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ABSTRACT
Droplets on a non-textured surface typically exhibit a monostable wetting state, as represented by Young state. Here, we show
that droplets can exhibit bistability without surface texture by tuning molecular interactions. We investigated the behavior of
water droplets on a smooth substrate when immersed in oil. The oil contains hydrophilic interaction components, and their
hydrophobic–hydrophilic balance was systematically varied. For oils with a specific hydrophobic–hydrophilic balance, droplet
states bifurcate between repellent or sticky depending on the order of droplet casting and oil immersion. These states are neither
transient nor one-off, indicatingmolecular interactions can create an energetic barrier separating the two states rather than surface
textures. Under other oil conditions, the droplet remains monostable, either repellent or sticky, regardless of the order. This
work advances the fundamental understanding of molecular effects on droplet behavior and expands surface design strategies
in functional materials without compromising mechanical durability.
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Introduction

hen a droplet is cast onto a solid surface, part of the
roplet/solid surface is replaced by their interface, and a wide
ariety of shapes and adhesion modes, such as spreading [1],
ticky [2], and super-repellent [3], can be obtained. In princi-
le, droplets on smooth surfaces exhibit a single wetting state.
ccording to Young’s law [4], droplet shape, quantified with a
tatic contact angle θs, depends on the balance of substance-
pecific interfacial energies between the three phases of the
roplet, contacting solid surface, and surrounding media unless
he balance changes due to an external field [5–7]. Contact
ngles fluctuate due to external disturbances and the mobility
f the contact line. The maximum/minimum contact angle is
bserved when the contact line advances/recedes, yielding the
dvancing/receding contact angles θa/r [8]. The mobility of the
ontact line depends on the degree of surface heterogeneity. Most
bject surfaces are not perfectly homogeneous, at least on the
his is an open access article under the terms of the Creative Commons Attribution License, which perm
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molecular scale [9]. However, a surface with a much smaller
degree of heterogeneity than the droplet contact line length can be
regarded as a non-patterned surfacewhenwemeasure the contact
angles at droplet scale magnification [10].

A droplet on a non-patterned surface exhibits a single inherent
contact angle range, that is, a monostable state. When the
surrounding media is air, the droplet shape follows Young’s law
[4]. or completely spreads (θs ≈ 0◦) on the smooth substrate,
depending on the signs of spreading coefficient S. When the
surrounding media is a droplet-immiscible liquid, the three
phases follow Young’s law, or one of the liquids (droplet or
surrounding liquid) completely spreads on the smooth substrate.
When the surrounding liquid completely spreads (that is, droplet
spreading coefficient under surrounding liquid Sd is < 0), the
droplet becomes completely spherical and exhibits θs ≈ 180◦ [11].
In these cases, these droplet states are monostable and can be
observed separately.
its use, distribution and reproduction in any medium, provided the original work is properly
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owever, when the solid surface is nano- or microtextured,
he droplet follows two branched states: (i) the droplet homo-
eneously infuses the texture (Wenzel state) [12] or (ii) the
roplet makes limited contact with the outermost textured sur-
ace (Cassie state) [13]. While there have been suggestions to
efine Wenzel/Cassie intermediate states [14–16], the distinction
etween the Wenzel and Cassie states is basically whether the
exture is infused by the droplet phase or the surrounding media.
hese states are observed not only in air but also in liquids
17, 18]. In the Wenzel state, the surface texture enhances the
roplet–surface contact area, resulting in highly sticky droplets
ith θs >> θr [19]. In the Cassie state, the droplet–substrate
ontact area is smaller than the apparent contact area, and
he adhesion force is smaller than that in Wenzel state, which
esults in θs ≈ θr. The Wenzel and Cassie states coexisted on a
extured surface, one of which is energetically favored. However,
he energetic barrier for transitioning between two states exists
wing to surface texture, which enables the observation of
he other metastable state [20]. Thus, surface texture plays a
ignificant role in the emergence of bistable states. Herein, we
nvestigate whether molecular interactions at the interfaces can
e substituted for surface texture in terms of the potential barrier
f formation between the two states.

