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The interplay between phase separation and wetting of multicomponent mixtures is
ubiquitous in nature and technology and recently gained significant attention across
scientific disciplines, due to the discovery of biomolecular condensates. It is well
understood that sessile droplets, undergoing phase separation in a static wetting
configuration, exhibit microdroplet nucleation at their contact lines, forming an oil
ring during later stages. However, very little is known about the dynamic counterpart,
when phase separation occurs in a nonequilibrium wetting configuration, i.e., spreading
droplets. Here we show that liquid-liquid phase separation strongly couples to the
spreading motion of three-phase contact lines. Thus, the classical Cox—Voinov law is not
applicable anymore, because phase separation adds an active spreading force beyond the
capillary driving. Intriguingly, we observe that spreading starts well before any visible
nucleation of microdroplets in the main droplet. Using high-speed ellipsometry, we
further demonstrate that the evaporation-induced enrichment, together with surface
forces, causes an even earlier nucleation in the wetting precursor film around the
droplet, initiating the observed wetting transition. We expect our findings to improve
the fundamental understanding of phase separation processes that involve dynamical
contact lines and/or surface forces, with implications in a wide range of applications,
from oil recovery or inkjet printing to material synthesis and biomolecular condensates.
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Phase separation or demixing of homogeneous liquid mixtures into two or more distinct
phases frequently occurs in nature and everyday life and critically impacts a variety of
engineering applications (1), such as oil recovery (2), inkjet printing (3), and materials
synthesis (4). In most practical situations, phase separation processes occur in heteroge-
neous environments, i.e., in contact with surfaces, because the interaction with surfaces
facilitates nucleation (5). Thus, the interplay of phase separation and wetting is often
nontrivial and cannot be ignored (6, 7). For instance, the wettability of rock surfaces
can strongly affect the separation efliciency of a crude oil-water mixture for recovering
oil from underground reservoirs (2). Even for a single-component liquid, the kinetics of
phase transition between different liquid states can be altered by the presence of solid
surfaces (8). In addition to technical applications, the coexistence of phase separation and
wetting is found in biological settings. A typical example is the protein condensation, a key
process for living cells to form membraneless organelles (9, 10), which happens not only in
bulk cytoplasm, but frequently on surfaces like the nucleus, microtubuli, and lipid bilayers
(11, 12). In the latter case, the wetting properties of biological membranes play an essential
role, for instance, in regulating autophagy of the phase-separated compartments (13).

Earlier studies have revealed the physical mechanisms of heterogeneous nucleation,
such as the effect of particle sizes and surface properties on the nucleation efficiency
(14, 15) or the impact of preferential wetting on spinodal decomposition in binary liquid
mixtures (16, 17). Recent work has demonstrated how selective evaporation of sessile
droplets in various static wetting configurations modulates nucleation and coarsening
processes, e.g., in evaporating ternary Ouzo drops (18, 19). Most of those studies focus
on the aspect of static wetting, i.e., pinned three-phase contact-line conditions (18-21).
Nevertheless, it remains unclear how the dynamic counterpart, e.g., moving contact lines
(22-24), interacts with phase separation, despite its abundance in many natural and
industrial scenarios.

Here we explore the interplay between phase separation and wetting dynamics, using
droplets of an evaporating, nonideal, binary liquid mixture with a well-defined miscibility
gap on completely wetting substrates. We adopt droplets of water and glycol ethers as a
model system that exhibits a lower critical solution temperature (LCST) close to room
temperature (S Appendix, Fig. S1 and Table S1). In the one-phase region, due to solutal
Marangoni flows, the droplet maintains a quasi-stationary, contracted state with a nonzero
apparent contact angle 6,,, and a high mobility, i.e., an unpinned contact line (25-28)
(Fig. 1A). We then trigger phase separation by driving the droplet into the miscibility
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Significance

