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Abstract
The motion of a liquid over a solid surface is a process that happens in natural phenomena and everyday life situations, therefore its understanding is
of great importance. The motion of the liquid is limited by the dynamics of
the solid-liquid-vapor contact line. In this thesis, the effect that the liquid
composition has over moving contact lines is studied, in particular when surface tension gradients, driven by compositional gradients, are present. The
objective is to get insights of the governing mechanisms. The model system
is Marangoni-contracted drops. The wetting behavior is investigated by experiments that allow for a control of the ambient conditions, macroscopic
observations, and micro-PIV, simultaneously. A quantitative description of
the shape and the internal flows of the drops is obtained and used to build
a theoretical understanding of the governing mechanisms. First, a system
where two wetting mechanisms compete is presented. These mechanisms
are: Marangoni contraction and autophobing. The regimes where the mechanisms dominate are presented. Then, it is shown that Taylor-Aris dispersion
dominates the evolution of the compositional field of Marangoni-contracted
drops. The theoretical model, based on thin film theory and accounts for
Taylor-Aris dispersion, is proposed. Then, it is shown that in systems were
liquid-liquid phase separation is induced, Marangoni-contraction is lost. The
responsible of this are surface forces causing an earlier phase separation in
the precursor film. The previous studies where done on smooth high energy
surfaces. In the last part of this thesis, the behavior of Marangoni contracted
drops on porous substrates is explored and preliminary results are given.
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Chapter 1
Introduction
1.1

Motivation

The motion of a liquid over a solid surface is a process that takes place in
every day life situations. A wide variety of examples are found from natural
phenomena to technological applications. For example in biological fluids
as nectar plants, rain, and blood (Bohn et al., 2004; Snoeijer et al., 2013;
Brutin et al., 2010), in beverages like coffee and wine (Deegan et al., 1997;
Venerus et al., 2015), in materials for artistic techniques as paints, inks,
resins, and coatings (Baglioni et al., 2013; Abdulsalam et al., 2015; Zenit,
2019), in engineering applications such as coating, semiconductor fabrication,
and irrigation (Overdiep, 1986; Leenaars et al., 1990; March et al., 2016).
In such systems, inducing or preventing modifications to the solid surface due to the liquid motion is important. Examples of these are found in
pattern collapse on microelectronics and in lubrication (Tanaka et al., 1993;
Reynolds, 1886). Likewise, motion manipulation of such liquids is of interest.
For instance, in microfluidics (Squires et al., 2005).
Liquids wet, dewet, pin or unpin over solid surfaces. Thus, the motion is
limited by the solid-liquid-vapor contact line. The dynamics of the contact
line is determined by molecular interactions and hydrodynamics, making it
a multi-scale problem (Blake, 2006; Snoeijer et al., 2013). The contact line
motion is affected by the liquid composition, the solid surface topography and
chemical composition, the liquid and surface temperatures, the atmospheric
conditions, and by external forces such as gravitational and electric.
Generally, liquids consists of mixtures of multiple components with differ8
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ent physical and chemical properties (Lohse et al., 2020). In these systems,
complex phenomena rises, for instance the formation of ‘tears’ in a glass
full of wine (Venerus et al., 2015). The responsible of these phenomena
are compositional or thermal gradients that form when the system is out of
equilibrium. At the same time, these gradients induce flows that advect the
compositional field. Due to the complexity, the coupling of wetting with this
mechanisms is not fully understood.
In this work, we study the influence of compositional gradients on moving
contact lines. Marangoni contracted drops, which are important in technological applications, serve as the model system. These are evaporating drops
composed of two miscible liquids that dewet surfaces that the pure liquids
individually would completely wet. The focus is in the coupling of the macroscopic shape of the drop, the drop evaporation in ambient atmospheres, the
flow and the compositional field inside the drop.

1.2

Objectives and approach

This work focuses on the study of fundamental aspects of the motion of solidliquid-vapor contact lines when compositional gradients in the liquid phase
are present. We study the wetting mechanisms of Marangoni-contracted
drops, as a model system. The droplet behavior is investigated by experiments that allow for a control of the ambient conditions, simultaneous macroscopic observations, and micro-PIV. Quantification of the relations between
the macroscopic drop shape, the velocity of the internal flows, the liquid
composition, and the atmospheric conditions provide a better understanding
of the wetting mechanism and the mass transport.
The main objectives, with the corresponding approach, of this thesis are:
• Objective 1: Understand which is the mechanism or mechanisms responsible of the wetting behavior of flows with compositional gradients.
Approach: Systematic experimental study of Marangoni contracted
drops on high energy surfaces. The drop shape and the internal flows
are measured for different liquid compositions and atmospheric conditions.
• Objective 2: Understand how the compositional field affects the wetting
dynamics.
9
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Approach: Calculation of the surface tension gradients from the velocity fields obtained experimentally in drops of different liquid composition on different atmospheric conditions, for comparison with theoretical models.
• Objective 3: Determine the impact of liquid-liquid phase separation on
moving contact lines.
Approach: Systematic experimental study of drops of binary liquid
mixtures that present phase separation at critical temperatures, over
heated surfaces.
• Objective 4: Determine how compositional gradients drive contact lines
over heterogeneous solid surfaces.
Approach: Systematic experimental study of the spreading of Marangoni
contracted drops over porous surfaces. The drop shape and the imbibition length were measured for different atmospheric conditions.

1.3

Outline of the thesis

This thesis has 8 chapters, including the present one.
In Chapter 2, the fundamental theories of wetting phenomena are presented, as well as many relevant studies on the field are mentioned.
In Chapter 3 the experimental method used in this work (setup, data
acquisition, and data analysis) is described.
In Chapter 4 two wetting regimes are studied. Experimental observations
of water - 1,2-Hexanediol drops over smooth high energy surfaces for different
concentrations and ambient humidities are presented. Measurements with
µPIV technique and with ellipsometry reveal two distinct wetting regimes
governed by different mechanisms.
In Chapter 5, the coupling between drop shape, internal flows, compositional field, and evaporation of Marangoni contracted drops is explored. Experiments of water-diol drops over smooth high energy surfaces for different
diols, concentrations, and ambient humidities are presented. The agreement
between measurements of velocity fields of the internal flows and surface
tension gradients of water-diol mixtures to simulations shows the mechanism
10
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responsible of the evolution of the compositional field, and thus of the overall
drop evolution.
In Chapter 6, the interplay between phase separation and wetting on
Marangoni contracted drops is studied. Systematic experimental observation on the shape of water-glycol ether drops over heated and smooth high
energy surfaces show that liquid-liquid phase separation changes the wetting
behavior. Ellipsometric measurements show the mechanism that initiates the
earlier the phase separation in the precursor film around the main drop.
In Chapter 7, the dynamics of spreading of Marangoni contracted drops
over porous medium is studied. Experiments of water drops on atmospheres
with 2-Propanol vapor content are presented. Observations on the drop shape
and the imbibition film show a difference of wetting behavior from pure liquid
drops on porous surfaces.
In Chapter 8, a general conclusion of the thesis is provided and an outlook
is given.

11

Chapter 2
Overview: Wetting
When a liquid is placed on a solid surface surrounded by a gas, the transition line that divides the wet and the dry regions on the solid is called the
three-phase contact line (Figure 2.1(a)). The behavior of this line is determined, at first, by surface and interfacial interactions (Gennes et al., 2004;
Snoeijer et al., 2013). For example, by surface tensions. The surface tension originates, from a molecular point of view, from the attraction forces
between the molecules in each phase. At the interface, the molecules experience an anisotropic cohesive force in the normal direction to the surface
(Figure 2.1(b)), compared to the ones in the bulk, resulting in an excess
of stress at the surface (Gennes et al., 2004). Thus, the surface tension is
defined as the force acting across the interface per unit length, parallel to
the surface. Or, it can also be defined as the Gibbs energy per area at the
surface, when considering the thermodynamic work needed to increase the
surface area.
In the presence of wet and dry regions on a solid surface, there is a
surface tension for each interface separating two phases: γSG for solid-gas,
γSL for solid-liquid, and γ for liquid-gas interfaces. Instead of the gas phase,
it can also be a vapor phase. With this, the spreading parameter, defined as
S = γSG −(γSL +γ), compares the surface energy per unit area of the substrate
when it is wet and dry (Gennes et al., 2004). The spreading parameter S
allows to distinguish between two different wetting behaviors (Figure 2.1(c)).
When S < 0, the solid surface is partially wet. In this regime, the liquid does
not spread but adopts a static equilibrium shape on the solid. Contrary for
S > 0. The liquid completely wets the solid surface. Mostly, under this
regime, the equilibrium is reached in a long period of time. At the end, the
12
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Figure 2.1: (a) Cross-sectional sketch of the region near a solid-liquid-gas
(or vapor) contact line. (b) Schematic representation of the attractive interactions between liquid molecules near a liquid-gas (or vapor) interface. (c)
Sketch of the two different wetting behaviors, characterized by the spreading
parameter S.
liquid forms a thin film. During this period, a dynamic process takes place.
To describe the contact line behavior, this chapter I divided it in static and
dynamic cases. It has been shown that dynamic contact lines are also affected
by other processes, besides molecular interactions, taken on the liquid and
the vapor phase, these are also presented here in this chapter.

2.1

Static contact lines

Placing the liquid on a solid surface, the liquid-vapor interface forms a macroscopic contact angle θapp with respect to the solid-liquid interface at the contact line, measured inside the liquid phase (Figure 2.2(a)). According to
Young’s law (Young, 1805), there is a static equilibrium resulting from the
balance of the components of the surface tensions parallel to the substrate
acting on the contact line:
γ cos θeq = γSV − γSL ,

(2.1)

with θeq as the value of the contact angle at equilibrium, and the surface
tensions as constant properties of the interfaces. Even though it is a well
accepted model, it is not practical from an experimental point of view (Dussan V., 1979; Gennes, 1985; Bonn et al., 2009; Brutin et al., 2018). The first
problem encountered is that there are not direct methods to determine γSV
and γSL . Secondly, the static contact angle has shown not to have a unique
value, even under exact same material configurations, which is commonly
known as contact angle hysteresis. There have been several attempts to
justify and understand these experimental observations. The most common
13
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ones referred to the equilibrium conditions of the liquid and vapor phases,
the roughness and chemical inhomogeneities of the solid surface, and the
presence of solutes in the liquid phase as contaminants. Thus, the main aspect to consider is that Eq. 2.1 is derived for pure liquids in thermodynamic
equilibrium with its own vapor on a smooth and rigid surface.
In most experimental situations, the liquid and vapor phases are out of
equilibrium. This can be deduced (Sharma, 1998; Brutin et al., 2018) by
considering the chemical equilibrium between the molecules in both phases,
which follows Kelvins equation (Thomson, 1871; Barnes et al., 2011):
 
Vm
ps
(∆p)
(2.2)
=
ln
pe
RT
where ps is the pressure of saturated vapor at temperature T , pe is the equilibrium pressure of the vapor with the liquid, Vm is the molar volume of the
liquid, R is the gas constant, and ∆p is the pressure change in the liquid
due to interfacial forces. Considering that the pressure difference is higher
inside the liquid than outside when the interface is concave towards the liquid, ∆p < 0. Thus, the condition for equilibrium is pe > ps . According to
Laplace equation (Gennes et al., 2004; Barnes et al., 2011), which defines the
equilibrium, the pressure difference ∆p balances the pressure exerted by the
surface tension γ, known as the capillary pressure,
∆p = γκ,

(2.3)

where κ is the mean curvature of the interface. Hence, the curvature of the
liquid interface, which affects the apparent contact angle (Churaev, 1995),
reaches equilibrium at oversaturated vapor conditions. Note that when a liquid film is present, like in complete wetting or when vapor molecules adsorbed
at a high energy solid surface, the pressure change ∆p includes a term that
accounts for the molecular interactions between the solid and vapor, known
as the disjoining pressure Π (Derjaguin et al., 1978; Wayner, 1991). Together
with the capillary pressure, both define the equilibrium condition. The derived condition is not fulfilled within most experimental frames, thus the
system is out of equilibrium.
Another aspect affecting the system is that most of the solid surfaces
are not completely flat and have roughness in the nano and micrometer
scales (Dussan V., 1979). Also chemical inhomogeneities might be present
(Quéré, 2008). Over these defects, contact lines tend to pin and do not move
14
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Figure 2.2: (a) Schematic representation of the surface tensions (arrows) at
the three-phase contact line and the apparent contact angle θapp that the free
interface makes with the solid surface. (b) Sketch of the advancing angle θA ,
which is the angle formed when the contact line moves towards the vapor
phase, and the receding angle θR , when it moves towards the liquid phase.
θapp lies between θA and θR . (c) Sketches of a liquid over a textured solid
surface, showing two different configurations: the Wenzel state, when the
liquid fills the grooves on the solid, and the Cassie-Baxter state, when vapor
is trapped below the liquid.
further. This leads to a contact angle hysteresis, where the static contact
angle is not unique. When depositing the liquid on the solid surface, θapp lies
in an interval between a maximum and a minimum defined by an advancing or receding contact line, respectively (Figure 2.2(b)). A contact line is
considered to advance when it moves towards the vapor phase. Just before
it moves, θapp reaches a value called the advancing contact angle θA . In the
same way, the receding angle θR is defined just before the contact line moves
towards the liquid phase. That is to say, the static contact angle highly depends on the way the liquid is deposited. The difference between these two
angles is the contact angle hysteresis, ∆θ = θA − θR . The apparent contact
angle θapp , and thus ∆θ, are affected by the surface roughness in accordance
with Wenzel (1936) model (Figure 2.2(c))
cos θapp = r cos θeq ,

(2.4)

with r as the roughness factor given by the ratio between the area of the actual solid-liquid interface and the area of the solid surface if it was flat (Gennes
et al., 2004). If r < 1, θeq < 90o , ie. the system will be in partial wetting,
whereas r > 1, θeq > 90o , the liquid wets less. In Wenzel model, it is assumed
that the solid below the liquid is in complete contact with the liquid but there
are cases when vapor is trapped between the defects (Figure 2.2(c)). These
two situations are known as Wenzel and Cassie-Baxter states, respectively.
15
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When the liquid is in Casie-Baxter state (Cassie et al., 1944; Cassie, 1948),
some fraction of the solid under the droplet is still in contact with vapor,
θapp is given by
cos θapp = −1 + f (cos θeq + 1),
(2.5)
where f is the fraction of the solid in contact with the liquid (Gennes et al.,
2004). Microscopically, the Cassie-Baxter state involves many contact lines
on the asperities of the surface. Because Cassie-Baxter state is a metastable
state and it is less energetically favorable than Wenzel state (Quéré, 2008),
the transition between Wenzel to Cassie-Baxter can be induced with small
perturbations, for instance with vibrations, evaporation, air diffusion, and
impact (Lv et al., 2014; Brutin et al., 2018). For chemical heterogeneous
surfaces (Gennes et al., 2004), Cassie-Baxter equation gives a relation in a
similar way for θapp when the solid has a fractional coverage of one material,
f1 , and a second material, f2 ,
cos θapp = f1 cos θ1 + f2 cos θ2 .

(2.6)

As shown, defects modify the wetting properties of solid surfaces. In material
and wetting science, this is used to tailor surface wettability (Hao et al.,
2016).

