the capillary vapor and liquid coexist at O,.¢= 90° in
agreement with the predictions of the macroscopic Kelvin-Laplace
equation’”, For £. < 10R, the line of first-order transitions exhibits step-
like oscillations close to the critical point (we note that this step-like coex-
istence curve may change if we account for fluctuations). This behavior
stems from fluid layering within the channel in the capillary liquid phase.
Upon widening the channel from £. = 4R (two layers) to €. = 5R, the vapor
phase becomes more stable than the liquid phase due to the incommen-
surate number of layers in the channel. However, further widening the
channel to £, = 6R (three layers) enhances the stability of the liquid phase
because the channel acquires an additional full layer of the particles forming
the fluid. Consequently, for moderately lyophilic walls, in a small interval
around 6,.¢ =~ 90°, the system undergoes a cascade of reentrant transitions
upon varying the channel width (Supplementary Fig. S2).

Interdependence of wetting and pore filling for thin walls

For a wall thinner than the range of the fluid-fluid interaction, a fluid
molecule can interact with fluid particles on both sides of the wall. Conse-
quently, the surface tensions yys and y; in Eq. (1), and hence the contact
angle 6, depend on whether the channel is filled with vapor (« = v) or liquid
(v =1). Conversely, the channel filling depends on whether the thin wall is
covered by liquid or vapor.

In order to relate the contact angle and channel filling, we note that the
stability of the capillary liquid phase over the capillary vapor phase is
determined by the difference AQ of their respective grand potentials. At
vapor-liquid coexistence and for wide channels, AQ depends solely on the
corresponding surface tensions. Using the Young equation, Eq. (1), one can
show that for the upper thin wall covered with a fluid in state «, the capillary
vapor phase is stable if (Supplementary Note 3)

Aw, = cos 0,(¢,) + cos Oy, <0; )

conversely, the capillary liquid phase is stable if Aw, > 0. Here, 0,(£,,) and B,
are the contact angles of the thin upper wall if the other side of the wall is
covered by phase & and of the bottom wall, respectively (6o = ;¢ for the upper
and bottom walls made of the same material). Note that 6,, is independent of £,
because the above analysis assumes wide channels. However, in the analysis
below, we also consider narrow channels, for which 6, varies with £..

Thin lyophobic walls

We consider now a specific example of lyophobic solids with 6,.¢= 133. 6°.
Figure 2a, b depict density profiles for liquid and vapor covering the thin
wall, respectively, and for several channel widths £.. These figures illustrate
the duality of wall transparency. On one hand, the fluid-filled channel affects
substantially the structure of the liquid layer adsorbed at the upper wall. In
particular, the capillary vapor induces a depletion layer (€/R = 7 in Fig. 2a)
while the capillary liquid leads to an enhanced density at the upper wall (¢./
R=10 and £/R =15 in Fig. 2a). On the other hand, the fluid covering the
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Fig. 2 | Lyophobic walls. Number density profiles for three values of the channel
width €. with a liquid and b vapor covering the outside of the upper wall of the
channel (Fig. 1a). Here the left plots show the densities inside the channel with the
position expressed in terms of £.. The right plots show the densities outside the
channel above its upper wall, with the distance from the wall measured in units of the
radius R of the fluid particles. The fluid density vanishes in the gray depletion zone.
Filling of the channel by liquid is metastable in all cases. The wall thickness is £,,/
R =0.4. ¢ Average fluid number density p_ inside the channel as a function of the
channel width £ for a thick wall (¢,, — o) and for £,,/R = 0.4 in the case of coverage
by liquid or vapor. In all plots and throughout the paper, the filled symbols and solid
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lines (open symbols and dashed lines) correspond to stable (metastable) config-
urations. The lines associated with metastable configurations end once they cease to
exist. The various colored arrows indicate the values of £./R and 7, corresponding to
the profiles shown in (a, b) with the same color code. d Contact angle 8 for channels
filled with liquid and vapor, as illustrated by the droplet cartoons (for visualization
purposes only). The contact angles were computed from the surface tensions of the
corresponding configurations according to Eq. (1). The horizontal line indicates the
reference contact angle 6,.¢~ 133. 6° (no channel; see the dashed red vertical line in
Fig. 1b). e, f The same quantity as in (c, d) but as functions of wall thickness ¢,, for a
channel of width ¢./R=12.

upper wall influences the structure of the fluid inside the channel. Specifi-
cally, the liquid coverage induces a capillary liquid phase (¢/R=10 in
Fig. 2a, b; see also below), while the vapor coverage leads to a drastic
asymmetry of the density profile of the capillary liquid, resembling a liquid-
vapor interface” (£/R = 15 in Fig. 2b). The asymmetry emerges because the
vapor phase above the thin wall acts as an ¢, and £.-dependent external field,
promoting the drying-like condition at this wall.