n this study,we show that two apparently differentwetting states,
hich satisfy the contact angle feature of θs ≈ θr and θs >> θr,
an coexist on a smooth surface owing to molecular interactions.
he observed states are neither transient, one-off, nor induced by
xternal stimuli. We modulated the number of hydrogen bonds
n three phases: a water droplet, a smooth silanized substrate,
nd oil with a hydrogen bonding moiety as the surrounding
edia. As a result of molecular-scale wettability modulation,
uantified by the hydrophobic–hydrophilic balance (also known
s the Hydrophile–Lipophile Balance, or HLB), we found that the
ifurcation of the droplet states depends on the order of interface
ormation, that is, the order of droplet casting and oil immersion.
he static and dynamic wettability features of these states were
xperimentally confirmed, and the underlying mechanism was
tudied on a molecular scale using interaction, thermodynamic,
nd force measurements. We also confirmed that bistable states
an be extended to different substance combinations based on the
roposed mechanism.

Results and Discussion

.1 Bistable States on One Smooth Surface

self-assembled silane monolayer regulates the surface chem-
stry of the substrate without texturing [21]. The probe surface
as a glass substrate modified with a phenyl silane mono-
ayer. The surface has no texture (Figure 1a), and atomic force
icroscopy (AFM) measurements quantified the surface root-
ean-square roughness of Rq = 0.41 nm at the scan range of
0 µm × 20 µm (Figure 1b). In addition to the hydrophobic
henyl group, the surface had hydrophilic silanol groups from
lass and the hydrolysis of phenyl silane, as confirmed from the
ourier-transform infrared (FT-IR) spectrum (Figure S1). The
ater contact angle in air is (θs, θr) = (80◦ ± 2◦, 61◦ ± 1◦). By
hanging the surroundingmedia from air to liquid state hydroxyl-
erminated polydimethylsiloxane (PDMS–OH) with HLB = 0.12
of 9
[22], the water droplet behavior branched into sticky or repellent
(Figure 1c,d). The applicablewetting states depend on the order of
interface formation (Figure S2). On the one hand, the droplet cast
on the probe surface after immersion in PDMS–OH within 30 s
(denoted as the post-cast droplet) has a water contact angle of (θs,
θr) = (176◦ ± 1◦, 173◦ ± 1◦) (Figure 1c), exhibiting nearly perfect
hydrophobicity but with observable “non-zero” water adhesion
(Figure S3 andMovie S1). Here, a PDMS–OH layer was entrapped
beneath the resting post-cast droplet, similar to a Cassie state.
The layer was too thin to be observed because it was squeezed
by the droplet. During motion, the layer becomes sufficiently
thick to allow side-view observation at the droplet scale. This
is because the layer thickness increases with the droplet sliding
velocity, known as oleoplaning effect [11]. On the other hand,
the droplet cast before the immersion (denoted as the precast
droplet) exhibited a water contact angle of (θs, θr) = (131◦ ±
4◦, 107◦ ± 2◦) (Figure 1d; Movie S2). In both cases, θa reaches
nearly 180◦, which means PDMS–OH spreads completely (that
is, equivalent to the PDMS–OH receding angle being nearly 0◦)
to the probe surface as a liquid state and prevents contact line
advance. Note that PDMS–OH is neither coated nor grafted to
the substrate, which is confirmed by the constant water contact
angle in air regardless of the repeated PDMS–OH immersion and
rinsing (Figure S4). Moreover, the droplets were not in a transient
state and maintained the observed wettability for a sufficiently
long time (discussed in Section 2.3 Interfacial stability).

2.2 Interfacial States

Branched wetting states are observed within a specific HLB
range. Figure 2a shows photographs of water droplets cast onto
the substrate before and after immersion in PDMS(─OH) with
different HLB values. PDMS (HLB= 0), PDMS–OH (HLB= 0.12),
and PDMS–OH (HLB = 0.73) have similar surface tensions of γo
≈ 19.8, 19.9, and 21.4 mN/m, respectively, and viscosities of η ≈

50, 40, 35 mPa⋅s. Under PDMS, the post- and precast droplets
exhibit similar contact angles of (θs, θr) = (125◦ ± 4◦, 84◦ ± 4◦)
and (118◦ ± 4◦, 83◦ ± 5◦), respectively. Under PDMS–OH (HLB =
0.73), the post- and precast droplets exhibit contact angles of (θs,
θr) = (170◦ ± 1◦, 168◦ ± 4◦) and (167◦ ± 2◦, 146◦ ± 4◦), respectively,
with notably high θr values. In contrast, under PDMS–OH (HLB
= 0.12), branched repellent/sticky droplet behavior was observed,
as discussed above, with (θs, θr) = (176◦ ± 1◦, 173◦ ± 1◦) and (131◦
± 4◦, 107◦ ± 2◦) for post- and precast droplets (Figure 1c,d).