2.2

Dynamic contact lines

There are two ways of inducing contact line motion. One is by applying an
external force to the three-phase contact line system (forced wetting). The
other way is when a liquid is spreading on a solid surface, driven by pure
capillary forces. In both cases, the system is out of equilibrium and Young’s
equation (Eq. 2.1) no longer applies (Gennes et al., 2004). Instead, different
physical aspects are involved at different scales, and the angle that the free
interface makes with the substrate is locally dependent.
To describe the wetting dynamics out of equilibrium, the macroscopic angle that the free interface makes with the solid surface, is generally used. It
is known as dynamic or apparent contact angle, θapp , and there is no general
equation that determines it. For forced wetting, θapp depends monotonically
~ , as shown qualon the velocity (direction and speed) of the contact line, U
itatively in Figure 2.3(a). For spreading, a liquid volume is deposited on a
solid surface forming a drop with θapp decreasing, while the drop’s foot print
16
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Figure 2.3: (a) Representation of typical experimental measurements of the
apparent contact angle θ with respect to the velocity of the contact line U in
partial wetting systems (Taken from Dussan V., 1979). U < 0 corresponds
to a receding contact line and U > 0 for an advancing contact line. θR and
θA are the receding and the advancing angles, respectively. (b) The temporal
evolution of the radius R of a spreading drop for a complete wetting system
(Taken from Bonn et al., 2009). The radius follows tanners law R ∼ t1/10 .
increases, until reaching equilibrium, characterized by θeq . For complete wetting this implies θeq = 0. If the
p drops are small, ie. R  `γ , with R as the
radius of the drop base, `γ = γ/gρ as the capillary number, ρ as the liquid
density, and g as the acceleration of gravity, the drop shape is determined
only by surface tension, and the contributions from gravity are negligible.
In this regime, the drop shape can be approximated to a spherical cap. For
small drops in complete wetting of non-volatile viscous liquids, the rate of
spreading follows the power law
−3/10

θapp ∼ t

,

(2.7a)

1/10

(2.7b)

R∼t

known as Tanner’s law after L. Tanner’s (1979) experimental work on silicone
oils (Figure 2.3(b)). Its theoretical derivation can be found in Gennes et al.
(2004), Gennes (1985), and Bonn et al. (2009). Tanner’s law showed that
the spreading rate is independent of the spreading parameter S, ie. it is
independent of the available surface energy.
The origin of θapp and the source of energy dissipation for a moving
contact line is debated between two theories (Gennes et al., 2004, Chap17
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ter 6; Snoeijer et al., 2013; Blake, 2006; Gennes, 1985; Bonn et al., 2009);
the molecular-kinetic theory (MKT) and the hydrodynamic theory.
Molecular-kinetic theory. MKT was developed by Blake and Haynes
(1969), and it is based on chemical reaction rate theory for condensed phases
(Hänggi et al., 1990; Wynne-Jones et al., 1935). In MKT it is assumed that
the solid surface has adsorption sites that can be occupied by liquid molecules
(Figure 2.4). When a liquid is in contact with a solid surface, a large number
of absorption sites are occupied by the liquid molecules and others not, the
three-phase contact line defines the transition between the two adsorption
conditions. Liquid molecules displace over the solid in the region near the
contact line either by surface migration or from the bulk. The frequency of
molecular displacement parallel to the surface is K = K0 exp(−∆G∗/N kB T ),
where K0 = kB T/h ∼ 1013 Hz is the thermal frequency for molecular motion,
kB = 1.3 × 10−23 J · K−1 is the Boltzmann constant, T is the absolute temperature, h = 6.6 × 10−34 J · s is the Planck constant, ∆G∗ is the activation
free energy, and N = 6.022 × 1023 mol−1 is the Avogadro number. At equilibrium, the net rate of molecular displacements is zero. Out-of-equilibrium,
it is determined by the rate of displacements in forward and reverse directions K± . The total displacement of the contact line results from the favored
direction, with a speed U = λ(K+ − K− ), where λ is the average distance
between centers of adsorption sites. To induce contact line motion, a driving
force is needed to provide energy in the form of work. This force increases
and reduces the activation free energy in the forward and reverse directions
by the same amount, K± = K0 exp(−∆G∗/N kB T ± w/2nkB T ), where w is the
work per unit area of the driving force, and n is the number of sites per unit
area on the solid at which the work is dissipated. The amount of work done
by the driving force is equal to the unbalanced surface tension force acting
at the contact line, w = γ(cos θeq − cos θ). From this, it is obtained that the
contact line moves with an average speed


γ (cos θeq − cos θ)
.
(2.8)
U = 2Kλ sinh
2nkB T
Eq. 2.8 is applicable for flat surfaces. A similar analysis is done for heterogeneous surfaces, obtaining a modified equation (Rolley et al., 2007).
According to MKT, the energy dissipation occurs at this level due to the
adsorption of the liquid molecules on the solid surface at the moving contact
18
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Figure 2.4: Schematic representation of a moving contact line according to
the molecular-kinetic theory (MKT, taken from Ruijter et al., 1999).
line (Ruijter et al., 1999; Blake, 2006). From a first approximation of Eq. 2.8,
it is obtained
U = γ(cos θapp − cos θ)/ξ,
(2.9)
with ξ = nkB T/Kλ as a friction coefficient per length of the contact line. This
result considers that the dissipation happens only in the zone close to the
contact line. Moreover, it establishes that the contact angle is determined
by capillary forces and dissipation from a friction with the solid surface.
MKT has received several critiques. While it has shown to be consistent
for some experimental observations in terms of the contact angle-velocity
dependence, for others it does not apply (Blake, 2006; Petrov et al., 2003;
Rolley et al., 2007). It is commonly accepted that the MKT works for small
capillary numbers (Petrov et al., 2003; Snoeijer et al., 2013). At the same
time, it is not clear if the model should consider the dynamic contact angle
θ in Eq. 2.9 as a microscopic angle. Even, it is not clear which is the mechanism of the displacement of the molecules at the contact line. A gradient
of the chemical potential in the liquid at the solid-liquid interface has been
proposed as the origin (Ruckenstein et al., 1977). Also, the model ignores the
dissipation due to the flow. Although a relation between K and the viscosity
has been proposed, MKT lacks a connection to the hydrodynamics of the
system.
Hydrodynamic theory. To describe the hydrodynamics of the threephase contact line motion, two approximations are considered (Huh et al.,
1971). One is the Stokes or creeping flow approximation (Huh et al., 1971;
Dussan V. et al., 1974; Snoeijer et al., 2014). And the other where in addition the lubrication approximation is applied (Oron et al., 1997). The latter
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is generally used for describing the dynamics of thin films and drops with
small contact angles. For the interest of this work, the focus will be on this.
In the lubrication, or long-wave approximation, an asymptotic analysis is
done by considering the dynamical and geometrical aspects of the system.
This method was proposed by Reynolds in his theoretical work in 1886, motivated by previous experiments on lubrication of bearings. It is applied to
incompressible flows. First, it is considered that the inertial force can be
neglected when comparing it with the viscous force, ie. for Re  1, with
Re = ρUo D/µ as the Reynolds number, ρ the density of the fluid, Uo the
characteristic velocity of the system, D the characteristic length, and µ the
viscosity of the fluid. Secondly, the length of the flow is much larger than its
thickness. Thus, the flow is mainly parallel to the major axes. By considering
the above aspects, the Stokes and the continuity equations,
~ = 0,
µ∇2~u − ∇p
~ · (ρ~u) = 0,
∂t ρ + ∇

(2.10a)
(2.10b)

respectively, reduce to a simpler system of equations (Kundu et al., 2012,
Subchapter 8.3; Oron et al., 1997). In two dimensions and with no external
force, these are:
µ∂z2 ux − ∂x p = 0,
−∂z p = 0,
∂x ux + ∂z uz = 0,

(2.11a)
(2.11b)
(2.11c)

where ux , uz , p are the velocity components in the horizontal and vertical
directions, and the pressure in the fluid, respectively. The system 2.11 can
be integrated in the perpendicular direction of the flow given the pressure
and velocity boundary conditions.
For a fluid bounded with a solid surface from one side and a vapor from
the other (Figure 2.5), no-slip and no-flux boundary conditions applied at
the solid-liquid interface (ux |z=0 = 0, uz |z=0 = 0), but the shape of the
free interface, h(x, t), should be determined as part of the problem. From
conservation of mass, an evolution equation for the thickness of the film
is obtained by considering that a change on the film height on a domain
corresponds to the net inflow:
∂t h + ∂x Q = 0,
20
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Figure 2.5: Cross-sectional sketch of a thin liquid film between a solid and
a vapor. The lubrication approximation is applied when the characteristic
length in the perpendicular direction to the flow motion is smaller than the
characteristic length in the direction of the flow motion.
Rh
where Q = 0 ux (z) dz is the flux. Eq. 2.12 together with 2.11a result in the
general lubrication equation, which shows the coupling of the interface shape
with the flow in the film.
Eq. 2.11b implies that the pressure is uniform along the z direction and it
just depends on x. Thus, p is imposed by the condition at the free interface.
Assuming the capillary pressure as the boundary condition for the pressure at
the interface, p = γ∂x2 h. Integrating 2.11a two times with respect to z, using
the no-slip (ux |z=0 = 0) and the Marangoni (shear stress, ∂x γ = µ∂z ux |z=h )
boundary conditions, and replacing the obtained expression for ux in the flux,
Eq. 2.12 becomes

 3
 h2
h
1
2
(2.13)
∂t h + ∂x − ∂x γ∂x h + ∂x γ = 0.
µ
3
2
When surface tension gradients are neglected, 2.13 simplifies to

γ
∂t h −
∂x h3 ∂x3 h = 0.
3µ

(2.14)

In the case of a film or a drop with a moving contact line, a problem
arises when finding the solution. When considering the no-slip condition, a
discontinuous velocity field is obtained at the contact line. The theoretical
proof can be found in the work of Dussan V. and Davis (1974). A mathematical, but not realistic, implication of the discontinuous field is that the
force exerted by the fluid on the solid surface diverges logarithmically near
the contact line, ie., an infinite force would be required for the contact line
to move. To remove this singularity, several approaches have been proposed.
One is to solve the problem up to a limiting small scale, where the hydrodynamics work (Voinov, 1976). In a different approach, a Navier slip (Lauga
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et al., 2008) condition is allowed near the contact line, where it is assumed
that the slip is proportional to the shear stress, ux |z=0 = β∂z ux |z=0 , (Huh
et al., 1971; Dussan V., 1976; Hocking, 1976). Details on these or other
methods can be found in Dussan V. (1979), Oron et al. (1997), Blake (2006),
Bonn et al. (2009), and Snoeijer et al. (2013). In any case, a full solution
that covers all relevant length scales is not obtained, instead, the solutions
at the different scales are coupled.

Figure 2.6: Schematic representation of a moving contact line according to
the hydrodynamic model (Taken from Bonn et al., 2009). The interface in
the intermediate region between the microscopic and macroscopic regions is
highly curved due to the viscous bending.
To solve Eq. 2.17 one can assume a traveling wave with a constant speed
V at the free interface. The shape of the interface can be expressed as
H(V t − x) from the co-moving frame. By defining ξ = V t − x and using
Eq. 2.17 in the co-moving frame, the evolution equation for the film height
is


γ
(2.15)
∂x [H(ξ)]3 ∂x3 H(ξ) = 0.
∂t H(ξ) −
3µ
After applying the chain rule for the partial derivatives of H(ξ), Eq. 2.15
becomes

γ 
V ∂ξ H(ξ) +
∂ξ [H(ξ)]3 ∂ξ3 H(ξ) = 0.
(2.16)
3µ
Considering that the total flux is zero in the co-moving frame, the integration
of Eq. 2.16 over ξ, and dividing the result with [H(ξ)]3 , leads to
V
γ
∂ξ ∂ξ3 H(ξ) = 0.
2 −
3µ
[H(ξ)]
22
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Rearranging terms, and using h as the notation for the film height in the
co-moving frame, the governing equation for the film height reduces to
3Ca
∂x3 h − 2 = 0.
(2.18)
h
Ca = µV /γ is the capillary number, which compares the viscous forces with
the surface tension forces. The derivation of the similarity solution, Eq. 2.18,
can be found in Oron et al. (1997) and Bonn et al. (2009). Eq. 2.18 is
independent of time, and it represents the balance between the capillarity
(first term) and the viscous stresses (second term). From this, it is possible
to see that even though the velocity field does not appear, the viscous stresses
diverge in the limit when h → 0. The details on the solution of Eq. 2.18 differ
between systems and the approach followed to remove the singularity.
An illustrative solution is the one obtained by Voinov (1976) and Cox
(1986). Given the ansatz for Eq. 2.18 in an asymptotic expansion in the
outer region, which corresponds to the hydrodynamic regime, the solution
has the form
∂x h(x) ≈ θ(x) ' [9Ca ln (x)]1/3 .
(2.19)

This equation shows the viscous bending of the interface, ie. the logarithmic dependence of the interface shape with the distance to the contact line
(Figure 2.6). Thus, for the hydrodynamic model the energy dissipation (per
unit time and unit length) happens at this level, due to the viscous bending (Gennes et al., 2004, Chapter 6; Bonn et al., 2009), and it is given by
Z
ZZ
dx
µU02
.
(2.20)
Dvisc ∼
µ∂z ux dx dz ∼
θapp
x

At the microscopic region, the solution to Eq. 2.18 should result in the
microscopic contact angle θm at the contact line. Doing an asymptotic expansion for the interface shape for the inner region, which is the region close to
the contact line, when h → 0, up to the limiting small scale hm , the solution
obtained is

 1/3
x
θ(x) ∼ θm + 9Ca ln
.
(2.21)
hm
Matching the solutions of the outer and the inner regions gives the solution for the entire interface shape, thus for the apparent contact angle, known
as Cox-Voinov law,

 1/3
ho
3
θapp = θm + 9Ca ln
,
(2.22)
hm
23

2.2. DYNAMIC CONTACT LINES

where ho is the macroscopic length scale. Eq. 2.22 shows that the dynamic
contact angle depends on the viscous bending of the free interface close to the
contact line. This result was experimentally shown by Dussan V. et al. (1991)
in a system with a different configuration but with a similar solution. Similar
analysis have been extended for solid surfaces with roughness (Hocking, 1976)
and for interfaces with large contact angles (Snoeijer, 2006).
The hydrodynamic model has been questioned by some aspects, most of
them related to the methods used to solve the break down at the microscopic
scale. At this level, microscopic models are required to introduce a length
where the model fails and also to introduce the interaction with the solid
surface. Some of these microscopic models lack of experimental evidence.
Although good agreement with experimental observations of the free interface profile in the mesoscopic and macroscopic scales have been obtained,
deviations for distances of few micrometers close to the contact line have
been observed (Shen et al., 1998).
The discrepancies and successes of the hydrodynamic model and MKT
have made considered a combined model, with questioned remarks, specially
because they differ on the fundamental physics.