In Fig. 2¢, we show the average fluid number density inside the channel,
p.=(1/L)x fO[ p(z)dz, as a function of €. For thick walls, the capillary
vapor remains stable for all channel widths £, while a metastable capillary
liquid appears for £/R 2 10 (see the filled and open black circles in Fig. 2c,
respectively, as well as the red dashed line in Fig. 1b). Thin walls retain the
stability of the capillary vapor but shift the capillary liquid spinodal to larger
or smaller values of ¢, depending on whether the upper wall is covered by
vapor or liquid, respectively.

In order to show the effect of channel filling on the wetting properties of
the upper (transparent) wall, in Fig. 2d we plot the contact angle 6 as a
function of £.. Two distinct situations arise depending on whether the fluid
density inside the channel is liquid-like or vapor-like. Correspondingly, we
obtained 6 by using y,, and y;, of the upper wall, both computed either for
vapor-filled or liquid-filled channels. In the capillary liquid case, which is
metastable and appears only for £/R > 14, the contact angle 0 is slightly
lower than 6,.. Thus, as one may anticipate, filling the channel with liquid
decreases the overall surface lyophobicity because of stronger attractive
interactions through the transparent wall. Conversely, the vapor-filled
channel drastically enhances lyophobicity due to weaker interactions as
compared to the thick-wall and the liquid-filled channels, yielding contact
angles of about 30° higher than 6,.. We emphasize that the capillary vapor
phase is stable irrespective of whether the upper wall is covered by liquid or
vapor. This is consistent with the stability condition, Eq. (2), which gives
Aw, = —13<0and Aw; = — 1.6 <0.

Figure 2e, f show pore filling and contact angles, respectively, as
functions of the wall thickness ¢,,, demonstrating that the observed effects

persist as £, increases, albeit with reduced strength. The shift of the spinodal
of the confined liquid becomes smaller, whereas the capillary vapor provides
a noticeable enhancement in lyophobicity in terms of the contact angle even
for ,, = 2R, which is slightly smaller than two graphene layers (R = 0.67 nm)
in the case of water (R = 0.28 nm).

Moderately lyophilic thin walls

Condition (2) implies that the wall coverage can have a more substantial
effect on the stability of capillary phases if 0,.¢ is closer to 90°. In order to
demonstrate this, we consider moderately lyophilic walls characterized by
Orer =~ 82°. For thick walls, the capillary liquid remains stable for all channel
widths investigated, with metastable capillary vapor emerging for £./R > 4.5
(green line in Fig. 1b and Supplementary Fig. S3). Wall transparency sig-
nificantly changes this behavior and renders channel filling markedly
dependent on the upper wall coverage. Counterintuitively, liquid coverage
extends the region of metastability of the capillary vapor; otherwise, how-
ever, it shows moderate changes in the filling as compared with the case of
thick walls (Fig. 3a). The vapor coverage, instead, interchanges the stability of
the capillary liquid (stable for thick walls) with the capillary vapor (meta-
stable for thick walls) and induces appreciable changes in the liquid density
(Fig. 3b). Such drastic changes arise due to the significant reduction in
interactions between fluid particles inside the channel and particles outside
the channel if the upper wall is in contact with a rarefied phase, as compared
to the presence of condensed phases (solid or liquid-covered wall).