Phase separation plays a central
role in many natural and
engineering processes, such as
cloud formation, biomolecular
condensation, and oil recovery. In
most situations, phase separation
occurs in heterogeneous
environments, accompanied by
surface wetting. While the
scenario for static wetting has
been extensively studied, the
dynamic counterpart remains
largely unexplored. Driving highly
mobile droplets of binary
mixtures into their miscibility gap,
we reveal that liquid-liquid phase
separation may cause active
spreading, beyond capillarity or
gravity-based laws. This motion
precedes bulk coarsening and is
associated with premature
interfacial nucleation, due to
evaporative enrichment and
surface forces. Such strong
coupling between dynamical
capillary phenomena and phase
separation could be an important
building block in nanoscale
processing, for instance, on
semiconductor surfaces.
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Fig. 1.

Mass fraction ¢

Experimental system and setup. (A) Schematic cross section of an evaporating binary droplet on completely wetting surfaces, with a nonzero apparent

contact angle due to solutal Marangoni flows. (B) Zoom in to the contact line region before and during phase separation, triggered by heating the substrate.
(C) Schematic phase diagram of a binary liquid system with a LCST. Upon heating from the one phase region 1 to the two phase region 2, the mixture separates
into two phases 3 and 4. (D) Schematic of the experimental setup, with simultaneous observation from the side and below. (E) Apparent contact angle 6y
(green) and surface tension ~,y (red) of the DPnP water mixture versus DPnP mass fraction ¢ on completely wetting surfaces at T ~ 20 °C.

gap, by heating and/or selective evaporation (Fig. 1 B and C).
Surprisingly, upon liquid-liquid phase separation, we see actively
driven droplet spreading. Notably, spreading occurs before any
visible nucleation of microdroplets in the main droplet. High-
speed ellipsometry reveals an even earlier phase separation in
the precursor film around the droplet, evidencing the strong
coupling of phase separation and surface wetting, which leads to
the observed wetting transition.

Results

Experimental Setup and System. To heat droplets in a precise
manner, we built a computer-controlled heating system, which
was mounted on top of an inverted microscope (Nikon Ti2E).
As substrates, we used precision microscope coverslips (thickness
0.17 mm; VWR) and one-side frosted microscope slides (thick-
ness 0.96 to 1.06 mm; Corning), cleaned by piranha solutions or
plasma treatment to generate completely wetting surfaces or by
ethanol for partially wetting surfaces. Droplets of initial volumes
Q= 0.5 to 2 pL were deposited onto the substrates and then
heated at a controlled rate. Bottom-view and side-view images
were simultaneously recorded by a high-speed camera (50 to
500 fps; Phantom VEO 4K-L) on the microscope and a digital
camera (27 fps; Point Gray Grasshopper2) attached to a telecentric
lens, respectively (Fig. 1 D). We used binary mixtures of water
(resistivity 18.2 MQ - cm; “Milli-Q”) and di(propylene glycol)
propyl ether (DPnP) (> 98.5%; Sigma-Aldrich, mass fraction ¢),
unless stated otherwise (see Materials and Methods for experimen-
tal details).

20of 7 https://doi.org/10.1073/pnas.2203510119

Fig. 1E shows the apparent contact angle 0, (green) and the
surface tension ypy (red) versus ¢ of our DPnP—water mixture
in the one-phase region on completely wetting substrates. How-
ever, the apparent contact angles are quasi-statically nonzero: The
single-phase water-rich binary mixture exhibits strong Marangoni
contraction, whereas the glycol ether-rich mixture shows auto-
phobing (29). What happens when the droplet is now forced into
the two-phase region (Fig. 1 B and C)?