Figure 2.7: (a) Cross-sectional sketch of a spreading drop with a precursor
film forming ahead of the drop. (b) Example of a precursor film developing
ahead of a spreading drop (Taken from Hashimoto et al., 2012). Timelapse images taken with a Brewster angle microscope. (c) Examples of the
thickness profile (y-axes) of films developing ahead of a bulk fluid, placed on
a vertical solid surface, with respect to the vertical distance to a referential
point in the bulk fluid (x-axes) (Taken from Popescu et al., 2012).
A spatial case in dynamic contact lines is found in perfectly wetting liquid24
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surface combinations. In these systems, precursor films are observed. These
are microscopic films formed ahead of the spreading liquid which expand
further than the bulk fluid (Popescu et al., 2012; Bonn et al., 2009)(Figure 2.7(a)). Their thickness varies from 10 to 100 nm, and at the edge form a
zero angle with the solid surface. The precursor films can have two origins: i)
through deposition of liquid from the vapor phase on the surface ahead of the
drop of volatile liquids (Anderson et al., 1995; Ajaev, 2005), or ii) through
a flow from the drop of nonvolatile liquids (Bangham et al., 1938; Cazabat
et al., 1997). The first evidence of the film formation was given by Hardy et
al. (1919), who measured the change in static friction caused by the film, by
quantifying the resistance to slip of a watch-glass before and after depositing
a drop on a clean glass surface. Afterwards, multiple experimental works confirmed the formation of the film by using different techniques, as interference
microscopy (Bascom et al., 1964), Brewster angle microscopy (Hashimoto
et al., 2012) (Figure 2.7(b)), ellipsometry (Bascom et al., 1964; Beaglehole,
1989; Feslot et al., 1989) (Figure 2.7(c)), electron microscopy (Radigan et al.,
1974), electrical resistance measurements (Ghiradella et al., 1975), polarized
reflection microscopy (Ausserré et al., 1986), phase-modulated interference
microscopy (Kavehpour et al., 2003), atomic force microscopy (Xu et al.,
2004), and epifluorescence inverted microscopy (Hoang et al., 2011).
Spreading of complete wetting systems are of particular interest from a
fundamental point of view for the following reasons. Due to the formation
of the precursor film, the spreading shows a behavior independent of the
liquid-solid system, represented in Eq. 2.7. Mathematically, its presence
removes the problems that appear in the hydrodynamic model at the contact
line, ie. no singularity appears at the contact line. First, the microscopic
contact angle is well known, θm = 0. And second, the singularity at the
edge of the bulk fluid can be removed by introducing a disjoining pressure
Π(h) (Derjaguin et al., 1978). Again, by assuming a traveling wave with
constant velocity V and solving Eq. 2.17, the governing equation reduces to
a similarity form
3Ca 3a2
(2.23)
∂x3 h(x, t) − 2 − 4 ∂x h = 0,
h
h
where a = A/6πγ is the microscopic length scale and A is the Hamaker
constant (Bonn et al., 2009; Popescu et al., 2012; Snoeijer et al., 2013). The
disjoining pressure is defined as Π(h) = dω
, such that ω(h) is an effective
dh
potential that accounts for the molecular interactions between the solid-liquid
and liquid-vapor interfaces due to the thickness of the film, and it contributes
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|
= 0, with l as
to the interfacial free-energy. It is also required that dω
dh h=l
the thickness of the precursor film. Since the free interface has a nonzero
thickness everywhere, there is no divergence on Eq. 2.23. A direct comparison
between the experiments and theory on the precursor film profile in the full
scale range has not been possible due to the limit of the resolution of the
experimental techniques.

2.3

Dynamics of evaporating drops

Far below the boiling point, evaporation of liquids may occur in two distinct
conditions: i) evaporation into vacuum or pure vapor, in absence of an inert atmosphere, or ii) into an ambient atmosphere. Since the early works
of Maxwell (1877), Langmuir (1918), Hertz (1882), and Knudsen (1915), it
is well known that the process limiting the interfacial transport of liquid
molecules is different in each case. In pure vapor ambient, it is determined
by a kinetic process (Cazabat et al., 2010; Lu et al., 2019), whereas in an
ambient atmosphere, it is controlled by a diffusion process and, in a limit, by
a buoyant convection in the gas phase (Langmuir, 1918; Carle et al., 2013;
Lu et al., 2017). For the interest of this work, the focus will be on the case
of evaporation in an ambient atmosphere without atmospheric convection.
During evaporation, an exchange of molecules between the liquid interface
and the gas phase occurs. Since the rate of exchange (∼ 10−10 s order of
magnitude) is faster than the rate of diffusion (∼ 1 s) (Popov, 2005), the
region near the liquid interface saturates with vapor molecules. This creates
a vapor density gradient from the interface to the far field (Figure 2.8(a)).
The gradient induces a vapor mass flux, normal to the interface, governed
by Fick’s law of diffusion:
~ v.
~j = −Dv ∇ρ
(2.24)

Dv is the diffusion coefficient of the vapor molecules in the ambient atmosphere and ρv is the vapor density.
The density profile follows the diffusion equation ∇2 ρv = Dv ∂t ρv . On
a quasi-stationary diffusion process, and in an isothermal limit, the time
derivative is negligible, thus the diffusion equation reduces to the Laplace
equation
∇2 ρv ' 0.
(2.25)
The total evaporation rate (the evaporative mass loss per unit area per unit
time) depends on the rate of diffusion, and it is derived by evaluating Eq. 2.24
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Figure 2.8: (a) Schematic representation of evaporation in air (Taken from Lu
et al., 2019). The evaporation is limited by the diffusion of liquid molecules
near the liquid-air interface to the surroundings. (b) Sketch of an evaporating
sessile drop with θapp < π (Taken from Deegan et al., 1997). The evaporating
flux J (arrows) increases from the center of the drop towards the contact line.
The height h of the free interface, the evaporation flux, and the internal flow
~v are strongly coupled.

together with Eq. 2.25 over the entire liquid surface. The evaporation rate
depends on the geometrical aspects of the liquid configuration.
For sessile drops, ie. drops resting on a solid surface, with small capillary numbers, the drop shape can be approximated to a spherical cap. The
boundary conditions for an evaporating sessile droplet are the following: i)
along the drop interface, ρv = ρs , where ρs is the constant density of saturated vapor, ii) far from the drop, ρv = ρ∞ , where ρ∞ is the constant
ambient vapor density, and iii) there is no vapor penetration at the solid
surface outside the drop footprint, ∂z ρv = 0. Solving Eq. 2.25 together with
the boundary conditions, and replacing this in Eq. 2.24, it results in an
equation for the local evaporation flux ~j. Picknett et al. (1977) and Deegan
et al. (1997) followed Maxwell’s approach (Maxwell, 2011b) of solving this
problem through a mathematically analogy with the problem of finding an
~ = −∇φ
~ E , with an electrostatic potential φE . In this case
electric field E
φE satisfies Laplace equation, and is originated from a charged conductor at
constant potential and with its shape as the drop shape with its reflection.
The details for deriving the solution can be found in Picknett et al. (1977),
Deegan et al. (2000), Lebedev (1965), Hu et al. (2002), Popov (2005), and
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Cazabat et al. (2010). Near the contact line, the evaporation flux becomes
j(r, t) ∼ (R − r)−λ ,

(2.26)

with r ≤ R as the radial coordinate, in a cylindrical coordinate system,
along the solid surface, λ = (π − 2θc )/(2π − 2θc ) as a fitting parameter, and
θc = θc (r) as the angle that the free interface makes with the solid surface.
Eq. 2.26 together with λ, show the nonuniformity of the evaporation flux
along the free interface. For drops with contact angles θapp < π2 , the evaporative flux increases towards the contact line and diverges at it (Figure 2.8(b)).
Physically, the singularity of the evaporation rate at the contact line is not
possible. Various methods have been proposed to regularize it, these include
introducing a cut-off length where the evaporation rate saturates (Poulard
et al., 2005; Morris, 2014), or introducing a disjoining pressure that competes
with the evaporation (Eggers et al., 2010).

Figure 2.9: Representation of the time-evolution of the apparent contact
angle θ and the drop radius L of evaporating drops with pinned contact lines,
panel (a), and with unpinned contact lines, panel (b) (Taken from ArjmandiTash et al., 2017 for describing the evolution of θ and L of drops spreading on
porous surfaces, which is similar to the evolution of evaporating drops, Brutin
et al., 2018).
Due to evaporation, capillary flows are induced inside the drop. These
flows tend to replenish the liquid that has been removed during the evaporation process with the liquid remaining on the drop. The origin of the
capillary flows is the change of the interface curvature, ie. the internal flows
and the drop shape are coupled.
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In partial wetting, the drop shape evolves following two modes (Figure 2.9). When deposited on the solid surface, the drop first spreads in
a fast way, reaching the equilibrium contact angle. Then, if the contact line
is pinned, the drop radius remains constant but the contact angle decreases
(Figure 2.9(a)). If the contact line is unpinned it recedes, while the drop
radius decreases and the contact angle remains constant (Figure 2.9(b)). At
the end of the drop’s life the radius decreases to zero and the contact angle
remains constant, for both pinned and unpinned contact lines. In a stick-slip
behavior, the contact line pins and then unpins repeatedly due to physical
or chemical heterogeneities on the solid surface, and the radius and contact
angle decrease. Examples of these can be found in the reviews from Bonn
et al. (2009), Cazabat et al. (2010), Sefiane (2014), and Brutin et al. (2018)
(also for complete wetting).
In partial wetting, the hydrodynamic flows and the drop shape are considered to be nearly independent (Popov et al., 2003; Deegan et al., 2000).
This is because the flow velocities observed on these systems are lower than
the characteristic velocity of the system u0 ∼ γ/η, ie. viscous stresses are
negligible. This allows for a first approximation where the internal flows at
a given time are derived using the equilibrium shape of the interface at that
same time.
In complete wetting, the internal flows and drop shape are strongly coupled and have to be derived simultaneously. This is a dynamic situation
where the contact line moves during the entire drop life. After deposition,
the drop spreads fast, driven by capillarity. At the same time, the drop evaporates, and it will have disappeared before spreading to a vanishing contact
angle. Due to the coupling of the shape and the internal flow, the contact
line recedes despite complete wetting, leading to the observation of an evaporative contact angle.
For perfectly wetting pure liquids it is observed that the drop radius
reaches a maximum and then decreases following a power law. For nonvolatile liquids, ie. when the evaporation is weak, θapp follows Tanner’s law
which is a power law with an exponent 1/10, Eq. 2.7, where θapp → 0 during
the receding stage. This has been proven in various experiments (Voinov,
1976; Tanner, 1979; Cazabat et al., 1986; Levinson et al., 1988; Chen et
al., 1989). But for volatile liquids, experiments show different exponents,
specific to the liquid (Lelah et al., 1981; Deegan, 2000; Cachile et al., 2002;
Poulard et al., 2003; Shahidzadeh-Bonn et al., 2006). Moreover, it has also
been observed that the evaporation can lead to a nonzero dynamic contact
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angle in the final evaporation stages (Elbaum et al., 1994; Bourgès-Monnier
et al., 1995; Cachile et al., 2002; Jambon-Puillet et al., 2018). Therefore, for
describing the system that is close to equilibrium a theoretical model that
accounts for the evaporation has to be considered.
In the context of the hydrodynamic model this involves solving the problem of the liquid flow and the interface profile coupled to the vapor flow
(Figure 2.8(b)). This translates into solving a modified version of the lubrication equation, Eq. 2.12, that includes the evaporative flux, Eq. 2.24,
∂t h +

1  3 
∇ h ∇p + j = 0,
3µ

(2.27)

where p accounts for the Laplace pressure and the disjoining pressure. The
resolution of the hydrodynamic equation is an ongoing debate. Several theoretical and numerical approaches have been proposed (Cachile et al., 2002;
Poulard et al., 2003; Poulard et al., 2005; Sultan et al., 2005; Eggers et al.,
2010; Morris, 2014; Jambon-Puillet et al., 2018). The problem of finding a
solution becomes more complex when additional effects are considered. For
instance, thermal effects from the substrate can play a role (Anderson et al.,
1995; Kim et al., 1996; Morris, 2001; Ristenpart et al., 2007; Tam et al.,
2009; Sadafi et al., 2019). Ambient convection can also affect the dynamics (Kelly-Zion et al., 2013; Carle et al., 2013). And in multicomponent
liquids, evaporation might induce compositional gradients that have to be
included in the models.

2.4

Multicomponent droplets

Multicomponent systems are formed by solvent-mixtures of two or more domains with different physical and chemical properties. These are present in
different settings, for example, drops embedded in a different liquid, either
in a bulk fluid or a bigger drop (Squires et al., 2005; Shimizu et al., 2015;
Tan et al., 2016; Sheth et al., 2020), coalescence of fluids of different liquid
composition (Aarts et al., 2005; Karpitschka et al., 2010), or thin films of
mixtures on solid or liquid surfaces (Quéré, 1999; Sefiane, 2014; Keiser et al.,
2017). When this systems are out of equilibrium, processes like evaporation, adsorption, phase change or dissolution happen (Larson, 2014; Lohse
et al., 2020). In multicomponent systems, compositional fields are present
and induce diffusive fluxes and fluid flows that, at the same time, advect
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the compositional field (Cates et al., 2018). For describing these systems,
the governing equation for the free interface is used, but also the evolution
equation for the compositional field φ (or temperature). The latter is given
by the advection-diffusion equation


~ · D∇φ
~ − ~uφ = 0,
∂t φ − ∇
(2.28)
where D is the diffusion coefficient and ~u the velocity field of the fluid flow.
In most of the studies where the lubrication approximation is applied, it
is assumed that the diffusion is strongly fast that the concentration in the
perpendicular direction to the flow is uniform (Doumenc et al., 2010). This
assumption has been questioned. The coupling of the aforementioned mechanisms will determine the dynamics of the system.
Different types of additives have been of interest for fundamental and
technological applications. The most common additives are inert particles
and liquids, which influence the fluid flow in different ways.

Figure 2.10: (a) Picture of a coffee stain. Typical pattern formed for pinned
contact lines. The scale bar corresponds to 1 cm (Taken from Deegan et al.,
2000). (b) Snapshot of a typical set of ring patterns left by a contact line
with a stick-slip behavior. The pattern is formed using PS particles of 144 nm
size. The size of the image is 0.5 mm (Taken from Adachi et al., 1995). (c)
Snapshot of a drying pattern with particles distributed almost uniformly, for
an unpinned contact line. The suspension contained glass beads of ∼ 10 µm
size (Taken from Choi et al., 2011).
Inert solid particles are considered to have no influence in the surface
tension or the viscosity of the liquid. These particles are advected in the
presence of flows. In an evaporating drop, the particles are advected and are
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deposited in the solid surface. The patterned left on the surface after complete evaporation depends on the particle size and concentration, liquid, solid
surface, and ambient humidity (Trybala et al., 2013; Sefiane, 2014; Brutin et
al., 2018; Tarafdar et al., 2018). But also, it will depend on the contact line
dynamics. On pinned contact lines, the fluid flows radially outwards, from
the drop center to the contact line where they are deposited (Deegan et al.,
2000; Deegan, 2000; Kajiya et al., 2008). This is known as the ‘coffee-ring’
effect, as a reference to the ring stain observed after drying of a coffee drop
(Figure 2.10(a)), which origin is the capillary flow (Deegan et al., 1997). But,
if the contact line shows a stick-slip behavior, a set of ring stains is formed
instead (Figure 2.10(b)), each ring corresponding to a pinning stage (Adachi
et al., 1995; Shmuylovich et al., 2002; Askounis et al., 2014). For unpinned
contact lines, the particles form a layer almost uniform at the center of the
drop upon complete evaporation (Figure 2.10(c), Choi et al., 2011), as well
in complete wetting systems (Brutin et al., 2018).
At the same time, the particles affect the wetting dynamics. It has been
observed that these can induce self-pinning of the contact line (Deegan, 2000;
Rio et al., 2006). Additionally, the particles can also enhance the evaporation
rate of the drop (Conway et al., 1997).
In case there is a second liquid present in the mixture the situation
changes as compared to inert particles. Marangoni flows are generally present.
These are induced by compositional gradients at the interface. In a mixture of
two miscible liquids, Marangoni flows originate from the difference in volatility and surface tension between the liquids. For evaporating sessile drops,
the difference in volatility between the liquids and the difference in the rate
of evaporation along the drop deplet one of the components, forming local
concentration gradients on the interface and within the drop. Because the
liquids have a different surface tension and the surface tension changes with
composition, the concentration gradient creates a surface tension gradient
at the free interface. The Marangoni stresses induce an interfacial flow that
drives convective transport inside the drop. The direction of the flow is determined by the interplay between the distribution of the evaporation rate
along the surface and the volatility and surface tension of both liquids.
A radially outward flow, which goes from the center of the drop to the
contact line, is obtained when the liquid with the highest surface tension enriches near the contact line. This flow is the origin of the ‘tears of wine’ effect
(Figure 2.11(a)), observed in wine and spirits when the alcohol evaporates
from the liquid surface near the glass wall (Thomson, 1855; Marangoni, 1871;
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Figure 2.11: (a) Picture of typical ‘tears of wine’. The width of the image is 30 mm (Taken from Venerus et al., 2015). (b) Time-lapse images
of a Marangoni contracted drop (elliptical shadow) moving due to a vapor
gradient that goes from the needle tip (squared shadow) to the surroundings. Drop of water-PG mixture. The scale bar corresponds to 1 mm (Taken
from Malinowski et al., 2020).
Venerus et al., 2015). For sessile drops, it has been shown that the dynamic
contact angle depends on the evolution of the concentration, and the initial
contact angle decreases with the initial concentration of the most volatile
component (Rowan et al., 2000; Sefiane et al., 2003; Cheng et al., 2006;
Diddens et al., 2017; Williams et al., 2021). ie. the drop shape and compositional field are coupled. Moreover, the evolution of the drop shape changes
for different wetting scenarios. On unpinned contact lines, the drop shape
goes through three main stages. One is determined by high concentrations
of the most volatile component, where the evolution is comparable to that
of the same liquid. A second stage, for intermediate concentrations, where
the drop shape is distorted and instabilities can appear. And a third stage
where it is similar to that of the residual component. Later studies revealed
a coupling with the internal drop flows by using particle image velocimetry
(PIV) technique (Christy et al., 2011). It was shown that the flow evolution
follows also three stages, with multiple vortices in the first stage, an outward
radial flow that was associated to Marangoni convection, in the second stage,
and an outward radial flow characteristic of pure liquids in the third stage.
Additionally, the drop shape is affected by the ambient humidity (Sefiane
et al., 2008). All this phenomena show the interplay between evaporation,
compositional field, Marangoni flows, and drop interface profile.
Inward flows, in contrast to outward Marangoni flows, form when the liquid with the lowest surface tension enriches near the contact line. Marangoni
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flows are the origin of Marangoni contracted drops. These are drops that exhibit a non zero apparent contact angle on surfaces where the pure liquids
that compose the mixture completely wet the surface. In such case, a flow
going from the center of the drop to the contact line and then to the drop
apex is observed. Even though the drop does not completely spread in the
contracted stage, a precursor film is present. Marangoni contracted drops
move freely with no contact line pinning (Benusiglio et al., 2018) and respond to vapor gradients (Figure 2.11(b), Malinowski et al., 2020). It was
also observed that the drop shape is sensitive to ambient humidities, where
the initial contact angle highly depends on the relative humidity. Two models
predict a power law dependency but with different exponents (Karpitschka et
al., 2017; Benusiglio et al., 2018). The models proposed different contraction
mechanism. One of the models (Benusiglio et al., 2018) proposes a surface
tension balance along the contact line between the surface tensions on the
bulk fluid and on the precursor film. The other model (Karpitschka et al.,
2017) establishes a flux balance between the capillary and the Marangoni
flows. Inward Marangoni flows can also be present in systems where the
ambient is saturated with a compound with lower surface tension than the
liquid on the solid (Leenaars et al., 1990). Through vapor absorption at
the free interface, a surface tension gradient is induced, and with it inward
Marangoni flows and retraction of the contact line.