The possible interfacial states of the PDMS-entrapped region
and droplet–substrate contact region at the molecular scale are
illustrated in Figure 2b,c, respectively. The former state is termed
Configuration R (repellent) because the entrapped PDMS layer
limits the droplet contact with the solid. The latter state is
termed Configuration S (sticky) because the droplet forms direct
contact with the substrate. We expected the composition of the
two configurations under the droplet to differ depending on
the surrounding media. In Configuration R, droplet–substrate
contact is not formed, thereby increasing the droplet repellency.
Under PDMS−OH (HLB = 0.73), most of the region beneath
the droplet was in Configuration R, but not the entire region
because droplet adhesion was observed (Figure S3 and Movie
S1). Under PDMS, most of the region beneath the droplet was
in Configuration S, and the droplet adhered to the substrate
Advanced Materials Interfaces, 2026
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FIGURE 1 Bifurcated wetting states on one smooth surface. (a, b) Field emission scanning electron microscopy (FE-SEM; top) and AFM (bottom)
images of the phenyl silane-modified glass substrate surface. Dust was included in the FE-SEM image to confirm that the focus is correct. (c) Side-view
photographs of two 5 µL water droplets cast onto the one same substrate before (right) and after (left) immersing the substrate in PDMS–OH. (d) The
adhesion behavior of the droplets in motion. Droplets were pushed with a Teflon needle parallel to the substrate.

FIGURE 2 Comparison of different interfacial states. (a) Photographs of pre-/post-cast water droplets under PDMS(─OH) with different HLBs.
(b, c) Schematics of two interfacial states: (b) PDMS–OH is entrapped beneath the droplet and minimize the droplet substrate contact, denoted as
Configuration R; (c) the droplet adheres to the substrate –OH area, denoted as Configuration S. Possible hydrogen bonding determines the preference
between the twowetting states; hydrogen bonding betweenwater and PDMS–OH (HBWater–PDMS), PDMS–OHand silanol from the glass substrate and/or
hydrolyzed silane (HBPDMS–Silanol), or water and Silanol (HBWater–Silanol). (d) Distance dependence of the intermolecular interaction energy between the
–OH groups on the substrate surface silanol and the molecular end group of PDMS(─OH). (e) Electrostatic potential map of PDMS–OH in proximity to
–OH groups on the substrate surface.

Advanced Materials Interfaces, 2026 3 of 9
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Figure 2a, left), indicating that molecular interaction stabilized
he PDMS–OH layer between the droplet and substrate. We
onsider this interaction to be hydrogen bonding between water
nd PDMS–OH (HBWater–PDMS) and between PDMS–OH and
he silanol interface (HBPDMS–Silanol). Moreover, the oleophilic
nteractions between PDMS–OH and the substrate phenyl groups
hould also enhance the stability of the entrapped PDMS–OH.
n Configuration S (Figure 2c), observed under PDMS and for
he precast droplet under PDMS–OH (HLB = 0.12) (Figure 2a,
eft and center), the sticking property of the droplet is due to the
irect contact between water and the substrate. Water molecules
ave a higher affinity for silanol groups than for phenyl groups
ecause of possible hydrogen bonding with the substrate silanol
roups (HBWater–Silanol). See Note S1 [23, 24] for estimation of the
BWater–Silanol fraction in Configurations R and S.