Abrupt Spreading. We begin with investigating the macroscopic
dynamics by heating droplets in pinned and unpinned situations,
i.e., by partially and completely wetting, respectively. Fig. 24
illustrates a typical image sequence of a 1-puL. DPnP—water binary
droplet with ¢ = 0.1 heated on a completely wetting substrate.
During heating of the substrate, we first observe enhanced con-
traction (Fig. 2 A [0 to 6.5 s] and B), owing to the increased selec-
tive evaporation and thus intensified Marangoni flows. However,
surprisingly, above a certain temperature (T¢ ~ 37 °C), a sharp
transition into an abrupt spreading motion is observed (Fig. 2 A
[6.5 t0 9.2 5] and B). Shortly thereafter, droplet spreading is ac-
companied by nucleation and growth of DPnP-rich microdroplets
(Fig. 2 A[9.2 s] and Movie S1). The typical delay from placing the
droplet until spreading or phase separation occurs is SO(10s),
much smaller than the timescale of depletion of the volatile
component [~O(100s)], so the volumetric effect of evaporation
is negligible. A qualitatively similar behavior is observed without
heating, once water has depleted sufficiently from the droplet to
trigger phase separation (S/ Appendix, Fig. S6).

In contrast, droplets of DPnP—water mixtures on partially
wetting surfaces (ethanol-cleaned coverslips) phase separate in
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Fig. 2. Active spreadingofa 1 uL phase separating DPnP water droplet on a substrate heated at ~1.8 °Cs~". (A, 7 3) Image sequence of the side aspect of the
droplet (¢ = 0.1) (Left) together with the bottom view of the contact line region (Right). (Scale bars, 0.25 mm.) (B) Droplet radius R versus time t and temperature
T as color code. t; marks the onset of spreading. (C) Gipp — 9§q versus the capillary number Ca for phase separating DPnP water mixtures (¢ = 0.1 and 0.15,
light and dark green, respectively), compared to simple fluids toluene and water (dark and light gray, respectively) and the fully miscible PG water mixture
(¢ = 0.5, dark yellow). Simple fluids follow the Cox Voinov law (Eq. 1), collapsing onto a single line of slope 1 (dashed line); non phase separating PG water
spreads slower, following the Cox Voinov law only in the very end; phase separating DPnP water spreads significantly faster than miscible or pure liquids. /nset
shows data as a function of the physical Uq, (S/ Appendix, Fig. S4). (D) High resolution images of the contact line region. Spreading (direction indicated by the
arrow) starts first, and microdroplets appear later. (Scale bars, 50 um [Left] and 10 um [Right].)

their bulk as temperature increases, without any apparent change
of their wetting behavior (Movie S2). This latter scenario is con-
sistent with previous studies on the evaporation-driven phase
separation (segregation) of ternary (18, 19) or binary (30, 31)
droplets on partially wetting surfaces and/or subject to contact-
line pinning.

As a control experiment without phase separation, for instance
to clarify the impact of thermal (32, 33) or solutal (34) Marangoni
convection, we replace DPnP with a glycol of similar surface ac-
tivity, propylene glycol (PG) (¢ = 0.5; Sigma-Aldrich, > 99.5%)
(35, 36). Note that PG and water are well miscible, meaning
that their mixture does not exhibit liquid-liquid phase separation
throughout our experimental conditions. In this case, we observe
enhanced contraction during all of the heating phase. Only much
later, due to the gradual depletion of water from the droplet,
the Marangoni flows decay and hence the droplet spreads slowly
(Movie S3 and ST Appendix, Fig. S2) (25, 36).

Impact of Phase Separation on Spreading. For pure liquids, the
dynamics of advancing contact lines follow the classical Cox—

Voinov law (37, 38)