Figure 2.12: Cross-sectional view of sessile and pendant binary liquid drops.
The streak images of seeded particles were taken with optical coherence tomography. The red arrows show the direction of the surface tension gradient,
the blue ones of the density gradient, and the white ones of the flow. (Taken
from Edwards et al., 2018).
Buoyancy-driven flows also play a role in the hydrodynamics of two com34
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ponent drops. Buoyancy-driven flows can appear in mixtures of two miscible
liquids due to the difference on the density of both liquids. In evaporating
sessile drops, the surface tension and density gradients might have the same
direction, making difficult to distinguish between Marangoni and buoyancydriven flows. Cross sectional views, with optical coherence tomography (Figure 2.12, Edwards et al., 2018), and bottom views, with µPIV method (Li
et al., 2019), of such drops with tracer particles show a reversal in the flow
pattern with respect to the solid surface when changing the drop from sessile to pendant. In pendant drops, both gradients oppose each other, so the
resulting convective flow makes evident that gravitational forces, promoted
by density gradients, dominate over surface tension forces. Buoyancy-driven
flows were observed to dominate over Marangoni flows on drops with large
contact angles.
When a mixture contains surfactants, the dynamics change as compared
to ideal mixtures and liquid mixtures with some degree of surface activity.
Surfactants are molecules that tend to adsorb at a liquid interface (Manikantan et al., 2020; Matar et al., 2009; He et al., 2015). These are surface
active agents, which lower the surface tension of the liquid (Smit et al., 1990;
Gennes et al., 2004). Most of the surfactants have an amphiphilic molecular structure, containing a hydrophilic part and a hydrophobic part. Two
types of surfactants can be found, soluble and insoluble. Soluble surfactants
dissolve in the bulk solution in contrast to insoluble ones.

Figure 2.13: (a) Snapshot of the pattern formed by a spreading drop (green)
of glycerol with a surfactant (sodium dodecyl sulfate) on a pure glycerol film
(gray). The height of the image is 1 cm (Taken from Darhuber et al., 2003).
(b) Snapshot of a thin liquid layer of a surfactant solution (octadecylphosphonic acid) on mica. The liquid layer dewets forming holes on the film
(Taken from Woodward et al., 1997).
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Soluble surfactants show micellization, ie. they can aggregate to form
micelles (Degiorgio, 1985; Hajji et al., 1989; Gennes et al., 2004). The formation of micelles happens when the micelle concentration reaches a critical
value (CMC) for which the formation of aggregates is energetically favorable.
When this stage is reached, the increase of surfactant concentration leads to
an increase of the amount of micelles but not of adsorbed molecules at the
interface. Accordingly, surface tension does not reduce further upon increasing the bulk concentration of surfactant above the CMC (Smit et al., 1990).
In the presence of surfactant concentration gradients at the interface, surface tension gradients rise. The surface stresses associated to this gradient,
Marangoni stresses, induce an interfacial flow. In turn, this flow can deform
the interface (Schwartz et al., 1995) and also induce diffusion and advection
at the interface and within the bulk fluid (Jensen et al., 1993). Besides,
surfactants can also alter substrate wettability (Afsar-Siddiqui et al., 2003).
When a surfactant solution is placed on a solid surface, the attraction forces
between the molecules and the surface can cause adsorption of the molecules
onto the surface ahead of the contact line (Rupprecht et al., 1991). The
transport of the molecules occurs through the same liquid phase (Yaminsky
et al., 1997) or through the vapor phase. Whether the attraction is with the
hydrophilic or hydrophobic part of the molecule, the other part, exposed to
the air, changes the surface energy, promoting spreading (Zhu et al., 1994;
Karapetsas et al., 2011), autophobing (Birch et al., 1994) or intermediate
states (Frank et al., 1995a). Surfactants gives rise to phenomena like higher
spreading rates (Stoebe et al., 1996), fingering (Figure 2.13(a), Marmur et
al., 1981; Darhuber et al., 2003; Hamraoui et al., 2004), and dewetting (Figure 2.13(b), Woodward et al., 1997; Takenaka et al., 2014).
Multicomponent liquids can go through liquid-liquid phase separation.
This is observed, for example, in two-component bulk mixtures, when the
system reaches a critical solution temperature and the liquids are not longer
miscible (Lai et al., 1999). Or in ternary systems when the concentrations,
relative to each other, reach a critical value (Kahlweit et al., 1985; Alany et
al., 2000). Liquid-liquid phase separation is also present in wetting systems,
for example, when selective evaporation occurs. In this process, accumulation
of one of the components along the contact line induces segregation (Kim
et al., 2016; Dietrich et al., 2017; Karpitschka, 2018; Li et al., 2020), In
such systems, drop nucleation and grow can occur (Figure 2.14, Tan et al.,
2016; Li et al., 2018). It has been observed that phase separation modifies
the evaporation process, the internal flows, and the general evolution of the
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Figure 2.14: Time-lapse images of a drop composed of a water (blue) and
1,2-Hexanediol (yellow) mixture, taken with a confocal microscope, from
bottom view. It shows the nucleation and grow of 1,2-Hexanediol droplets at
the contact line, in the first 65 s after drop deposition (Taken from Li et al.,
2018).
liquid.
In general for multicomponent systems, a model to describe the coupling between hydrodynamic flows, phase separation, interaction between
the components, wetting, compositional evolution, and phase changes, is not
yet available. Despite the huge amount of studies on multicomponent liquids,
and the amount of findings of different mechanisms, an agreement of a general model that accounts for all the possible contributions, and distinguishes
between them or the dominant mechanism is still lacking. This is not just
from the theoretical differences but also from a qualitative agreement with
experiments. At the same time, there are experimental challenges that when
solved allow to direct comparisons with the models.
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Chapter 3
Droplet shape and internal flow
quantification method
3.1

Overview

The effect of compositional gradients in the dynamics of contact lines was
studied from an experimental approach. Marangoni contracted drops were
used as the model system. Drop shape and internal flows were measured.
During experiments, a drop was deposited gently over a solid substrate, in-

Figure 3.1: Experimental setup. (a) Sketch of the experimental setup from
side view. (b) Picture of the setup taken from the side.
side a controlled atmosphere chamber (Figure 3.1). The chamber is placed on
the sample stage of an inverted fluorescence microscope, coupled to a camera
for side view imaging. Before starting an experiment, a new substrate was
placed in the sample holder inside the chamber, the chamber was closed,
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and the vapor conditions were set. We then waited for equilibration of the
atmospheric conditions for 1 − 5 min. Then, a droplet with controlled volume
was deposited onto the substrate with a syringe and a needle that was introduced to the chamber through a small hole. Side and bottom view images
were recorded simultaneously during and after injection of the droplet, for
measuring drop shape and internal flow, respectively. Different drop compositions, ambient conditions, and type of substrates were explored. Below
follows a description for each of these parts and their preparation. Additionally, in each chapter it is stated which materials were used specifically.

3.2

Materials

Chemicals. The chemicals used for drop and atmospheric compositions
are: water (“Milli-Q”, resistivity 18 MΩ · cm), Ethylene Glycol (1,2-EG,
Sigma Aldrich, purity >= 99.5%), 1,2-Propanediol (1,2-PD, Sigma Aldrich,
purity >= 99.5%), 1,2-Butanediol (1,2-BD, Sigma Aldrich, purity >= 98%),
1,2-Hexanediol (1,2-HD, Sigma Aldrich, purity 98%), and 2-Propanol (IPA,
Carl Roth, purity >= 99.9%). Polystyrene microspheres (Thermo Fisher
Scientific F8809, 0.2 µm diameter, stock solution concentration 2% w/v, excitation/emission maxima = 540/560 nm) were added as tracers into the
liquid mixtures or pure liquids for flow visualization. The chemicals were
used as received.
Liquid mixtures. Binary mixtures were prepared of water and one of the
following carbon diols: Ethylene Glycol, 1,2-Propanediol, 1,2-Butanediol,
and 1,2-Hexanediol. The mixtures were prepared and stored in piranha
cleaned borosilicate glass vials (VWR, capacity 4 mL). An analytical balance (Thermo Fischer Scientific Analytical Series, readability 0.1 mg) was
used to prepare mixtures of desired mass fraction 0 < φ < 1, by pipetting
the chemicals into the vials on the balance. Tracer particles were added into
the mixtures for flow visualization technique. The mixtures were sonicated
in an ultrasonic bath (VWR Ultrasonic Cleaner USC-TH) for ∼ 2 min. The
mixtures were stored in a low temperature environment (∼ 5 °C) to avoid
changes in concentration due to evaporation. The mixtures were used within
the first two days after preparation and were replaced by fresh ones afterwards.
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Tracer particles. The mass fraction of the particle stock solution in the
total liquid mass was 7.8 × 10−5 . The used particle concentration was ∼
1.7 × 1010 particles/mL. After adding the tracer particles into the liquids,
the liquids were sonicated in an ultrasonic bath for ∼ 2 min. The liquids
were stored in a low temperature environment (∼ 5 °C) to avoid evaporation
and were protected from light with aluminum foil. Before experiments, the
liquids were sonicated for ∼ 2 min to ensure good dispersal of the tracer
particles.
Common particle properties considered in flow visualization techniques
are non corrosive, chemical inert, and their size has to be small enough to
truly follow the flow and large enough to scatter light (Dabiri, 2007). A
way to determine that the particles are good tracers is that the particle
relaxation time (∼ 3.7 × 10−6 s for the aforementioned particles) has to be
smaller than the time scale of the fluid (∼ 0.7 s for Marangoni-contracted
drops). Additionally, faithful tracers should have a size (0.2 µm for the aforementioned particles) smaller than the length scale of the shear stress (∼ 1 µm
for Marangoni-contracted drops), so the particle’s velocity is solely due to
advection of the flow (Melling, 1997; Saffman, 1965; McLaughlin, 1991). In
particular, in our case we choose particle size and concentration considering
also two main criteria. One is that the particle density close to the contact
line has to be large enough to get good image correlations for micro particle
image velocimetry technique (µPIV). However, the image of individual particles in the focal plane should still be distinguishable (Dabiri, 2007; Lindken
et al., 2009). Densities for which on average three particles were found in
an interrogation window of 12 px × 12 px gave good results. In our setup the
particle image diameter is of ∼ 1 px. The second criteria is that the particles must not induce self-pinning of the drop. It was observed that high
particle concentrations induce contact line pinning. Also, bigger particles,
for example with 1 µm of diameter, tend to be deposited on the solid surface
in greater quantity than those of 0.2 µm diameter, inducing pinning. 1 µm
size particles are of the same order of magnitude as the length scale of the
shear, not being good tracers for the system here studied.

Smooth hydrophilic substrates. Microscope glass coverslips (VWR cover
glass class 1, 24 mm × 24 mm size, 170 µm thick) were cleaned with piranha
solution (hydrogen peroxide 30%, VWR Chemicals, and sulfuric acid 95%,
VWR Chemicals, mixture, volume fraction 1 : 3, respectively) for 20 min in
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a soda-lime glass staining jar (DWK Life Sciences). Afterwards, the substrates were rinsed five times with fresh water (“Milli-Q” water, resistivity
18 MΩ · cm) and were sonicated for 10 min in hot water at ∼ 80 °C, to ensure
complete removal of residues from the piranha solution (Lessel et al., 2015;
Karpitschka et al., 2010). The substrates were stored in fresh water and used
on the day of preparation. The substrates were dried with a nitrogen drying gun immediately before the experiment under a laminar flow hood. The
nitrogen was blown parallel to the substrate from the corner opposite of the
tweezers (PTFE or metallic PTFE coated) that were used to hold the slide.
The substrate was kept protected from dust with a glass petri dish during its
transfer from the laminar flow hood to the humidity control chamber where
the experiment was done.
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Figure 3.2: Evolution of the radius of a water drop over a glass coverslip
treated with piranha for two experiments with same conditions: measurements (circles), power law fit (lines). The equations of the fitted lines are
in agreement with Tanner’s law. The unfilled circles of experiment 1 were
excluded from the fit. In experiment 1, the drop was pulled with the needle
when removing it after depositing the drop, causing the deviations from the
power law in the start of the spreading. The deviations at the end show the
limit where the drop shape no longer follows Tanner’s law, which corresponds
to θapp ∼ 5°.
Piranha solution is usually used for removing organic contaminants (Mak,
2010) and for increasing hydrophilicity (Paredes et al., 2017; Lessel et al.,
2015), making it a good method for substrate preparation. The spreading
rate of a ∼ 0.5 µL water drop over the glass coverslipes piranha cleaned
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followed a power law R(t) ∼ t0.09 , in agreement with Tanner’s law, confirming
a highly hydrophilic surface and a surface free of pinning sites. The contact
angle down to which this behavior was confirmed is ∼ 5°.
Porous hydrophilic substrates. Quartz microscope cover slips (Thermo
Fisher Scientific cover slip, 25.4 mm × 25.4 mm size, 0.15−0.25 mm thick)
were coated with a layer of candle soot as a template for a porous medium.
The candle soot layer consists of a porous network of ∼ 50 nm size carbon
nanobeads (Deng et al., 2012). We used the following preparation protocol to
fabricate hydrophilic porous substrates, inspired by the method reported previously by Paven et al. (2013) and Paven et al. (2014) and used in Ramı́rezSoto et al. (2020). The slides were sonicated for cleaning with a series of
solvents (ethanol, Carl Roth, purity >= 99.5 acetone, Sigma Aldrich, purity >= 99.5, and toluene (Sigma Aldrich, purity >= 99.9%) and water) for
∼ 3 min in each solvent. Afterward, the slides were dried in an oven at 70 °C.
When coating the slides with candle soot, the glass slides were held above
the candle flame, with constant oscillatory motion in the horizontal plane,
perpendicular to the flame, to form a uniform layer of soot particles. The
coated slides were placed on a desiccator and stored for 24 h with an open
borosilicate glass vial containing 3 ml of ammonium and a second vial with
3 ml of tetraethoxysilane. By this, a chemical vapor deposition of tetraethyl
orthosilicate catalyzed by ammonia takes place. A 30 − 40 nm silica thick
layer is deposited over the porous nanostructures (Paven et al., 2013). The
substrates were annealed in an oven (Carbolite Gero 30-3000 °C) at 990 °C
for 3 h inside ceramic cases for dust protection. At this annealing temperatures, the silica particles increase stiffness, becoming closer to that of fused
silica (Zhang et al., 2010). The substrates were kept dry and protected from
dust until use. The main difference with Paven et al. (2013) and Paven et al.
(2014) is that we skipped the step where oxygen plasma is applied and the
silanization step.
Syringe and needle cleaning. Borosilicate glass syringes (Hamilton Gastight Series 1700, PTFE plunger tip, volume 10 µL) with stainless steel needles (Hamilton Removable Needle, small PTFE hub, gauge 22s, tip type 3)
were used for drop volume control and deposition. Syringes and needles of
other materials, like plastic and cooper, were not used to avoid any possible contamination from the material itself. The syringes and needles were
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cleaned with a series of solvents (ethanol and acetone, and water).