s shown above, the specific configuration of the region beneath
he droplet depends on the adhesion of PDMS(─OH) to the sub-
trate beneath the water droplet through the possible formation
f HBPDMS–Silanol. To investigate this further, we calculated the
ntermolecular interaction energies at the PBE/6-311G** level
f theory incorporating Grimme’s dispersion correction [25]
see Methods section for details [26–29]). Figure 2d shows the
nteraction energy as a function of the distance between PDMS–
H and the silanol group. The potential well is shallow for PDMS
ut sufficiently large for PDMS–OH compared with the ther-
al fluctuation energy. The origin of this significant attractive
nteraction can be explained by electrostatic interactions. The
lectrostatic potentialmap between the end of PDMS–OHand the
ilanol group (Figure 2e) shows that the O (or H) of the silanol
ttracts the H (or O) of PDMS–OH, suggesting the formation
f a hydrogen bond. Although the long-range interaction decays
ith distance from the substrate, it is still large compared to the
hermal effect with a distance of 5–6Å. This indicates that PDMS–
Hcan form sufficiently strong hydrogen bonds evenwith silanol
roups covered by phenyl groups (approximately 4 Å in height),
esulting in the formation of a stable PDMS–OH layer below the
roplet, which is absent in the case of PDMS.

.3 Interfacial Stability

igure 3a–c shows a comparison of the total energies of the
wo configurations under PDMS, PDMS–OH (HLB = 0.12),
nd PDMS–OH (HLB = 0.73), respectively. We calculated the
ifference in the unit area total interfacial energy γtotal of two
onfigurations using Δγ = γso + γow – γsw, where the subscripts s,
, and w denote substrate, PDMS(─OH), and water, respectively
see Methods section for details [30], Figure S5, and Table S1).
ote that this value is intrinsically equivalent to the spreading
oefficient Sd. We also confirmed that PDMS(─OH) does not
issolve in the water layer, and that the water–PDMS(─OH)
nterfacial energy is constant (Figure S6). Under PDMS, Δγ
28.2 ± 2.8 mJ/m2, indicating that Configuration S favored

hermodynamically (Figure 3a). Thus, the water droplet contacts
fter immersion in PDMS transitioned from Configuration R
o S, and the transition time was 13 s, which reflects the
iscosity-dependent rupture of the PDMS layer below the droplet
31]. Under PDMS–OH (HLB = 0.12), Configuration S still is
hermodynamically stable with Δγ= 10.1± 1.9 mJ/m2 (Figure 3c).
ecause the viscosity of PDMS–OH (HLB= 0.12) is similar to that
of 9
of PDMS, the transition time is expected to be similar; however,
the post-cast droplet maintained its shape for significantly longer.
This implies that a considerable energetic barrier prevents the
transition, which should mainly arise from the work required to
detach PDMS–OH (HLB = 0.12) from the substrate underwater
(that is, advance the contact line of water). Despite the difficulty
in comparing the detachment force from the θa ≈ 180◦ (that
is, PDMS receding contact angle ≈ 0◦) for the precast droplets,
we consider that the detachment work is higher for PDMS–
OH (HLB = 0.12) than for PDMS owing to the HBPDMS–Silanol.
In contrast, under PDMS–OH (HLB = 0.73), Configuration R
is thermodynamically stable, as indicated by Δγ = −3.3 ± 0.9
mJ/m2 (Figure 3b). Despite the existence of an energetic barrier
by HBWater–Silanol, the precast droplet immediately switched from
a sticky to a repellent state. This means the energetic barrier is
too small to prevent the transition. In this case, the energetic
barrier arises from the work required to detach (recede the
contact line of) water from the substrate. Owing to the hydropho-
bicity (oleophilicity) of the substrate phenyl group, the water
detachment is easier than the PDMS–OH detachment despite
the existence of the HBWater–Silanol. That is apparent from the θa
>> θr for droplets in Configuration S. While this, the precast
droplet under PDMS–OH (HLB = 0.12) did not switch because
the droplet favors Configuration S (Figure 3c). The energy-level
relationships of the configurations in Figure 3c were similar
to those of the Cassie and Wenzel states observed in textured
surfaces [32]. Notably, the energetic barriers to transitioning from
configuration R to S should not differ significantly across these
PDMS–OH systems, as HB sites in PDMS are sufficient to cover
the silanol group on the substrate (see the discussion in the next
section). Rather than that, the transition difficulty is dominated
by the plus or minus sign of the Δγ. In the HLB = 0.12 case, to
exhibit bistability, HBPDMS–Silanol shouldwork to prevent transition
from Configuration R to S. In this case, the HBPDMS–Silanol should
be large enough to prevent the receding (advancing) of the PDMS
(water). In theHLB= 0.73 case, to exhibit bistability, HBWater–Silanol
should work to prevent transition from Configuration S to R. In
this case, the HBWater–Silanol should be large enough to prevent
the receding (advancing) of water (PDMS). This difference arises
from the presence of a hydrophobic/oleophilic part.