0,, — 05, =9Caln <a ll> (1]
where 0,4y, and 0., denote the dynamical apparent contact
angle and the equilibrium contact angle, respectively. Ca =
wUecr/vrv is the capillary number, i1 the dynamic viscosity, and
Ucy the speed of the moving contact line. « is a nonuniversal
numerical constant, and [/, and /; indicate an outer (macroscopic)
and an inner (microscopic) length (23, 39). Fig. 2C shows the
dependence of 63, — 02, on Ca and, in Fig. 2 C, Inset on
Uct, for phase-separating DPnP—water (¢ = 0.1, light green and
¢ = 0.15, dark green), toluene (dark gray), water (light gray), and
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PG-water (¢ = 0.5, dark yellow) droplets, respectively. Here,
for the DPnP—water mixtures, toluene, water, and the PG—water
mixture, 0¢4s are ~6.1° (¢ =0.1), ~6.3° (¢ =0.15), ~5.5°,
~2.7°, and ~4.2°, respectively. As expected, experimental data
of toluene and water collapse onto a master curve (black dashed
line), following the Cox—Voinov law (Eq. 1). For the binary
mixtures, we observe a deviation from the Cox—Voinov law:
PG—water droplets spread slower, due to a gradually decaying
Marangoni contraction (25, 36), whereas, surprisingly, the phase-
separating binary droplets spread much faster, evidencing a direct
coupling of phase separation to the spreading process, in the
opposite direction compared to the Marangoni flows in the
miscible region. Besides larger capillary numbers, phase separation
generates exponents greater than 1, increasing with the glycol—
ether mass fraction (Fig. 2C). Thus, phase separation accelerates
spreading.

Of course, there is no single well-defined capillary velocity,
Ucap =vLv /1 for a droplet with ongoing phase separation,
since in general, the two phases exhibit different viscosities, and
an emulsion may, on top, show non-Newtonian behavior (40).
Nonetheless, it is instructive to nondimensionalize the contact line
velocity Ugy, with a characteristic value that is representative for
the given situation. We measure surface tensions and viscosities
in water-rich (¢ = 0.1 and 0.15) and the corresponding DPnP-
rich one-phase regions at the temperature that droplet starts
spreading, obtaining for ¢ = 0.1 capillary velocities ~40 m/s
and ~6.5 m/s, respectively, and for ¢ = 0.15 capillary velocities
~18 m/s and ~4.2 m/s, respectively. In Fig. 2C, we use the
value for the water-rich phase, which corresponds to the initial
condition for the abrupt spreading and the volumetrically dom-
inating phase throughout this process. The presence of glycol
ether-rich microdroplets would increase the apparent viscosity

(SI Appendix, Fig. S3). Therefore, the curves are a lower bound

https://doi.org/10.1073/pnas.2203510119 3 of 7


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203510119/-/DCSupplemental
https://doi.org/10.1073/pnas.2203510119

for the actual capillary number; In SI Appendix, we also depict
the range of possible capillary numbers (S/ Appendix, Fig. S4).
Instead, for the PG—water mixture, we use the viscosity of pure
PG, which is appropriate for the final spreading and gives an upper
bound for the capillary number at earlier times (Fig. 2 C and
SI Appendix, Fig. S4).

To identify phase separation near the contact line, we further
record bright-field images at higher spatial resolution at x40
magnification (numerical aperture 0.60). As previously observed
for pinned droplets (18), microdroplets nucleate and grow at the
contact-line region (Fig. 2 D and Movie S4). However, micro-
droplets appear only around 0.44 s after the onset of contact-
line motion (SI Appendix, Fig. S5). We also confirm the gen-
erality of this phenomenon in our experimental system, using
a wide range of heating rates (0.9 to 0.3 °C/s) and different
mass fractions of DPnP (¢ = 0.05, 0.15), as well as binary
mixtures made of water and different glycol ethers [tri(propylene
glycol) propyl ether (TPnP) and di(propylene glycol) butyl ether
(DPnB)] (SI Appendix, Fig. S6). Visible coarsening is quantified
in the images by the average pixel-wise absolute deviation of the
intensity in the contact-line region from a reference image, a
signal that grows rapidly once nuclei reach the resolution limit
(~400 nm) (SI Appendix, Figs. S5 and S6). This suggests that the
spreading-relevant phase change occurs before visible coarsening
(Fig. 3 A and B), either at distances below the optical resolu-
tion (~400nm) to the contact line or in the precursor film
outside the droplet. In the precursor, which is formed by vapor
adsorption, surface forces may also impact composition and phase
behavior.