3.3
3.3.1

Experimental setup
Ambient humidity control

Experiments were done inside an atmospheric control chamber (aluminum
walls, size ∼ 10 cm × 10 cm × 10 cm, Figure 3.3). During the experiments,

Figure 3.3: Atmospheric control system. (a) 3D image of the humidity chamber from the inside, together with the microscope mounting system and the
sample holder. (b) Sketch of the chamber and the humidity control system
from top view. (c) Picture of the inside of the chamber and the humidity
sensors, taken from the top.
a gas mixture of controlled vapor was continuously injected to membraneseparated antechambers in the main chamber. The membranes connecting the antechambers to the main chamber were made of interwoven fabric (Wilox Hosiery GmbH tight VITAL 40, 88% polyamide, 12% elastane).
They spanned almost the entire area of two opposing side walls, minimizing convection in the main chamber while ensuring quick diffusive exchange
with the feed gas. Each antechamber is connected to an independent gas
line (Figure 3.3(b)). This configuration allows to generate not just homogeneous atmospheres but also atmospheres with vapor gradients across the
main chamber. To achieve arbitrary vapor conditions, fluxes of dry nitrogen
and nitrogen saturated with water or IPA were regulated with mass flow
controllers (MKS Instruments Type MF1) to the desired proportion, with a
constant total flux of 500 sccm. Water vapor or IPA vapor were produced
by injecting nitrogen into gas bubblers (VWR borosilicate glass gas washing
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bottle, head with sintered glass disc porosity 2) filled with the desired liquid.
The bubblers are connected to the gas lines for mixing the vapor with dry nitrogen. Several humidity sensors (Honeywell HIH-4000 Series, Figure 3.3(c))
distributed in the chamber provided a measurement of the humidity distribution. These sensor just work for water vapor measurements but not for
IPA vapor.

Figure 3.4: Humidity distribution in the chamber. (a) Humidity transients,
from ∼ 0%RH to ∼ 100%RH and from ∼ 100% to ∼ 0%RH: each color represents the measurement of a single humidity sensor located in the perpendicular direction to the membranes. (b) Humidity distribution in atmospheres
with vapor gradients: when setting 100% water vapor on the left side of the
chamber and 0% on the right side (circles), and when inverting the vapor
conditions (triangles).
Figure 3.4(a) shows measurements of the chamber humidity under transient conditions, from dry atmosphere (∼ 0%RH) to ∼ 100%RH, and from
∼ 100% to ∼ 0%RH, for the humidity sensors located in the perpendicular
direction to the membranes. The color of the data represents the reading of
a single sensor. The time that takes to the gas to travel from the gas mixing
system to the chamber is ∼ 3 s. The fact that the measurements taken by
all the sensors follow the same trends shows the homogeneous distribution
of the humidity across the chamber. It takes ∼ 10 min to reach 90%RH or
10%RH. Based on these measurements, whenever changing the atmospheric
conditions to extreme conditions, we waited around 10 min for equilibration,
before starting an experiment, otherwise we waited 1- 5 min. Figure 3.4(b)
shows the humidity distribution across the chamber 10 min after setting 100%
water vapor in one side of the chamber and 0% in the other side. A gradient
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with a difference of ∆RH ∼ 15% between the opposite sides.

3.3.2

Contact angle measurements

Side-view shadowgraph imaging was performed with a camera (Point Grey
Grasshopper2, imaging speed at 27 FPS), equipped with a telecentric macro
lens (Thorlabs Bi-Telecentric lens, 1.0X, W.D. 62.2 mm) and a collimatedlight source on the opposite side, both attached to the sample stage of the
microscope (Figure 3.1(b)). The droplets were observed from an angle of

Figure 3.5: Side-view shadowgraph imaging. (a) Drop illuminated with a
collimated light from a source tilted with an angle α with respect to the
substrate. The light (yellow lines) is reflected on the substrate and on the
drop apex to the camera, also tilted with the same angle α with respect to
the substrate. (b) Side aspect of the drop.
α = 6◦ with respect to the substrate (Figure 3.5(a)). The advantage of this
arrangement is the possibility of observing the entire three phase contact
line around the droplet as shown in Figure 3.5(b). This allows for a precise
measurement of the footprint diameter D of the droplet. The top surface
of the drop reflects light directly from the light source to the camera, which
allows a precise detection of the drop apex, thus of the contact angle.
For each frame from the side-view camera, the droplet’s radius R and the
apical height ho were extracted from the images. By assuming that the drop
shape is close to a spherical cap, the apparent contact angle was calculated as
θapp = 2ho /R. The images were analyzed with an in-house-developed code.
The major axes length of the drop image is obtained either by fitting an
ellipse to the drop image and measuring its major axes or by detecting the
two extremes of the drop in the image frame in the horizontal direction and
measuring the distance between them. The maximum intensity on the axis
perpendicular to the major axis corresponds to the top of the drop. For finding the apex position with subpixel resolution, a second order polynomial is
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fitted to the intensity peak. To calculate ho , the shorter distance h0o from the
drop base to the apex is measured. The finite observation angle is corrected
according to ho = h0o /cos(α). R is defined as half of the major axis length
D.

3.3.3

Micro-Particle Image Velocimetry data acquisition

To measure the flow inside the drop, micro particle image velocimetry method
(µPIV) was used (Wereley et al., 2010). The atmospheric control chamber
was mounted on top of an inverted epi-fluorescence microscope (Nikon Eclipse
Ti2E) with large field of view (diameter 25 mm in the image plane), see Figure 3.1. A high power white light source (Lumencor SOLA Light Engine)
was used for illumination of the fluorescent particles. The excitation/emission
wavelength range of the fluorescent particles was selected with a custom fluorescence filter cube (AHF Analysentechnik, transition wavelength 542 nm).
The microscope was equipped with a water immersion objective lens (Nikon
CFI APO LWD 20X WI) with a numerical aperture of 0.95. The immersion
medium of the objective was selected such that it matches with that of the
drop, to achieve diffraction-limited imaging even in the bulk of the working
medium (Botcherby et al., 2012). This is important for a good z-plane selectivity (Agard, 1984). The focal plane, parallel to the substrate, was moved
with the microscope focusing stage in vertical direction to scan the drop at
different z-planes in an automated procedure. The time for switching between focal planes was ∼ 100 ms. The full z-scan was on the order of 10 s,
shorter than the time scale on which the flow velocities change for a quasistationary drop. Successive upward and downward scans were done to check
this. A sequence of hundreds of frames was recorded for each plane with
a high-speed camera (Phantom VEO 4K-L, imaging speed at 600 to 1000
FPS).
Since the experiments were recorded with the side view camera immediately before the drop’s deposition until the end of the PIV recording, synchronization was performed through the shutter of the epifluorescence excitation
light, which was faintly visible in the side view due to scattering.
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3.4
3.4.1

Micro Particle Image Velocimetry data
analysis
Adaptive interrogation window size method

To quantify the flow, the images captured from the µPIV measurements were
analyzed with an in-house Python developed code. The data is evaluated
through cross-correlation with correlation-averaging (Meinhart et al., 2000)
over ∼ 100 frames. Here we propose to include in the algorithm an adaptive
interrogation window size method. First, single-pixel correlations (Westerweel et al., 2004) are calculated for the entire image and all displacements
within a pre-defined search range. Instead of correlating intensity values
directly, we used the dot product of the gradient (first order differences).
Then, correlations are integrated over interrogation windows of various sizes
by convolution with a square kernel of the desired size. We used five different interrogation window sizes of 4, 8, 16, 32, and 64 px side-length. The
final correlation maps are then evaluated by a weighted average between the
different window sizes, using the mean square of the intensity gradient values in the interrogation window and a size-dependent bias as weight. This
method allows for a high resolution in regions of strong velocity gradients,
while preventing artifacts from false correlations where particle densities are
low. The method was implemented through the Python API of Tensor Flow,
to enable fast computation on graphics processing units.

3.4.2

Velocity profiles

2D velocity fields in each z-plane are obtained from the method described
above. From this velocities, the radial velocity and the velocity profile in the
cross section of the drop are obtained.
Figure 3.6 shows examples of the measured velocities. Panel (a) shows
an example of the velocity field in a plane close to the contact line. The
radial dependence of the velocity was calculated by azimuthally averaging
over ∼ 100 µm in each of these horizontal planes. Panel (b) shows examples
of the radial velocity for different z planes as a function to the distance to
the contact line d, for a single experiment. The uncertainties of the velocities
are estimated using the standard deviation over the weighted interrogation
windows. Velocity profiles are obtained with parabolic fits of the radial velocities in each z plane at a certain distance to the contact line, as shown in
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Figure 3.6: Flow velocity in a Marangoni contracted drop. (a) Example of
a velocity field in a z-plane close to the substrate: the radial component
of the velocity (color code) and streamlines (black arrows). The white area
corresponds to the region outside the drop. (b) Example of radial velocities
vs. distance to the contact line d, for a single experiment. Each plot has the
radial velocity measured at each z plane above the substrate (solid lines), the
associated errors (shaded bands), and the velocities at the interface (circles).
(c) Drop cross-sectional view: free surface (blue discs and fit line), horizontal
velocity (black arrows) and velocity profiles (black lines), for data taken from
panel (b).
panel (c).

3.4.3

Correction to the z location of the velocity

Whenever the focal plane comes close to the free surface, correlations are
picked up preferentially from below the focal plane because there are no particles outside the drop. This leads to a shift in the correlation plane relative
to the focal plane. Thus, a correction to the z location of the velocity signal
relative to the distance from the free surface is applied. The correction is obtained by estimating the point spread function and the correlation sensitivity
as a function of distance to the focal plane. This sensitivity is convolved with
a unit-step function in z for the particle density. We modeled the depth of
correlation as a Gaussian with 1.5 µm standard deviation.
The substrate level was determined at the contact line of the droplet, by
focusing onto particles at the substrate. To account for possible substrate
tilt and non-planarity, we extracted the expected substrate location from
parabolic fits to the velocity profile with a no-slip condition at an offset z0 in
the z-coordinate. Then we obtained 0 > z0 & 3 µm for 0 < d < 500 µm. Then
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we approximated z0 (d) over the full range of d by a third order polynomial
with z0 (d = 0) = 0, and used it to correct the vertical substrate location
as a function of d. The offset obtained is within the range of the substrate
deformation measured by profilometry on a sample of six glass slides.
The velocity profiles in Figure 3.6(c) were obtained after the correction.

3.4.4

Surface tension gradients

The surface tension gradient was obtained from the first derivative of the
velocity profiles in the cross section evaluated at the interface, and multiplied
by the viscosity.
Parabolic fits for the velocity profiles in the cross section, ur (z), were
done for all the data along the radial axis. The first derivative of these fits
is used to evaluate the surface tension.
The location of the drop interface in each focal plane was obtained manually, by observing the location where particles moving from lower planes to
the focal plane become well focused. The drop interface profile (half of the
drop to be more precise) was obtained from the interface locations at each z
plane and with the apical height ho measured from the side view images, by
fitting a third order polynomial to these data. This polynomial f (d) had to
satisfy f (d = 0) = 0, f (d = R) = ho , and f 0 (d = R) = 0.
The viscosities with respect to the liquid composition were interpolated
from the data in Moosavi et al., 2017; George et al., 2003; Jarosiewicz et al.,
3
2
2004. The fitting curves follow the form µ(φ) = e(c1 φ +c2 φ +c3 φ+c4 ) , based on
the relation presented in Moosavi et al., 2017, were c1 , c2 , c3 and c4 are fitting
parameters.
Panel (a) in Figure 3.7 shows the radial velocity at the interface ur (z = h)
vs. the distance to the contact line d, for the entire data along the radial
axis, for the example in Figure 3.6. The green plot shows the data without
the correction to the z location, and the black plot shows the data with
the correction. Panel (b) shows the surface tension gradient vs. d, for the
same example, with and without correction. In both panels (a) and (b), the
green curves are not smooth close to the contact line, having peaks at the
intersections between the drop interface and the focal plane. This highlights
the importance of doing the correction.
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Figure 3.7: (a) Radial velocity evaluated at the interface vs. distance to the
contact line with correction of the z location of the velocity (black line) and
without correction (green line). (b) Surface tension gradient vs. distance to
the contact line, with and without correction. The data corresponds to the
example in Figure 3.6.
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inside the droplets), and wrote the corresponding descriptions for these experiments, and edited manuscript.

4.1

Abstract

The wetting properties of multi-component liquids are crucial to numerous
industrial applications. The mechanisms that determine the contact angles
for such liquids remain poorly understood, with many intricacies arising due
to complex physical phenomena, for example due to the presence of surfactants. Here, we consider two-component drops that consist of mixtures of
vicinal alkanediols and water. These diols behave surfactant-like in water.
However, the contact angles of such mixtures on solid substrates are surprisingly large. We experimentally reveal that the contact angle is determined by
two separate mechanisms of completely different nature, namely Marangoni
contraction (hydrodynamic) and autophobing (molecular). The competition
between these effects can even inhibit Marangoni contraction, highlighting
the importance of molecular structures in physico-chemical hydrodynamics.