2.4 Droplet Adhesion Behavior

Although droplets in Configuration R (S) are repellent (sticky)
under PDMS–OH (HLB = 0.12), the quantification of the
adhesion force is challenging because the density of PDMS is
comparable to that of the droplet. Thus, we estimated the droplet
adhesion by measuring the critical sliding angle α of a PDMS-
wrapped droplet (Figure S7) [33, 34], yielding F≈ ρVg sinα, where
ρ≈ 0.997 g/mL is the density ofwater,V is the droplet volume, and
g≈ 9.81m2/s is the gravitational acceleration constant (Figure 4a).
Figure 4b,c shows the sliding behavior of post- and precast
droplets wrapped in PDMS–OH (HLB = 0.12) (V = 5 µL). At
a 1◦ tilt, the post-cast droplet in Configuration R slid off at a
constant speed of U = 36 ± 11 µm/s, while the precast droplet
in Configuration S did not slide off with the surface tilted at 90◦.
The apparent adhesion force difference depends on whether the
droplet makes direct contact with the substrate. In Configuration
R, the droplet–substrate contact is limited by PDMS(─OH);
therefore, the contact line friction is negligible, and the adhesion
Advanced Materials Interfaces, 2026
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FIGURE 3 Interfacial stability. Interfacial energy diagram and possible wetting transition of water droplet under (a) PDMS, (b) PDMS–OH (HLB
= 0.73), and (c) PDMS–OH (HLB = 0.12). In (a)/(b), the post-/pre-cast droplet transitioned from repellent/sticky to sticky/repellent owing to their
monostability. However, the pre-/post-cast droplet keeps sticky/repellent under PDMS–OH (HLB = 0.12) owing to the bistability.
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orce mainly originates from the viscous dissipation around the
roplet [35]. In Configuration S, the droplet makes direct contact
ith the substrate, and the adhesion force corresponds to the
ontact line friction [36], especially on the rear side (note that θa
180◦).

igure 4d shows the HLB effect on the droplet adhesion force.
n this experiment, the droplet volume was V = 20 µL, which
llowed us tomeasure the sliding angle values for all test droplets.
ine HLB adjustment was achieved by varying themixing ratio of
DMS to PDMS–OH. In the PDMS (HLB= 0)-wrapped condition,
ith HBPDMS–Silanol absent, the adhesion force of the pre- and
ost-cast droplets was F = 135.9 ± 18.2 and 110.2 ± 9.0 µN,
espectively, not significantly different.However, the difference in
he adhesion force between pre-/post-cast droplets increasedwith
ncreasing HLB. Under the PDMS–OH (HLB = 0.02)-wrapped
ondition, obtained by diluting PDMS–OH (HLB = 0.12) with
DMS, the pre- and post-cast droplets exhibited F = 27.2 ± 15.4
nd 0.68 ± 0.34 µN, respectively. The droplet in Configuration R
xhibited a mostly constant friction values of hundreds of nN.
urthermore, both the pre- and post-cast droplets transitioned
rom Configuration S to R, and the critical transition HLB
iffered for pre-/post-cast droplets. We defined the lower critical
ransition HLB observed for post-cast droplets as HLBLC = 0.01–
.02 and the upper critical transition HLB for precast droplets
s HLBUC = 0.5–0.7. Branched wettability was observed between
hese critical HLBs, that is, HLBLC < HLB < HLBUC.