Phase Separation in the Precursor Film. Based on the above
observations (Fig. 2D), we hypothesize that, besides the effect
of evaporative enrichment (18), surface forces could promote an
earlier phase change within the precursor film. In our system,
surface forces are mainly due to van der Waals interactions across
the three phases, air/liquid/substrate, which can be quantified in
the form of a disjoining pressure

A
T 6mh3’

where A ~ —10729], the Hamaker constant (41) (adopting the
sign convention from ref. 23). For Eq. 2 to attain values significant
to thermodynamic equilibrium (on the order of atmospheric
pressure), h ~ O(1nm) is required, the typical thickness of a
precursor film (42). For complete wetting conditions, van der
Whaals forces are repulsive, i.e., II(h) < 0, giving rise to a reduced
pressure that tends to thicken the precursor film. This reduced
pressure also provides the equilibrium of the precursor with the
undersaturated vapor above it (43). Therefore, given the ambient
humidity and the vapor pressures of water and glycol ether, we
expect a monotonously increasing water fraction in the precursor
away from the droplet. However, composition-dependent surface
forces might alter the equilibrium (44, 45).

To investigate phase separation in the precursor film, we use
high-speed in situ ellipsometry, which allows for detecting subtle
variations of thickness or refractive index in molecularly thin
films (42) (Materials and Methods and SI Appendix, Fig. S7). Fig. 3
C—F shows the ellipsometric angle A (symbols) as a function of
time relative to the onset of spreading, ¢ — ¢, at three different
heating rates (0.5, 0.25, and 0 °C/min, Fig. 3C-E, respectively;
0 °C/min, Fig. 3F). Note that phase separation also happens at
constant temperatures above the LCST, due to selective evapo-
ration (Fig. 3 £ and F). For Fig. 3 C-E, the measurement spot
is located at a distance d ~ 0.5 mm away from the macroscopic
contact line (Fig. 3 A and S/ Appendix, Fig. S7). For Fig. 3F, the
distance is around 5 mm.

Long before the onset of spreading (t — ¢, S —20's), we find
a fluctuating A. We attribute this to the fluctuations in the
evaporation/condensation equilibrium between the vapor and the
hydrophilic surface (29), which are also observed when placing
a pendant droplet above a fully wetting substrate (S Appendix,
Fig. S8). Around t — t; ~ —20s, we observe an abrupt increase
of A, which is small but distinguishable from noise and repro-
duced in all repetitions of these experiments. Another ~5 to 10s
later, we see a rapid decrease of A (Fig. 3 C-F). On the contrary,

11(n) 2]
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Fig. 3. Analysis of the precursor film around the main droplet. (A) Schematic cross section of the micro/nanoscopic contact line region. h and d denote film
thickness and distance to the contact line, respectively. (B) High resolution images of the contact line region 0.2 s before and 0.8 s after the onset of spreading
at ts. (Scale bar, 20 um.) (C F) Ellipsometric angle A (symbols) measured at distance d to the contact line and temperature T (red lines) vs. t — ts: three different
heating rates of 0.5, 0.25, and 0 °C-min~" at d ~ 0.5 mm (C E, respectively) and 0 °C-min~" at d ~ 5 mm (F). For constant T ~ 26.5 °C (£ and F), phase
separation is triggered by selective evaporation. Vertical (gray) lines are a guide to the eye.
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at a large distance to the droplet (comparable to its radius), we
do not observe any measurable change in the ellipsometric signal
(Fig. 3F).

Our results clearly evidence the existence of a compositional
or morphological variation in the precursor close to the main
droplet, ahead of any macroscopically visible effect, most probably
caused by earlier nucleation in the precursor film. This variation
is sensitive to the distance d from the macroscopic contact line.
The precursor film is, due to its microscopic thickness, always
very close to equilibrium with the vapor above it, and the vapor
density around an evaporating droplet decays ~1/d (43). Due
to water evaporation, DPnP enriches near the contact line in
the droplet, which might affect also the precursor composition
near the droplet. However, far from the contact line, the less
volatile DPnP molecules are outnumbered by the more volatile
water molecules, which are abundant in the atmosphere due to
the natural humidity. As such, the phase boundary is hardly ever
reached far from the droplet, even though the precursor film
becomes much thinner (46). We note here that no visible increase
of A could be observed for large heating rates 21.2 °C/min
(SI Appendix, Fig. S9), for which the effect is probably beyond the

sampling period (~0.8 s) of our ellipsometer.