4.2

Introduction

Many industrial processes require a fundamental understanding of the wetting properties of liquids on solid surfaces (Starov et al., 2018). Examples
are inkjet printing (Wijshoff, 2010), oil recovery (Haagh et al., 2019), and
lithography (Winkels et al., 2011). A key concept in the description of wetting is the contact angle θ, as defined in Figure 4.1. Properties of the liquid
together with the surface chemistry of the solid determine the value of θ
(Young, 1805; Bonn et al., 2009). The wetting properties and contact angles of single-component liquids have been extensively studied (Gennes et al.,
2004; Drelich et al., 2020). However, a large number of industrial applications
require mixtures of liquids (Leenaars et al., 1990) or the addition of surfactant to enhance the spreading properties of a liquid (Matar et al., 2009).
For complex drops consisting of two or more components, the wetting properties are far from understood. The components may phase separate (Tan
et al., 2016; Li et al., 2018), selectively evaporate (Sefiane et al., 2008), emulsify (Keiser et al., 2017), adsorb at interfaces (Kim et al., 2016), and even
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gravity can play a role (Edwards et al., 2018; Li et al., 2019), leading to
intricate wetting properties on solid surfaces.
Here, we study the contact angle θ of multi-component drops, where the
less volatile component acts as a surfactant on OH-terminated substrates
that are fully wetted by water. Figure 4.1 shows the contact angle of drops
consisting of water–1,2-hexanediol (1,2-HD) mixtures on a piranha solutioncleaned hydrophilic glass substrate (microscope coverslips, Menzel-Gläser)
with minimal pinning. The reported angle is attained within seconds after deposition of the drop (see Supporting Information 4.7). The key result
of Figure 4.1 is that θ continually increases with the 1,2-HD mass fraction
φ. This is surprising for two reasons. First, 1,2-HD has been shown to exhibit surfactant-like properties when mixed with water due to its amphiphilic
molecular structure (Hajji et al., 1989; Frindi et al., 1991; Székely et al., 2007;
Tan et al., 2018). Increasing the mass fraction φ of 1,2-HD lowers the surface tension γLV (see the inset of Figure 4.1), which normally would lead
to enhanced spreading. However, the opposite trend is found: θ increases
with φ. A second surprise is that this increase continues above the critical micelle concentration (CMC) φCMC ≈ 0.1, even though γLV is constant
in this range (Romero et al., 2007). Here we show that these unexpected
features are the result of two mechanisms of different origins – one of hydrodynamic nature: Marangoni contraction, and the other of molecular nature:
autophobing. This resolves the relation between two controversial models for
Marangoni contraction (Cira et al., 2015; Karpitschka et al., 2017; Benusiglio
et al., 2018) and, for the first time, describes quantitative limitations of the
contracted state and its sensitivity to the molecular structure of the surface
active component.

4.3
4.3.1

Results and Discussion
Marangoni contraction

We first turn to the hydrodynamic mechanism, which is known as ‘Marangoni
contraction’ (Karpitschka et al., 2017). Some multi-component drops (for example water–1,2-propanediol mixtures) can form non-zero contact angles on
high-energy surfaces, even though the individual liquids themselves perfectly
wet the surface at equilibrium (i.e. θ = 0◦ ) (Leenaars et al., 1990; Marra et
al., 1991; Cira et al., 2015; Karpitschka et al., 2017; Benusiglio et al., 2018).
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Figure 4.1: Contact angle (θ) of water–1,2-hexanediol (1,2-HD) mixtures as
a function of the mass fraction (φ) of 1,2-HD, for various relative humidities
(RH). The vertical dotted line indicates the critical micelle concentration
(φCMC ≈ 0.1). The filled areas indicate the measurement error. Schematic:
Definition of θ. The mass fraction of 1,2-HD (yellow) is higher near the
contact line due to selective evaporation. Inset: Surface tension (γLV ) of
water–1,2-HD mixtures, measured using the pendant drop method.

There are two requirements that need to be satisfied for Marangoni contraction to occur: i) one of the two liquids must be significantly more volatile
than the other, and ii) the least volatile liquid should have the lowest surface
tension of the two liquids. Selective evaporation at the contact line (where
the evaporative flux is highest (Deegan et al., 1997)) of the volatile component (typically water), then leads to a composition gradient in the drop and
a surface tension gradient across the drop’s interface. This in turn drives a
Marangoni flow towards the center of the drop, which opposes the spreading
of the drop, such that the drop is ‘contracted’. The presence of Marangoni
contraction invalidates Young’s law, which only holds at equilibrium, i.e.
in the absence of flow (Young, 1805; Gennes et al., 2004), and its effect is
opposite to Marangoni spreading (Mouat et al., 2020).
Water–1,2-HD mixtures are expected to contract, since 1,2-HD is con54
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Figure 4.2: Horizontal velocity component in the drops measured using high
resolution micro-particle image velocimetry. The blue line indicates the outer
surface of the drop. The horizontal lines indicate the velocity, where the
direction is indicated by the location with respect to the vertical dashed line.
(a) Velocity field for φ = 0.08 and RH = 71% (θ = 9◦ ). (b) Velocity field for
φ = 0.22 and RH = 40% (θ = 14◦ ), which is significantly weaker than that
in (a).

siderably less volatile than water (Li et al., 2018), and has a surface tension
lower than that of water (see the inset of Figure 4.1). Figure 4.2(a) shows the
flow field inside a φ = 0.08 drop, as measured using high resolution microparticle image velocimetry. The blue line indicates the outer surface of the
drop, and the contact line is located at y = 0. A strong inward flow exists
near the surface of the drop, while an outward flow towards the contact line
is observed in the bulk of the drop. This flow field is typical for Marangoni
contracted drops (Karpitschka et al., 2017). To further test the hypothesis
that the increase of θ is due to Marangoni contraction, we varied the relative humidity (RH). A low RH enhances the evaporation that drives the
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flow inside the drop (Semenov et al., 2014). Indeed, Figure 4.1 shows that
with a lower RH the raise of θ is significantly enhanced, and for small φ our
data follows the Marangoni contraction scaling law (see Supporting Information 4.7) (Karpitschka et al., 2017). Therefore, we conclude that Marangoni
contraction is responsible for the enhanced contact angle of water-1,2-HD
drops at small φ.
Marangoni contraction alone, however, cannot explain the full range of
data in Figure 4.1. At φ = 1 all surface tension gradients are removed,
but nevertheless a large (non-zero) θ is observed. Furthermore, a monotonic
increase of θ with φ is observed in Figure 4.1, even though a decrease in θ is
expected for φ & 0.6, as is the case for 1,2-propanediol which has been shown
to contract, due to smaller surface tension gradients and weaker internal
flow (Karpitschka et al., 2017; Benusiglio et al., 2018). Figure 4.2(b) shows
the velocity field in a drop at φ = 0.22, which is almost one order of
magnitude smaller than the velocity in the φ = 0.08 drop, which is too
weak to sustain a contracted drop.

4.3.2

Autophobing

Another mechanism must be responsible for the large θ measured for large φ.
We recall the surfactant-like nature of 1,2-HD molecules. Some surfactantcontaining liquids are known to autophobe on selected substrates, a phenomenon where θ increases due to modification of the solid surface energy by
a precursor of adsorbed surfactant molecules (Scales et al., 1986; Zhu et al.,
1991; Rupprecht et al., 1991; Birch et al., 1994; Birch et al., 1995; Thiele
et al., 2018). This layer of adsorbed molecules, which is of (quasi)monolayer
thickness, is of different origin than the liquid precursor that is observed in
‘regular’ wetting (Bonn et al., 2009). The surface energy of a precursor depends on RH, the composition of the drop, and the molecular nature of the
adsorbing molecules (Afsar-Siddiqui et al., 2004; Matar et al., 2009; Thiele
et al., 2013). To the best of our knowledge, autophobing and Marangoni contraction have never been reported to compete in a single multi-component
system. Importantly, the apparent shapes of the drops is indistinguishable
between the two states, but their dynamic behavior, especially their mobility
and internal flows, are very different (Benusiglio et al., 2018).
To induce autophobing, surfactant molecules have to adsorb on the solidliquid interface (inside the drop) or on the solid-vapor interface (the precursor
outside the drop), resulting in an overall decrease of γSV − γSL , where γSV is
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the surface tension of the solid-vapor interface, and γSL is the surface tension
of the solid-liquid interface. In Figure 4.3(a) we report the adsorption properties of water–1,2-HD mixtures on the solid-vapor interface under ambient
conditions, measured using ellipsometry (Novotny et al., 1991). Here, Γ is
the number density of adsorbed 1,2-HD molecules, which we normalize by
Γ∞ , the number density of adsorbed molecules corresponding to saturated
coverage (measured in a closed chamber with saturated 1,2-HD vapor). All
values of Γ/Γ∞ were obtained after equilibrium was reached, as determined
by measuring the temporal evolution of the adsorbed layer (Figure 4.3(b)),
typically within a few minutes after deposition of the liquid. Complete desorption of the precursor upon removal of the drop typically takes an order
of magnitude longer than the time it takes for the precursor to form (see
Supporting Information 4.7).

Figure 4.3: (a) Normalized adsorption density (Γ/Γ∞ ) as a function of distance to the contact line (∆x) for several water–1,2-HD mixtures. (b) Temporal adsorption dynamics of pure 1,2-HD at ∆x ≈ 5 mm. The liquid is
deposited at t = 0.

Figure 4.3(a) shows clear evidence of the adsorption of 1,2-HD molecules
on the substrate. Additionally, it shows that Γ/Γ∞ decreases both with the
distance to the contact line ∆x and with φ. This indicates that the concentration of 1,2-HD in the vapor surrounding the drop is of key importance to
the equilibrium surface concentration of molecules adsorbed on the substrate.
As we increase ∆x or decrease φ, the concentration of 1,2-HD molecules in
the vapor decreases. Hence, a lower amount of 1,2-HD molecules is available
in the vapor to adsorb on the substrate, while water becomes more abundant. Therefore, water coverage increases with increasing ∆x and decreasing
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φ, resulting in a lower Γ/Γ∞ .
This indeed offers a direct explanation of the result in Figure 4.1, even
when φ > φCMC , where θ increases with φ and decreases with RH. An increase
in RH leads to a lower Γ/Γ∞ , due to the increased water coverage. Conversely, the 1,2-HD coverage increases by increasing φ. Adsorbed molecules
change the surface energy of the substrate, making it more hydrophobic (Bera
et al., 2016). This offers clear and direct evidence that the contact angles of
autophobed drops depend on the RH of the close surrounding of the contact
line. We remind that the internal flow is very weak at large φ (Figure 4.2(b)),
for which we thus expect to recover the true equilibrium contact angle. In
Young’s law, which remains valid at equilibrium in the presence of surfactants (Thiele et al., 2018), the increased hydrophobicity of the substrate is
reflected in the γSV −γSL term, which becomes smaller with increasing Γ/Γ∞ .
Consequently, θ must increase, even though γLV remains constant above the
CMC. This mechanism is reminiscent of the “modified Young’s law” modeling approach used for multi-component drops in Cira et al. (2015) and
Benusiglio et al. (2018). Molecules may also adsorb on the solid-liquid interface, which we are unable to measure using our experimental setup (Bera et
al., 2018). Such adsorption, if dominant, could lower γSL , increase γSV − γSL ,
and thus lead to a decrease in θ. The increase of θ and strong dependence of
θ on RH (Figure 4.1) indicate that adsorption on the solid-vapor interface is
dominant over adsorption on the solid-liquid interface, leading to a decrease
in γSV − γSL and an increase in θ at large φ.
Contrary to many previous works on autophobing (Marmur et al., 1981;
Frank et al., 1996; Takenaka et al., 2014; Bera et al., 2016; Zhong et al., 2016;
Bera et al., 2018; Tadmor et al., 2019), we do not see an initial spreading
phase followed by a retraction to the quasi-steady θ (see Supporting Information 4.7). This is likely due to the relatively high diffusion coefficient of
1,2-HD, which is a result of its small molecular size in comparison to other
more common surfactants (Kirkwood et al., 1948). The region of the substrate that is sampled by the liquid in determining the stationary θ is no
larger than 10 µm (Decker et al., 1999). The timescale associated with forming the equilibrium adsorption layer within this region is smaller than the
spreading timescale (Frank et al., 1995b), which is relatively long due to the
high viscosity of 1,2-HD (η ≈ 82 mPa·s (Jarosiewicz et al., 2004)).
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4.3.3

Effect of the molecular structure

Our experiments show that water–1,2-HD mixtures exhibit a competition
between Marangoni contraction and autophobing. How generic is the observed competition between Marangoni contraction and authophobing and
what is the influence of the surface activity dγLV /dφ? Here, we address these
questions by considering three shorter vicinal alkanediols: 1,2-propanediol
(1,2-PrD), 1,2-butanediol (1,2-BD), and 1,2-pentanediol (1,2-PeD), which
have three, four, and five carbon atoms in their chain, respectively. These
diols are non-volatile and have a low γLV (Karpitschka et al., 2010). The
surfactant-like behavior (i.e. the surface activity dγLV /dφ) depends on the
length of the aliphatic chain. Short chain alkanediols show weaker surfactantlike behavior (smaller dγLV /dφ) due to the decreased hydrophobicity of the
molecule (Karpitschka et al., 2010; Smit et al., 1990).
We study the properties of these diols using the same procedure as we used
for 1,2-HD. Figure 4.4(a) shows θ as a function of φ at RH ≈ 60%. Starting
at small φ, we see that all diols follow a universal curve. This is perfectly consistent with Marangoni contraction, as long as dγLV /dφ is sufficiently smaller
than zero, and water remains more volatile in the mixture, the hydrodynamic
mechanism remains insensitive to molecular details, while absolute flow velocities depend on the material parameters. Mixtures of other liquids are also
expected to contract as long as their volatility and surface tension contrasts
are in the same regime as those of water and carbon diols (Cira et al., 2015).
By contrast, the curves start to diverge and the length of the aliphatic chain
matters for larger φ – consistent with autophobing. The longest diol studied
here, 1,2-HD, exhibits strong autophobing behavior. As we move to short
chain diols, the autophobing strength becomes smaller, indicated by smaller
values of θ at φ = 1. Additionally, Figure 4.4(a) shows that Marangoni contraction is the dominant mechanism up to a larger φ for shorter diols. While
for 1,2-HD, autophobing is dominant starting from φ ≈ 0.3, for 1,2-PrD, by
contrast, the full range of φ is consistent with Marangoni contraction – there
is no autophobing at all. Hence, a higher surface activity does not necessarily lead to stronger Marangoni contraction. In fact, the surface activity
of the molecules may inhibit contraction, leading to autophobed drops. For
example, at large φ, 1,2-HD (highest dγLV /dφ) shows the strongest autophobing, whereas 1,2-PrD (lowest dγLV /dφ) drops are contracted. Thus, our
results show that, in addition to the two requirements listed above, there
is a third requirement that needs to be satisfied for drops to contract: the
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contact angle achievable by Marangoni contraction needs to be larger than
the microscopic contact angle as governed by molecular forces. However, the
microscopic angle may be larger than zero.

Figure 4.4: (a) Contact angle (θ) as a function of mass fraction (φ) for several mixtures of water and vicinal alkanediols (RH = 60%). The schematics
show the structure of adsorbed 1,2-propanediol molecules and 1,2-hexanediol
molecules. (b) Normalized adsorption density (Γ/Γ∞ ) as a function of distance to the contact line (∆x). (c) Thickness of the saturated film (dsat ) for
several vicinal alkanediols.
All four molecules adsorb on the substrate, as seen from the ellipsometry measurements presented in Figure 4.4(b). The reduced autophobing
strength of the shorter diols is caused by the shorter hydrophobic chain in
these molecules. The distance between the hydrophilic and hydrophobic parts
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of the molecule is smaller in shorter chain molecules, meaning that the polar
nature of the hydroxyl groups becomes more relevant for the surface energy
of an adsorbed layer of a short chain molecule such as 1,2-PrD. The result
is a more hydrophilic surface and therefore a smaller θ. Figure 4.4(b) shows
that all diols studied here adsorb onto the substrate with similar Γ/Γ∞ . However, as shown in Figure 4.4(c), not all adsorb in the same way as 1,2-HD.
Despite their smaller size, the saturated thickness dsat of 1,2-PrD and 1,2-BD
is larger than that of 1,2-PeD, and only slightly smaller than that of 1,2-HD,
suggesting that they do not form monolayers (an estimate of the size of each
molecule is given in the Supporting Information 4.7), since a monotonic increase in dsat with the chain length is expected if monolayers are formed.
Their hydroxyl groups remain partially exposed, allowing them to form disordered multi-layered structures (see the schematic in Figure 4.4(a)) similar
to layers of adsorbed water molecules (Hu et al., 1995), hence they do not
strongly affect the surface energy. By contrast, 1,2-PeD and 1,2-HD likely adsorb in a monolayer structure (see the schematic in Figure 4.4(a)), indicated
by the increasing dsat between 1,2-PeD and 1,2-HD in Figure 4.4(c), and the
decrease in dsat between 1,2-PrD and 1,2-PeD. This means that their long
aliphatic chains are exposed, increasing the hydrophobicity of the surface.
Therefore, autophobing occurs at large φ for molecules with a long aliphatic
chain, due to the strong effect of the adsorbed molecules on the surface energy
of the solid. By contrast, adsorbed molecules with a short aliphatic chain
have little effect on the surface energy of the solid and Marangoni contraction
dominates over the full range of φ. One can thus tune θ over a large range
by selecting the correct diol and a particular combination of φ and RH.