The observed behavior has implications for the contact angle of the
upper wall. Figure 3¢ shows that there are three scenarios: (i) the channel is
filled with vapor, (ii) it contains liquid, and (iii) a liquid-vapor interface
forms within the channel. Case (i) resembles lyophobic walls in that the
vapor filling notably increases the contact angle (even up to 60°, from 80° to
140°, see the blue diamonds in Fig. 3¢). However, unlike lyophobic walls, this
configuration is metastable. Surprisingly, the liquid filling of the channel also
increases the contact angle of the upper wall (orange pentagons in Fig. 3¢).
This phenomenon arises from the intricate interplay between wall-fluid and
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Fig. 3 | Moderately lyophilic walls. Average number densities inside the channel as
functions of the channel width for the upper wall covered with a liquid and b vapor,
respectively. The thickness of the upper wall is £,,/R = 0.4, where R is the radius of the
fluid particles. The filled symbols and solid lines (open symbols and dashed lines)
correspond to stable (metastable) configurations. The black symbols and lines show
the case of a thick wall. ¢ Contact angle 8 for various configurations illustrated by the
droplet cartoons (for visualization purposes only). The contact angles were com-
puted from the surface tensions of the corresponding configurations according to
Eq. (1). The blue diamonds and orange pentagons correspond to channels filled with
vapor and liquid, respectively, as in Fig. 2. The red squares correspond to a con-
figuration with the channel filled with vapor, with the exception of the region
underneath the droplet, which stabilizes the capillary liquid phase. The filled (open)
symbols show the stable (metastable) configurations. The horizontal line indicates
the reference contact angle 6,¢ = 82° (no channel; see the dashed green vertical line in
Fig. 1b). Results for €,,/R = 2 are shown in Supplementary Fig. S4. d-f The same as
(a-c) but plotted as functions of ¢,/R for channel width €./R = 12. The vertical
dashed line in (e) indicates the location of the capillary liquid-vapor transition. Such
a transition is absent for the liquid coverage shown in (d).

fluid-fluid interactions, coupled via the reduced liquid density within the
channel (Fig. 3b).

In addition to these two metastable configurations, a third configuration
arises in which a sessile droplet stabilizes a pancake-like capillary liquid
underneath it, which, in turn, is surrounded by the capillary vapor, essentially
forming a liquid-vapor interface within the channel (solid red squares in
Fig. 3c). The stability of this arrangement for macroscopically large droplets
follows the stability of capillary liquid and vapor as obtained for liquid and
vapor coverages, respectively (Fig. 3a, b). The associated contact angle falls
between the contact angles induced by channels filled with liquid and vapor.

Figure 3d-f show that the behavior described above persists also for
thicker walls. However, for €, 2 1.5R, the capillary liquid phase becomes
stable even for vapor coverage, which renders the capillary vapor phase
metastable (Fig. 3e). This behavior implies that the configuration featuring a
capillary liquid-vapor interface within the channel becomes unstable as the
capillary liquid phase beneath the droplet would expand ad infinitum in

order to minimize the grand potential, indicating an ¢,,-induced transition
in the channel filling.

Discussion

Using classical DFT, we have studied capillary effects in narrow channels,
focusing on how wall transparency influences wetting and channel filling.
For thick walls, which do not exhibit wall transparency, we revealed a
cascade of re-entrant capillary transitions for moderately lyophilic channels
characterized by contact angles close to 8,.¢= 90° (Fig. 1b). The line of first-
order capillary phase transitions exhibited a zig-zag behavior, which we
attributed to liquid layering within the channel (Fig. 1b).

For a wall sufficiently thin to permit cross-wall interactions between
fluid particles, the wetting and channel filling depended sensitively on 6.
Capillary vapor remained stable for lyophobic walls, regardless of the wall
thickness and the kind of fluid coverage; however, both parameters influ-
enced the metastability region of the capillary liquid phase. Interestingly,
channels filled with vapor could significantly increase the contact angle of
the upper wall, with enhancements up to ca. 30° (Fig. 2d). Remarkably, even
for lyophilic solid materials, we obtained highly lyophobic contact angles.
For example, vapor filling raised the contact angle to as high as 130°,
showing an augmentation of ca. 60° (Fig. 3¢, f). This behavior indicates a
promising strategy for enhancing surface lyophobicity through vapor-filled
porosity. Although our study focused on a generic non-polar van der Waals
fluid, we do not expect significant deviations for water. While water mole-
cules experience additional dipole-dipole interactions (decaying as 1/7,
where 7 is the center-to-center distance between two molecules), the ther-
mally averaged dipolar contribution decays as 1/7*—effectively contributing
to the van der Waals interactions—and thus is captured by our modeling.
Short-ranged hydrogen bonding is unlikely to affect the observed phe-
nomena. Some subtleties might arise if the orientational degrees of freedom
of water molecules are constrained near the walls, necessitating a more
detailed treatment, which explicitly includes dipolar interactions. Never-
theless, since such interactions are even more long-ranged than simple van
der Waals forces, we expect them to amplify the effects reported here. Thus,
our finding that vapor-filled porosity can significantly enhance surface
lyophobicity suggests practical pathways for designing superhydrophobic
surfaces. Transparent walls could also help to mitigate the collapse of the
superhydrophobic Cassie-Baxter state*’ and potentially reduce contact angle
hysteresis* by minimizing interfacial pinning.