Preferential Wetting in the Two-Phase Region. Finally, to ratio-
nalize on which surface (solid-liquid or liquid—vapor) nucleation
first emerges, we test the wetting preference of water-rich and
glycol ether-rich droplets on either surface. Here, mutually satu-
rated water-rich and DPnP-rich phases are extracted from bottom
and top phases of a well-equilibrated DPnP—water mixture at a
1:1 mass ratio, respectively (Materials and Methods). A water-rich
droplet in a DPnP-rich outer phase preferentially wets the clean
glass, spreading to small contact angles (green; Fig. 4, Inset A).
Exchanging droplet and outer phases, the contact angle remains
large, close to 180° (red; Fig. 4, Inset B). In both cases, buoyancy
is used to push the droplet against the substrate, which is thus
located above the droplet in the latter case. The opposite behavior
is observed at the liquid—air interface, where the DPnP-rich phase
spreads along the free surface (blue; Fig. 4, Inset C; and see also
SI Appendix, Fig. S10 for additional cases on the wettability test).
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Fig. 4. Preferential wetting of the two mutually saturated liquid phases at

the interface with glass and air: contact angle vs. time (main panel) and
side aspects of the immersed droplets (Insets). (Inset A) Water rich droplet
spreading on hydrophilic glass in a DPnP rich ambient phase (green circles).
(Inset B) DPnP rich droplet dewetted from hydrophilic glass (located above
the droplet to have buoyancy pushing the drop against the glass) in a water
rich ambient phase (red square). (Inset C) DPnP rich droplet spreading at the
free surface of a water rich ambient phase (blue diamonds). Red dashed lines
represent the surface location. (Scale bars, 5 mm.)
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These observations suggest that the glycol ether-rich phase faces
a lower energy barrier for nucleation at the liquid—air interface,
compared to the bulk of the main droplet or at the substrate
surface (5, 47).

Although these results cannot readily be transferred to the
precursor region, where the presence of three phases in close
proximity leads to strong surface forces that may alter wetting
preferences, they render a “leaking out” (48) of DPnP rather
unlikely. Instead, an increased water fraction in the precursor film
would be expected. Yet, there the phase change appears well before
the spreading or the visible microdroplet nucleation.

Discussion and Conclusions

In contrast to binary or ternary droplets on partially wetting
surfaces with pinned contactlines (18, 19, 30, 31, 49-54), here we
report unexpected spreading of phase-separating binary-mixture
droplets on fully wetting surfaces with free contact lines. Interest-
ingly, we find that Cox—Voinov law is outrun by such droplets,
because phase separation accelerates the contact-line motion. A
closer inspection of droplet edges reveals that visible coarsening in
the main droplet occurs later than the advancing motion of the
contact line. Ellipsometric measurements detect phase separation
even earlier in the precursor film, ~500 pm outside the droplet,
where the concentration of glycol ether should already decay, but
surface forces are strong. We demonstrate that the nucleating
(glycol ether-rich) phase has a strong wetting preference for the
liquid-—air interface. We therefore conclude that, when the binary
mixture is pushed into the two-phase region, the combination of
enrichment and surface forces causes the onset of phase separation
(55) in nanoscopic proximity to the contact line. It is this earlier
phase separation that drives the contracted droplet away from its
quasi-stationary state and changes the force balance at the three-
phase contact line (25, 56), thus initiating the active spreading.