4.4

Conclusion

Our results reveal that Marangoni contraction and autophobing both provide
valid descriptions for the wetting of two-component drops, albeit in different regimes. A minute change in one of the control parameters is sufficient
to change the dominant wetting mechanism. While the visual appearance
of drops in either of the two wetting states is indistinguishable, Figure 4.2
demonstrates a strong difference in their internal flows. We have shown
(Figure 4.1 and 4.4(a)) that Marangoni contraction is possible only if the
microscopic contact angle, as governed by molecular forces, is smaller than
the angle achievable by contraction. Additionally, we show (Figure 4.2) that
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the internal flows should be used to determine the state of a drop rather
than the contact angle or apparent drop shape. By systematically changing
the molecular structure of the volatile liquid, we show that a higher surface
activity dγLV /dφ does not necessarily lead to stronger Marangoni contraction. In fact, excessive surface activity may inhibit contraction, and lead
to drops whose contact angle is governed by molecular forces. Hence, the
chemical structure of the liquid needs to be taken into account when designing multi-component drop systems with specific properties. Importantly,
these mechanisms are generic and expected to be present in most mixtures
containing (volatile) surfactant-like liquids (for example single alcohols).
Marangoni contracted drops are attractive for technological applications
due to their high mobility (Cira et al., 2015; Huethorst et al., 1991; Benusiglio
et al., 2018), which is suppressed for drops in the autophobing or partial
wetting states. Our result may also be of interest to applications that require
high contact angles of drops consisting of low surface tension liquids, such as
inkjet printing (Wijshoff, 2018) or semiconductor processing (Leenaars et al.,
1990).

4.5
4.5.1

Experimental methods
Contact angle measurements

The contact angle θ was determined from side-view images (obtained using
a Ximea XiQ MQ013MG-ON camera with Zeiss Makro-Planar 1:2.8 f=60
mm lens with Olympus ILP-2 light source). We determined θ by fitting a
circle to the drop interface and a straight line to the substrate. The height
H and base radius R of the drop are extracted from the circle fit, and used
to calculate the contact angle using θ = 2 tan−1 (H/R). The uncertainty in
the contact angle, which originates from the pixel error and small variations
in time (see Figure S1), is estimated to be ±1◦ . The relative humidity RH
was controlled using a home-built apparatus (for details see Bruning et al.,
2018), and was constantly monitored along with temperature T during the
measurement using a sensor (Honeywell HIH6130) in the setup. Example
measurements of the time evolution of θ for φ = 0.08 and φ = 1 are shown
in the Supporting Information 4.7.
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4.5.2

Surface tension measurements

The surface tension measurements were performed using the pendant drop
method (Hansen et al., 1991). For each aqueous solution of 1,2-hexanediol,
the surface tension of ten drops of 2.5 µL was measured (T = 20 ◦ C,
RH = 45%), with ten images collected for each drop over a period of 1 s.
The surface tensions γLV reported in the inset of Figure 1 are an average of
these measurements (i.e. 100 images per datapoint), with an average error
of 0.57 mN/m.

4.5.3

Micro-particle image velocimetry measurements

The flow velocities within evaporating binary drops of 1,2-hexanediol and
water were quantified by micro-particle image velocimetry (µPIV). We used
fluorescent polystyrene microspheres (Thermo Fisher Scientific F8809, 0.2 µm
diameter, stock solution concentration 2% w/v) as tracers, with a mass fraction of 7.8 · 10−5 of the particle stock solution in the final mixture. The
particles within the drops were visualized with an inverted epifluorescence
microscope (Nikon Eclipse Ti2), equipped with a water immersion objective
(Nikon CFI APO LWD 20× WI) with a numerical aperture of 0.95. Thin correlation depths (i.e., high plane selectivity) require diffraction-limited imaging. To achieve this not only close to the substrate but also in the bulk
fluid, the refractive index of the immersion medium has to be close to that
of the working medium, for which water immersion objectives are ideally
suited. The focal plane was parallel to the substrate and moved in vertical
direction with the closed-loop focusing stage of the microscope. The time
required to switch between planes was less than 100 ms. For each z-plane, a
sequence of approximately 500 frames was recorded with a high speed camera (Phantom VEO 4K 990L, imaging speed at 900 to 1000 fps). Thus,
the time required for a full z-scan was on the order of approximately 10 s,
much shorter than the time scale on which the flow velocities change for a
quasi-stationary drop. This was checked by comparing data from successive
upward and downward scans. To evaluate the flow velocities, the images
were analyzed with an in-house developed cross-correlation based algorithm
with adaptive interrogation window sizes and correlation averaging over approximately 100 frames. The analysis was implemented through the Python
API of Tensor Flow, to enable fast computation on graphics processing units.
Example velocity fields in the z-plane are shown in the Supporting Informa63
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tion 4.7. The velocities presented in Figure 4.2 were obtained by azimuthally
averaging over approximately 100 µm. Additionally, simultaneous shadowgraphy of the drop contour was performed to record the contact angle with a
second camera (Point Grey Grasshopper2, imaging speed at 27 fps) through
a macro lens (Thorlabs Bi-Telecentric lens, 1.0×, working distance 62.2 mm).
Experiments where conducted in a humidity-controlled chamber mounted on
top of the microscope. As substrates we used piranha-cleaned microscope
coverslips (Menzel Gläser).

4.5.4

Ellipsometry measurements

The ellipsometry measurements (J. A. Woolam Co. VB-400-VASE ellipsometer with WVASE32 software) were performed on 2 × 2 cm2 piranha
solution-cleaned silicon (100) substrates (Okmetic) in ambient conditions
(T = 21 ◦ C, RH = 40 ± 5%). The thickness d of the layer of adsorbed
molecules was obtained by fitting the obtained ellipsometric spectrum to a
model of a surface composed of a silicon substrate with a native oxide layer
and the Cauchy layer on top. The thickness of the native oxide layer (typically 1.8 nm for these substrates) was determined for each substrate separately before performing the adsorption experiments. The Cauchy layer is an
empirical model for the dependence of the refractive index on the wavelength
of a dielectric layer:
n(λ) = A + B/λ2 + C/λ4 + ...,

(4.1)

where n is the refractive index, λ is the wavelength of the light that is used,
and A, B, C are the material-dependent empirical coefficients (Fujiwara,
2007). Here, we used the values A = 1.45, B = 0.1, C = 0, and all other
higher order terms were set to zero.
During the measurement, the substrate is vertically placed above a Teflon
container, a sketch of this configuration is available in the Supporting Information 4.7. A dynamic scan (3.5 eV, 75◦ ) is used to resolve the adsorption
of molecules over time. The measurement spot is located at a distance ∆x
= 1 mm from the liquid interface, and has a diameter of approximately 1
mm. The obtained thickness is an average over the area of the measurement
spot. To obtain the thickness of the adsorbed layer we perform a measurement of the ellipsometric spectrum (1.2 - 4.5 eV, 75◦ ), once the dynamic
measurement indicates that the adsorption has reached equilibrium. The
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normalized adsorption density Γ/Γ∞ is calculated from the thickness using
Γ/Γ∞ = d/dsat . The value of dsat , the thickness of the adsorbed film under
saturated vapor conditions, is measured in a separate experiment in a closed
chamber. The uncertainty in the ellipsometry measurements originates from
the uncertainty in the native oxide layer thickness and the uncertainty in the
Cauchy layer fit which is used to determine the adsorbed layer thickness.
The substrate on which the adsorption is measured is never in direct
contact with the liquid. A similar technique was used by Novotny et al., 1991.
This means that all measurements only take into account the molecules that
are transported across the vapor phase separating the substrate and liquid.
We compare a measurement with gap (i.e. the case where no direct contact
between the substrate and the liquid exists) to one without gap (i.e. the
case where direct contact between the substrate and liquid exists; the drop
was placed directly on the substrate) in the Supporting Information 4.7.
Within the error margin there is no significant difference between the two
measurements, indicating that the bulk of molecules adsorbed on the solid
are transported across the vapor, and not, for instance, by fluid flow in a
precursor film on the substrate.
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4.7
4.7.1

Supporting Information
Contact angle measurements

See Figure 4.5.
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Figure 4.5: Evolution of the contact angle (θ) over time (t) for φ = 0.08
(bottom three lines) and φ = 1 (top three lines) for RH = 30% (green lines),
RH = 60% (blue lines) and RH = 90% (red lines). The drops are gently
placed at t = 0, after which a rapid decrease of θ to a quasi-steady value is
observed. The horizontal black dashed lines and large markers (at t = 20 s)
indicate averages of all values in the quasi-steady regions (from approximately
t = 10 s onwards) and correspond to the datapoints in Figure 1 of the main
text.

4.7.2

Micro-particle image velocimetry measurements

See Figure 4.6.

4.7.3

Ellipsometry measurements

See Figure 4.7.

4.7.4

Marangoni contraction scaling law

Figure 4.8(a) shows all data from Figure 1 and Figure 4(a) of the main text.
This data is scaled according to the scaling law θ(φ) ∝ (RHeq (φ) − RH)1/3
(i.e. Eq. 1 from Karpitschka et al., 2017) in Figure 4.8(b). Figure 4.8(c)
shows RHeq , the relative humidity at which a drop spreads completely (i.e.
θ = 0◦ ), as determined by a model equation (Eq. 7 from Karpitschka et al.,
2017), which is used in Figure 4.8(b). All data points below the red line in
Figure 4.8(d) indicate experiments where the contact angle should be zero if
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Figure 4.6: Example velocity fields in the z-plane for (A) φ = 0.08, RH =
71% and (B) φ = 0.22, RH = 40%. The thick grey line denotes the threephase contact line at the substrate (z = 0). The dashed line indicates the
interface of the drop at z = 11 µm.

silicon
substrate

adsorbed
molecules
light beam
1,2-hexanediol
Teflon
holder

Figure 4.7: (A) Ellipsometry setup. The substrate is mounted vertically,
and is not in direct contact with the liquid (here: 1,2-hexanediol). The
adsorption of molecules is measured at a small distance from the liquid’s
interface. (B) Adsorption close to pure 1,2-hexanediol drops. A ‘gap’ means
that the substrate on which the ellipsometry measurement is performed is not
in direct contact with the liquid (as sketched in Figure 4.7A). Conversely, ‘no
gap’ means that there is direct contact between the liquid and the substrate.
(C) Temporal desorption dynamics of pure 1,2-HD at ∆x = 5 mm. The
container with liquid is removed at t = 0, after which an immediate change
in Γ/Γ∞ is visible. Complete desorption of the adsorbed molecules takes an
approximately an order of magnitude longer than adsorption (the adsorption
dynamics are shown in Figure 3B of the main text).
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the contact angle is determined by Marangoni contraction, yet, for most of
these experiments, the contact angle is larger than zero due to autophobing
(c.f. Figure 4.8(a)). This prevents us from experimentally determining RHeq .
The key point of Figure 4.8 is the excellent collapse of the data for φ . 0.2,
indicating that Marangoni contraction is the dominant mechanism for these
mass fractions.

Figure 4.8: (a) Contact angle (θ) as a function of mass fraction (φ) of the diol.
This is the data that is shown in Figure 1 and Figure 4(a) of the main text.
(b) Marangoni contraction scaling law (Eq. 1 from Karpitschka et al., 2017)
applied to the data in (a). Note the excellent collapse for small φ. (c) The
relative humidity at which the drop spreads completely (RHeq ) as a function
of mass fraction as determined by the model (Eq. 7 from Karpitschka et al.,
2017). (d) Difference between RHeq and RH as a function of mass fraction.
Any data point below the red line should spread completely (θ = 0◦ ), but
autophobing prevents this (c.f. (a)).

4.7.5

Estimate of molecular size

The length of a molecule can be estimated using

l=

M
ρNA

 13
(4.2)

where M and ρ are the molar mass and density of the molecule, and NA =
6.022 140 76 × 1023 is the Avogadro constant. An overview of the properties and resulting molecular lengths is shown in Table 4.1. Note that these
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lengths are approximations; the molecular length depends strongly on the
confirmation of the molecule, which is influenced by the surroundings of the
molecule, which is not accounted for in Eq. 4.2.
molecule
1,2-propanediol
1,2-butanediol
1,2-pentanediol
1,2-hexanediol

M [g/mol]
76.09
90.12
104.15
118.17

ρ [kg/m3 ]
1036
1006
971
951

l [Å]
4.96
5.30
5.63
5.91

Table 4.1: Properties of several alkane diols and the resulting estimated
molecule lengths obtained using Eq. 4.2.
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5.1

Abstract

Marangoni contraction of sessile droplets occurs when a binary mixture of
volatile liquids is placed on a high-energy surface. Although the surface
is wetted completely by the mixture and its components, a quasi-stationary
non-vanishing contact angle is observed. This seeming contradiction is caused
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by Marangoni flows that are driven by evaporative depletion of the volatile
component near the edge of the droplet. Here we show that the composition of such droplets is governed by Taylor dispersion, a consequence of
diffusion and strong internal shear flow. We demonstrate that Taylor dispersion naturally arises in a self-consistent long wave expansion for volatile
liquid mixtures. Coupled to diffusion limited evaporation, this model quantitatively reproduces not only the apparent shape of Marangoni-contracted
droplets, but also their internal flows.

5.2

Introduction

Wetting and dewetting of volatile liquid mixtures on solid surfaces is abundant in natural phenomena and technological applications (Lohse et al., 2020;
Brutin et al., 2018; Snoeijer et al., 2013; Bonn et al., 2009; Smith et al.,
2018). Many examples are found in everyday life situations, for instance,
biological fluids like blood (Brutin et al., 2010) and tears (Traipe-Castro
et al., 2014), inks for inkjet printing (Gans et al., 2004; Park et al., 2006),
and paints for artistic techniques (Zenit, 2019; Giorgiutti-Dauphiné et al.,
2016). Marangoni contraction is a prime example that gained significant
attention recently, not least motivated by its applications in printing and
semiconductor processing (Cira et al., 2015; Karpitschka et al., 2017; Benusiglio et al., 2018; Sadafi et al., 2019; Malinowski et al., 2020; Williams
et al., 2021; Hack et al., 2021; Shiri et al., 2021): Volatile liquids seemingly
dewet from high energy surfaces over which they spread if evaporation was
suppressed, see Figure 5.1(a, c). Evaporation causes compositional (Cira et
al., 2015; Karpitschka et al., 2017; Benusiglio et al., 2018; Williams et al.,
2021; Hack et al., 2021) or thermal (Shiri et al., 2021) gradients, inducing an
inward Marangoni flow which contracts the droplet. The opposite case may
lead to Marangoni spreading and contact-line instabilities (Darhuber et al.,
2003; Gotkis et al., 2006; Wodlei et al., 2018). The dynamics of contact
lines is a multi-scale problem which involves both macroscopic hydrodynamics and molecular interactions (Bonn et al., 2009; Oron et al., 1997). Thus,
while multi-component liquids with pinned contact lines are understood quite
well (Zhang et al., 2011; Christy et al., 2011; Soulie et al., 2015; Marin et al.,
2019; Rossi et al., 2019; Karapetsas et al., 2016; Diddens, 2017; Diddens et
al., 2017; Li et al., 2019; Gaalen et al., 2021; Pahlavan et al., 2021a), moving
contact lines challenge both experimentalists and theoreticians.
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Figure 5.1: (a) Pure droplets of water or diols spread on hydrophilic glass, but
their mixtures display Marangoni contraction: Evaporative enrichment drives
a Marangoni flow which compensates the capillarity-driven spreading flow.
(b) Streak image of fluorescent particles inside a drop, in a plane parallel to
the substrate. Close to the contact line, the flow is directed into the droplet.
(c) Side aspect of the same drop. (d) Apparent contact angle vs. time for a
relative humidity ∼ 35 %: experiments (symbols) with pure liquids (blue &
yellow) and mixtures (gray), compared to long-wave simulations of a mixture
with 20%PD, with and without Taylor dispersion (dashed and dash-dotted
lines, respectively). Simulations are in close agreement with experimental
data only when dispersion is taken into account.
Dimensional reduction in the limit of long waves is a powerful tool to
analyze moving contact lines (Oron et al., 1997; Craster et al., 2009; Gaalen
et al., 2021; Thiele et al., 2012; Thiele et al., 2016; Xu et al., 2015; Gaalen
et al., 2021): The evolution of the local liquid height is derived from the net
flux, treating the short (vertical) axis fully implicitly. For mixtures, however,
vertical compositional gradients are unavoidably generated by shearing any
horizontal gradients. This impedes the use of dimensional reduction, unless
taking the limit of infinitely fast diffusion along the short axis. All existing
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lubrication models are formulated in this limit (Moshinskii, 2004; Ajdari et
al., 2006; Mukahal et al., 2017; Vilquin et al., 2020). Commonly, however,
the time scale of diffusion is finite and, in combination with shear flow, leads
to strong dispersion. This so-called Taylor-Aris dispersion (Taylor, 1953;
Aris, 1956) has important consequences in many natural (Chakrabarti et al.,
2020) and technological scenarios (Ottino et al., 2004). To date it remains
unclear whether shear dispersion is consistent with a long-wave expansion, so
no expression for the effective dispersion in general thin-film flows is available
in literature.
Here we show that small vertical compositional gradients are in agreement
with the usual assumptions in a long-wave expansion. We provide a general
expression for the effect of shear dispersion in thin liquid films, thus enabling
lubrication theory for the first time to be consistently applied to bulk liquid
mixtures. Our model is in quantitative agreement with experimental observations of Marangoni-contracted droplets. We expect our analysis to be
relevant well beyond droplet studies, as it offers a general route for implementing the effect of advected bulk fields in dimensional reduction problems.