ext, we discuss the physical meaning of these transition points.
he transition of precast droplets nearHLBUC is due to the change
n the thermodynamically favored configuration, depending on
dvanced Materials Interfaces, 2026

v

whether Δγ is positive or negative. Δγ decreases with increasing
HLB (Figure S8) because γow decreases with the increasing
fraction of PDMS–OH by forming HBWater–PDMS. The critical HLB
for Δγ = 0 is estimated to be HLB ≈ 0.62, which coincides with
the experimentally obtained value of HLBUC (= 0.5–0.7). At HLB
<HLBUC (that is, Δγ > 0), the interfacial state is in configuration
S, and the contact line friction can be estimated using the Young–
Dupré adhesion model Fγ ∼ γow(1 + cosθr). This is reasonable
because the adhesion force decreases with increasing HLB owing
to the decrease in γow. Here, slope fitting suggested F ∼ HLB−0.5,
as shown by the black dashed line in Figure 4d. At HLB >HLBUC
(that is, Δγ < 0), Configuration R is favored, and the adhesion
force of the precast droplet drastically decreases.

The transition point of the post-cast droplets atHLBLC depends on
whether the OH groups in the PDMS can cap the substrate silanol
groups, that is, to replace the HBWater–Silanol with HBWater–PDMS. The
number of hydrogen bonds available in PDMS(─OH) increases
with increasing HLB. We considered HLBLC to be the saturation
point for HBPDMS–Silanol. At HLB < HLBLC, the amount of OH
groups in the PDMS was insufficient to cover the substrate
silanol groups; thus, the uncovered silanol groups result in the
formation of HBWater–silanol, and the droplets stick to the substrate.
In this context, configurations R and S coexist beneath the post-
cast droplets, akin to a “partial Wenzel state [37] or transitional
state [16, 37],” and the total adhesion force is the sum of the
HBWater–Silanol at the substrate–water contact region [38]. Under
the assumption that (i) the water–silanol interface has negligible
interfacial tension and (ii) that the Young–Dupré model is
appropriate for molecular scale wetting, the unit adhesion force
by HBWater–Silanol is ∼Fγ [θr→0]. Moreover, the number density of
5 of 9
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FIGURE 4 Droplet adhesion behavior. (a) The experimental setup used to estimate the droplet adhesion force under PDMS(─OH). The water
droplet was post-cast on the PDMS(─OH) lubricated substrate and tilted until the droplet started sliding. The adhesion force was quantified
using the critical sliding angle α. A 5 µL water droplet wrapped with PDMS–OH (HLB = 0.12) in (b) Configuration R and (c) Configuration S.
(d) Adhesion force evolution of wrapped 20 µL water droplets as a function of HLB. Dashed lines correspond to the fitment of F ∼ HLB−0.5 (black),
F ∼ HLB−0.5(1−HLB/HLBLC) (orange), and F = const. (gray) to the experimental data.
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BWater–Silanol is proportional to the number of silanol groups that
ailed to be covered by OH groups in PDMS. Thus, we expect F ∼

γ [θr→0] (1− fPDMS–OH/fsilanol)∼HLB−0.5(1−HLB/HLBLC), where
PDMS–OH (fsilanol) is the number density ofOHgroups in PDMS (the
ubstrate), which is approximately proportional to HLB (HLBLC).
itment of this model to the experimental data is shown by the
range dashed line in Figure 4d, affordingHLBLC ≈ 0.019. AtHLB
HLBLC, the post-cast droplet favors Configuration R, and there

s an excess of OH groups in PDMS that do not play a significant
ole in the droplet adhesion behavior. Thus, we obtain F ≈ const
gray dashed line).