It is worth noting that no apparent spreading motion can be
seen when starting with droplets on the glycol ether-rich side
of the miscible region, such as DPnP with ¢ = 0.8 (Movie S5).
Water evaporation at the free surface drives the composition
farther away from the phase boundary, and thus phase separation
starts near the substrate and the center of the droplet where it does
not affect wetting. Further, the molecular autophobicity of glycol
ethers on hydrophilic glass may prevent the droplet from spread-
ing over its own adsorbed film, causing contact-line pinning (46).

To summarize, we have demonstrated that the strong coupling
between phase separation, moving contact lines, evaporation-
induced enrichment, and wetting precursors results in enhanced
spreading on high-energy surfaces, well beyond the capillarity—
dissipation balance of Cox—Voinov spreading. Our work shows
experimentally the crucial role of phase separation and mobile
contact lines in dynamic multiphase systems, motivating future
studies to reveal the molecular processes and build a theoretical
understanding of these observations (57). Moreover, the develop-
ment of numerical frameworks capable of including long-range
interactions, phase separation, and wetting would be especially
helpful in quantifying these complex “multiscale” phenomena
(58-60). We expect these phenomena to be general to binary
systems where the criteria of complete wetting (i.e., absence of
autophobing), miscibility gap, enrichment, and surface tension
contrast are met. More importantly, this renders the findings
relevant well beyond droplet studies, for instance, to advance our
fundamental understanding of active wetting transitions in tissue
morphogenesis (61), phase separation nanoengineering applica-
tions (62-64), or liquid-liquid phase separation dynamics in cell
biology (65-67).
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Materials and Methods

Preparation of the Substrates. Microscope coverslips (24 x 24 mm, thick-
ness 0.17 mm; VWR) or one-side-frosted microscope slides (75 x 25 mm,
thickness 0.96 to 1.06 mm; Corning) were treated with ethanol, plasma, or
piranha solutions before use. For ethanol cleaning, substrates were sonicated in
ethanol in the ultrasonic bath for 20 min and then stored in fresh water (resistivity
18.2 M2 - cm; Milli-Q). For plasma cleaning, substrates were sonicated in an
acetone solution for 15 min, followed by an ethanol solution for 15 min, and
then rinsed with water, dried in the oven, and finally treated with oxygen plasma
(Harrick Plasma) for ~3 min. For piranha cleaning, substrates were treated in
piranha solutions (hydrogen peroxide 30% and sulfuric acid 95%; VWR, mixture
1:3 by volume) for 20 min. Then, the substrates were rinsed with fresh water five
times, sonicated in hot water (~80 °C) for 10 min, and stored in fresh water.
The ethanol- and piranha-cleaned substrates were used on the day of preparation
and dried with a nitrogen drying gun in a laminar flow hood immediately before
each measurement. The plasma-cleaned substrate was used immediately after
preparation.

Preparation of the Binary Mixtures. For binary solutions, we prepared a
mixture consisting of water (Milli-Q) and one of the following glycol ethers: DPnP
(>98.5%), TPnP (97%), and DPnB (>98.5%) or a typical glycol: PG (>99.5%).
For spreading of pure liquids, we use water and toluene (>99.9%). All chemicals
were purchased from Sigma-Aldrich.

Preparation of Two Mutually Saturated Phases. The immiscible DPnP-
water solution was prepared by first mixing DPnP and water in a mass ratio
of 1:1. The well-mixed solution was then centrifuged in a laboratory centrifuge
(Centrifuge 5804R; Eppendorf) at 4,000 rpm for 2 h and allowed to phase
separate for more than 48 h. Finally, the two mutually saturated phases, namely,
water-rich and DPnP-rich solutions, were collected from bottom and top layers of
the well-equilibrated mixture, respectively.

Measurements of Liquid Viscosity, Surface Tension, and Contact Angle.
The viscosity .« was measured by a temperature-controlled rheometer (MCR 502;
Anton Paar), and the surface tension ~,y was measured with a goniometer (OCA
20; DataPhysics Instruments) using the pendant drop method. For each mixture,
at least 10 droplets were measured and analyzed to obtain the surface tension,
with an average error of 0.16 mN/m. The static apparent contact angle 6
(Fig. 1E) was measured with this goniometer, using the sessile drop method.