We observed a particularly intriguing wetting behavior for moderately
lyophilic transparent walls. Specifically, vapor coverage could stabilize
capillary vapor within a channel that would otherwise exhibit capillary
condensation (Fig. 3b). This finding holds significant implications for
material science, particularly in determining the pore-size distribution
(PSD) of porous materials, which commonly relies on classical DFT cal-
culations of CO,/N, adsorption isotherms®. Current methodologies for
PSD computations neglect the effects of wall transparency. We expect that
our study will inspire detailed investigations in this research area, potentially
prompting the reassessment of these widely used methods for porous
materials containing thin walls.

The stabilization of capillary phases through wall coverage could lead
to unusual configurations, such as a droplet on the upper wall inducing a
pancake-like capillary liquid, surrounded by a capillary vapor phase
(Fig. 3c). Thus, a sessile droplet on a thin wall can enforce an inhomoge-
neous density profile within the channel, characterized by a capillary liquid -
capillary vapor interface. This kind of behavior can be exploited for creating
heterogeneous patterns inside a channel by arranging liquid droplets on its
upper thin wall. This approach can open avenues for investigating complex
capillary phenomena, such as two-step condensation® and three-phase
coexistence™, paving the way for innovative studies in capillarity and
interfacial science.

Future work can extend the phenomena revealed here to canonical
ensembles, away from bulk coexistence, and channels made of different wall
materials, offering additional means to control channel filling, interfacial
properties, and wetting behavior. Even richer scenarios may emerge in ionic
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fluids, where (unscreened) electrostatic interactions decay as 1/r—far more
slowly than van der Waals forces. Although conductive walls can (at least
partially) screen such long-ranged cross-wall interactions, they can also
induce striking effects such as wall-mediated like-charge attraction®, with
potential implications for areas like energy storage and nanoscale electro-
chemistry. Moreover, investigating how wall transparency influences
interface localization-delocalization transitions™*"” could advance our
understanding of interfacial stability and phase behavior. We expect such
studies to deepen our understanding of confined fluids and interfacial
phenomena. Moreover, they may inspire innovative strategies for designing
advanced materials at the nanoscale.

Methods

In order to compute the corresponding surface tensions, we employed
classical DFT. Within DFT, the fluid number density p as a function of
position r is obtained by solving a non-linear integral equation

p) = 87 exp{ = gt + 2L, @)

where A is the de Broglie wavelength, u is the chemical potential, @y is the
external (wall) potential, and F., is the density-dependent excess free energy
functional. We considered F., to consist of two contributions: (1) hard-core
interactions, modeled using fundamental measure '[heory‘2 (FMT), which is
known to describe these interactions remarkably well’>*; (2) Lennard-Jones
(L)) interactions between fluid particles and between fluid and solid
particles, described within mean-field theory (MFT).

In all calculations, we set the Lennard-Jones interaction cutoff to
Ryt = 8R. Increasing R, would amplify the interactions through the wall,
enhancing the effects discussed below. We set the temperatureat T~ 0.71T,,
where T, is the critical temperature (eg/kpT.=~0.704, where e is the
Lennard-Jones interaction parameter for fluid particles), and the chemical
potential to Sy =—4.793, which corresponds to bulk liquid-vapor coex-
istence. We numerically solved Eq. (3) using the Picard iteration method*.
Numerical details are presented in Supplementary Notes 1 and 2.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Code availability
The code used to obtain the findings of this study is available from the
corresponding author upon reasonable request.
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