.5 ExtendingWettability Bifurcation to
ifferent Material Combinations

ased on the proposed mechanism, we show that branched
ettability can be extended to different material combinations
Figure 5). Branched wetting states were observed in various
DMSmedia containing different hydrogen-bonding terminating
of 9
groups. For example, molecular interactions between amino-
terminated PDMS (PDMS–NH2) and silanol are similar to those of
PDMS–OH (Figure S9). Thus,we first studied the effect ofHLBon
the droplet adhesion force by substituting PDMS–NH2 for PDMS–
OH (Figure 5a). Branched wettability emerged at HLB = 0.0008–
0.019. Notably, bifurcation of the droplet shape was not observed
when we used PDMS modified with non-hydrogen-bonding
groups (Figure S10). The hydrophobic part of the surrounding
medium is not limited to PDMS as long as the medium phase is
water-immiscible and has a hydrogen-bonding group.We studied
a fatty acid system using a mixture of 1-octadecene (C18H36) and
oleic acid (C17H33COOH). Figure 5b shows the sliding angle of
pre-/post-cast droplets (V = 5 µL) as a function of different HLB
achieved by varying the mixing ratio of 1-octadecene to oleic
acid. Branched wettability was observed in the region of HLB =
0.3–1.6. Furthermore, hydrogen-bonding agents are not limited
to liquids; a branched wettability system can be achieved by
dissolving a solute in the liquid medium. We dissolved 1 wt.%
octadecyl amine (C18H37NH2) as a hydrogen bonding additive in
1-octadecene. After the dissolution, the HLB of the 1-octadecene
Advanced Materials Interfaces, 2026
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FIGURE 5 Extending wettability bifurcation to different material combinations. (a) Adhesion force evolution of the wrapped 20-µL water droplets
as a function of HLB for a mixture of PDMS and PDMS–NH2. (b) Sliding angle of 5-µL water droplets under different mixtures of 1-octadecene and oleic
acid. (c) Branched wettability of a water droplet under a mixture of 1 wt.% octadecyl amine and oleic acid. (d) Sliding angle of pre-/post-cast 5-µL water
droplets on substrates with different hydrophobic moieties under a mixture of PDMS and PDMS–OH.
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ecomes 0.012. As shown in Figure 5c, branched wettability was
bserved. These results demonstrate the potential expansion of
ranched wettability to various surrounding media.

e also varied the hydrophobic part of the substrate from phenyl
C6H5−) to more hydrophobic alkyl (C6H13−, Rq = 0.82 nm)
r perfluoroalkyl (C4F9C2H4−, Rq = 1.14 nm) groups while
aintaining surface smoothness. With the increase of substrate
ydrophobicity (that is, an increase in γsw), HLBUC should
ecrease because of the decrease in Δγ. As expected, branched
ettability was observed on all the probe surfaces. We found
hat HLBUC decreased with increasing substrate hydrophobicity
dvanced Materials Interfaces, 2026
in the order of perfluoroalkyl, alkyl, and phenyl modification
(Figure 5d).

3 Conclusion

The molecular-level tuning of the wettability balance enabled
the observation of branched wetting states. Depending on the
substrate and surrounding medium, a water droplet can be in
a metastable state owing to the energetic barrier formed by
molecular interactions, while another droplet is in a thermody-
namically favored state. While this study mainly modulated the
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ydrogen-bonding species in the surrounding medium, which
etermined the HLB, the insights gained can be expanded to
he modulation of droplets, substrate surface chemistry, and
olecular interactions other than hydrogen bonds. The observed
roplet shape, adhesion behavior, and energy level of the config-
rations were analogous to those of Cassie and Wenzel droplets,
egardless of the use of a smooth surface. In a Cassie-like state,
PDMS–OH (HLB = 0.12) layer too thin to be observed is
ntrapped beneath the resting droplet, whereas PDMS (HLB = 0)
s squeezed out by a post-castwater droplet. In contrast to classical
bservations (that is, the case of Δγ< 0), it is energetically favored
hat PDMS–OH (HLB = 0.12) is squeezed out by the post-cast
roplet. Therefore, HBWater–PDMS and/orHBPDMS–Silanol outcompete
BWater–Silanol to achieve surrounding media entrapment beneath
he water droplet. In a Wenzel-like state, HBWater–Silanol form
nstead of HBPDMS–Silanol. It is difficult to distinguish between
Wenzel-like state and a classical Young state in macroscopic
ettability; however, the apparent difference is that the droplet
n aWenzel-like state exhibits θa ≈ 180◦, resulting in large contact
ngle hysteresis. Overall, this study found that a Cassie/Wenzel-
ike heterogeneous interfacial configuration appeared at the
olecular scale, and themolecular effect resulted inmacroscopic
ettability features akin to those of Cassie/Wenzel droplets.
e believe that a molecular-scale model interface analogous to
he Cassie/Wenzel states is a powerful tool for understanding
he molecular effects on droplet mobility [12, 39], adaptivity
40], micro-wetting [41], and nanofluidics [42]. These findings
lso provide guidance for the design of robust liquid repellents
r capturing surfaces because surface nano/microscale textures
ypically suffer from low mechanical stability [43].
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