Observation of the Main Droplet. The recording of the main droplet was
performed in a custom-built chamber (~10 x 10 x 5 cm), mounted on
the top of an inverted (epifluorescence) microscope (Nikon Ti2E). A computer-
controlled heating system was built into the chamber, allowing a well-defined
temperature and heating rate at the substrate. The heating system was composed
of a transparent indium tin oxide (IT0) glass (28 x 28 mm, thickness 0.7 mm;
Praezisions Glas & Optik GmbH), a custom-built proportional-integral-derivative
(PID) controller, and a Python-based controlling interface. To improve the accuracy
of the temperature measurements, the substrate surface was monitored during
test heating cycles by an infrared thermal imaging camera (Laserliner). The
temperature deviation among different cycles was less than 0.5 °C in our
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experimental condition. Droplets composed of mixtures of water and a glycol
ether or PG, or a pure liquid, with initial volumes € = 0.5 to 2 L, were gently
deposited onto the cleaned coverslip with a glass syringe (Hamilton GasTight).
Afterward, droplet behavior was observed simultaneously by two cameras: one
high-speed camera (50 to 500 fps; Phantom VEO 4K-L) for the bottom-view
recording and another digital camera (27 fps; Point Gray Grasshopper2) attached
to a macrolens (1.0 x, working distance. 62.2 mm; Thorlabs Bi-Telecentric lens)
with a collimated light source for the side-view recording (Fig. 1D) (68). The
bright-field microscopy was performed with either a x2 Plan Apo objective
for observing the whole droplet or a x40 Plan Fluor objective (numerical
aperture 0.60) for observing the contact-line region. The relative humidity and
the ambient temperature were stable during experiments, (30 + 5)% and
(21 £ 1)°C, respectively. All images were analyzed by custom-made MATLAB
codes and/or the open-source software IMAGEJ. The dynamical apparent contact
angle 6, (Fig. 2C) was obtained from side-view images as €app =~ 2ho /R,
where ho and R are the maximal height and the foot radius of the droplet,
respectively (68).

On-Site Ellipsometric Measurements of the Precursor Film. The variation
of precursor film was detected in separate experiments using a high-speed phase-
modulated ellipsometer (NeHe laser beam, diameter 0.63 mm, wavelength
A = 633 nm, sampling period ~0.8 s) (69). To regulate the substrate temper-
ature, the ellipsometer was equipped with a temperature controller (Eurotherm),
which was sampled by a thermal sensor. Furthermore, to minimize the light re-
flection from the bottom side of the glass substrates, one-side-frosted microscope
slides instead of coverslips were applied, and half parts of them were untreated
to fix the droplet during measurements. The angle of incidence c; was adjusted
so that the value of ellipsometric angle A was near 135°. Typically, low heating
rates (<51.2 °C/min) were applied to efficiently capture the fast dynamics of
the precursor film, and additionally, droplets with large size 2 =5 to 10 plL
were adopted to reduce the evaporation-induced volume shrinkage. During
ellipsometric measurements, the main droplet was simultaneously recorded by
acamera (10 fps; Point Gray Grasshopper2) from the top view, with a green light
(A =550 nm; KL 1500 LCD) as illumination from the side (S/ Appendix, Fig. S7).
Here, the green light was applied to avoid its interference with the HeNe laser
light. Under this condition, the value of A was assumed to be most sensitive to
the variation inside the precursor film. Measurements were also performed in an
atmospheric control chamber to minimize external disturbances in the vaporfield
due to ambient air currents. For all experiments, each measurement began when
the deposited droplet reached a steady state (~1 to 3 min). During this period,
droplets were assumed to form an effective 6.y, as well as to develop a stable
precursor film.

Data Availability. All study data are included in this article and/or S/ Appendix.
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