5.3

Experiments

We measured the apparent shape and the internal flows of Marangoni-contracted
droplets inside an atmospheric control chamber (size ∼ 10 cm × 10 cm × 10 cm),
at room temperature. The droplets were composed of mixtures of water
(“Milli-Q”, resistivity 18 MΩ · cm) and a carbon diol (Sigma Aldrich, ≥
98 %). Piranha cleaned microscopy glass coverslips (170 µm thick) were used
as substrates (see supplement 5.8 for details).The humidity was set by continuously injecting a well-defined mixture of dry and moist nitrogen behind
gas-permeable membranes at the side-walls of the chamber. Droplets had
initial volumes of 0.5 to 1 µL. Micro particle image velocimetry (µPIV, Figure 5.1(b)) was performed with an inverted fluorescence microscope and a
high-aperture water-immersion objective (20x, NA 0.95) to allow for diffraction limited imaging in the bulk droplet. Polystyrene microspheres (Thermo
Fisher Scientific F8809, diameter 200 nm) were used as flow tracers, with a
mass fraction of 7.8 × 10−5 of the particle stock solution in the binary mixture. Images of the particles were captured with a high-speed camera at 600
to 1000 FPS, quickly switching between z-planes by automating the focus
system of the microscope. Simultaneous side-view imaging of the drop was
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Figure 5.2: Flows in a Marangoni-contracted droplet (φ = 0.20 1, 2-PD,
RH = 33 %). (a) Cross-sectional view: free surface (black discs & linear fit),
horizontal velocity (black arrows) and parabolic fits (black lines) from experiments, compared to simulation results including shear dispersion (gray).
Insets: experimental velocities and stream lines in two horizontal planes
(z = 18 µm and 6 µm). (b) Simulation snapshot (t = 8.0 s) with stream lines
(white) and composition (color code).
performed with a telecentric lens (Figure 5.1(c)).
Figure 5.1(d) shows the evolution of the apparent contact angle θapp
of spreading drops of pure water (diol mass fraction φ = 0), pure 1,2Propanediol (PD, φ = 1) and of their mixtures. Pure liquids spread into
complete wetting. In contrast, the binary mixtures reach a stationary nonequilibrium apparent contact angle θapp > 0 shortly after deposition. The
drops stay in this contracted state for several minutes. This wetting behavior has been described previously (Cira et al., 2015; Benusiglio et al., 2018;
Karpitschka et al., 2017), showing that θeq depends on φ and the ambient
relative humidity RH.
Figure 5.2(a) shows the velocity field inside the droplet, as determined by
µPIV. The arrows indicate the velocities that have been measured in different
z-planes. The insets show dense velocity fields for two exemplary z-planes.
Close to the free surface, the flow is directed inward, precisely balanced by
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Figure 5.3: Surface tension gradient vs. distance to the contact line. Experimental data for various compositions and humidities (dots) follows a ∼ d−3/2
power law. Simulations (φ = 0.20 1, 2-PD, RH = 33 %, t = 8.0 s) with
Taylor-Aris dispersion (dashed line) are in quantitative agreement with experiments, in contrast to the results obtained without Taylor-Aris dispersion
(dash-dotted line).
an outward flow close to the substrate, leading to a quasi-stationary shape.
The surface tension gradient can be derived from the tangential stress
boundary condition, using the measured shear rate and the viscosity η(φ)
from literature (Moosavi et al., 2017; George et al., 2003; Jarosiewicz et al.,
2004). Figure 5.3 shows the experimentally derived surface tension gradient
as a function of the distance d to the contact line, for various diols, compositions, and relative humidities. All curves follow a power law ∂r γ ∼ d−3/2 .
Despite significant differences in composition, surface activity, and ambient
humidities, the curves nearly collapse in physical units.

5.4

Lubrication theory

We consider the general case of a thin liquid film of a mixture on a flat solid
surface. The film covers the entire substrate, with a continuous transition
between the macroscopic droplet and a microscopically thin precursor surrounding it. The latter reflects the adsorption equilibrium of vapor molecules
in the atmosphere around the droplet (Eggers et al., 2010). For water above
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the dew point, adsorption layers on hydrophilic surfaces are typically on the
order of a few nm (Verdaguer et al., 2007; Barnette et al., 2008). The free
surface is described by h(~r), where ~r is the location in the substrate plane (see
Figure 5.1(a)). Incompressible Stokes flow without body forces is governed
by
~ 2~u = ∇p,
~
η∇
~ · ~u = 0
∇

(5.1)
(5.2)

where ~u is the fluid velocity, η is the dynamic viscosity of the fluid, and p is
the fluid pressure. The evolution of the solute field φ is given by


~
~
∂t φ = ∇ · D ∇φ − ~u φ ,
(5.3)
with t as time and D as diffusion coefficient of the solute. For simplicity we
limit the following analysis to isothermal, isochoric, and isoviscous cases. We
consider a no-slip and no-flux boundary condition at z = 0, kinematic and
stress boundary conditions at z = h, and a Stefan-type boundary condition
that links composition and evaporation (see supplemental material 5.8 for
details).
To derive evolution equations in terms of vertically averaged quantities, we take the limit of long waves, where the characteristic horizontal
scale, r0 , shall be much larger than the characteristic vertical scale, h0 :
h = h0 /r0  1. For sessile droplets, r0 and h0 are conveniently chosen
as the footprint radius and the apical height of the droplet, respectively. We
~ the
define the vertically averaged velocity ~u, the total hydrodynamic flux Φ,
vertically averaged composition φ, and the effective solute height Ψ through
Z h
Z h
~ =
Φ
dz ~u, = ~u h,
Ψ=
dz φ, = φ h,
(5.4)
0

0

and the deviations from the average by
~u = ~u + δ~u,

φ = φ + δφ.

(5.5)

We scale all horizontal coordinates as ~r = r0 ~r0 , and all vertical coordinates as
z = h r0 z 0 . Velocities and time are scaled with u0 and t0 , the characteristic
velocity and time scales of the problem, respectively. Below, u0 and t0 will
be identified with the natural scales that arise in the evolution equations.
76

5.4. LUBRICATION THEORY
Surface tension is scaled as γ = γ0 γ 0 , where γ0 = γ(φ = 0), the surface
tension of the pure solvent. Diffusivity is treated similarly, D = D0 D0 with
D0 = D(φ = 0). We scale j = j0 j 0 for the evaporation rate, where j and
j0 are determined according to Eggers et al. (2010) for the diffusion limited
regime.
Whether φ, the vertically averaged composition, is sufficient to describe
the compositional evolution of the film, depends on the magnitude of the
residual field δφ. Thus we scale δφ = φ δφ0 , deriving φ from the governing
equation for δφ. In the following we will omit the primes for readability and
work exclusively with scaled quantities.
The derivation of the evolution equation for the film height follows the
standard procedure described in the reviews Oron et al. (1997) and Craster
et al. (2009). One obtains
~ Φ
~ − E j,
∂t h = −∇·

(5.6)

from integrating 5.14 along z, where E = j0 η/(4h γ0 ). Note that 5.22 does
not involve any approximation. The long wave expansion is used only in
the expressions for the evaporation rate j (see Eggers et al., 2010) and the
horizontal hydrodynamic flux (Matar, 2002)
2
3
~ + 1 h ∇γ
~ + O(2h ).
~ =Φ
~C +Φ
~ M = h ∇p
Φ
3
2h 2

(5.7)

Here we identified the natural velocity scale u0 = 3h γ0 /η, the capillary velocity for thin films, to cancel the material properties from Eq. 5.26. For a
typical 1,2-Propanediol/water droplet with φ ∼ 0.2 (i.e., γ ∼ 56 mN/m and
η ∼ 2 mPas (Karpitschka et al., 2010)), r0 ∼ 1.5 mm, and h0 ∼ 0.15 mm
one obtains u0 ∼ 28 mm/s, much larger than the maximum experimentally
observed velocities ∼ 2 mm/s. This is a common observation in wetting
problems, where the capillary number typically remains small. The natural
pressure- and time scales are p0 = h γ0 /r0 and t0 = r0 η/(3h γ0 ), respectively.
~ 2 h − Π(h) contains capillary and surface (disjoining)
The pressure p = γ ∇
forces that stabilize the precursor film.
~ C ) and Marangoni (Φ
~ M ) fluxes are associated with PoiseuilleThe capillary- (Φ
and Couette-type velocity profiles, respectively (Supplementary Materials5.8).
These will shear any horizontal compositional gradient, such that a vertical
gradient arises naturally. Combined with molecular diffusion from Eq. 5.15,
this leads to Taylor-Aris dispersion (Taylor, 1953; Aris, 1956). In addition,
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the Stefan boundary condition for evaporation at the free surface requires
a vertical compositional gradient (Karpitschka et al., 2015; Hennessy et al.,
2017). It is commonly accepted that vertical compositional gradients are
beyond the limit of the lubrication expansion (Matar, 2002; Oron et al.,
2004; Shklyaev et al., 2007; Shklyaev et al., 2011; Thiele, 2011; Thiele et
al., 2013; Xu et al., 2015; Thiele et al., 2016). We challenge this paradigm,
identifying three regimes, depending on aspect ratio and Péclet number: i. A
regime of faint vertical compositional gradients where previous long-wave
models hold (Matar, 2002); ii. An intermediate regime of small but not negligible vertical gradients for which we derive a previously unknown evolution
equation for φ including Taylor-Aris dispersion; iii. A regime of large vertical
gradients where the full advection-diffusion problem has to be solved (Matar,
2002).
Inserting 5.20 into 5.15 and integrating over the film height gives


Z h
−1 ~
~
~
h ∂t φ = Pe ∇· D h ∇φ + φ dz D ∇δφ
0
Z h
~ · ∇φ
~ − φ ∇·
~
−Φ
dz δφ ~u + E φ(h) j,
(5.8)
0

where Pe = u0 r0 /D0 is the Péclet number and D is the vertically averaged
diffusion coefficient (see supplement 5.8 for a detailed derivation). In contrast
to Eq. 5.22, terms with non-averaged quantities remain. These terms scale
as ∼ φ , while the next-order terms in 5.22 with 5.26 scale as ∼ 2h . Thus,
the magnitude of φ relative to h determines which terms in 5.33 should be
kept.
Limit i: φ δφ . 2h . We may ignore all terms ∼ φ and recover the previously known evolution equation (Matar, 2002; Jensen et al., 1993; Jensen
et al., 1994):
~ D h ∇φ
~ −Φ
~ · ∇φ
~ + E φ j + O(2 ).
h∂t φ = Pe−1 ∇·
h

(5.9)

Limit iii: φ δφ ∼ 1. No simplified evolution equation for vertically averaged quantities can be derived, and the full problem has to be solved (Matar,
2002; Jensen et al., 1994).
Limit ii: φ δφ ∼ h . In this case, terms up to ∼ φ have to be retained.
We consider a convection dominated problem i.e., Pe  1 and E  1.
Far below the boiling point, and with typical D0 ∼ 10 × 10−9 m2 · s−1 and
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u0 ∼ 10 × 10−3 m · s−1 , this holds for most sessile nano- to microliter droplets
with small contact angles. Eq. 5.33 simplifies further (supplement 5.8):
h ∂t φ =

~ −Φ
~ · ∇φ
~
~ D h ∇φ
Pe−1 ∇·
Z h
~
− φ ∇·
dz δφ ~u + E φ j + O(2φ ).

(5.10)

0

The remaining term with δφ scales as φ . Thus a governing equation for
δφ can be truncated to O(1). Inserting 5.20 into 5.15, multiplying with
h, and subtracting 5.34 gives the leading order governing equation for δφ
(supplement 5.8):
~ + O(φ ),
D ∂z2 δφ = E φ j/h + δ~u · ∇φ

(5.11)

where we recover the natural scale of the residual field, φ = 2h Pe (Jensen
et al., 1993; Jensen et al., 1994). φ is equivalent to a Péclet number for the
characteristic vertical length- and velocity scales, h r0 and h u0 , respectively.
Eq. 5.38 defines the advection-diffusion problem of the residual field in the
co-moving frame of the mean flow: Diffusion along z balances the shearing
due to the horizontal flow, and the residual field is stationary at leading
order.
The requirements for limit ii became apparent now: The problem must
be convection dominated in horizontal direction (Pe  1), but diffusion
dominated in vertical direction, i.e., the residual field must remain small:
2h Pe δφ  1. This is similar to the classical treatment of pipe flow by Taylor
and Aris (Taylor, 1953; Aris, 1956), but here the velocity field and the film
height, and thus δφ vary in space. By scaling z in Eq. 5.38 with the local film
~ if shear (δ~u) dominates.
height h, it becomes apparent that δφ ∼ h2 δ~u ∇φ
~ and δ~u,
For Marangoni-contracted droplets, we find δφ  1 everywhere: ∇φ
which are caused by evaporative enrichment and Marangoni convection, are
strong only near the edge of the droplet where the height is small (see below
for a quantitative estimate).
Eq. 5.38 can be integrated, and the resulting expressions for δφ and the
integral in 5.34 can be found in the supplement 5.8. In cases of axial or
translational symmetry and slow evaporation (E j/h  δ~u), which holds for
our experiments, Eq. 5.34 reduces to Eq. 5.35 with D replaced by Deff to
account for Taylor-Aris dispersion:
!
~2
~C ·Φ
~M
~2
2h Pe2 2Φ
Φ
Φ
C
Deff = D +
+
+ M .
(5.12)
105
20
30
D
79

5.5. NUMERICAL SIMULATIONS

Figure 5.4: Simulated fluxes (a) and effective diffusivity (b) as a function
of r (φ = 0.20 1, 2-PD, RH = 33 %, t = 8.0 s). (a) Capillary (blue) and
Marangoni (red) fluxes balance each other, resulting in a total flux Φ ∼ 0
(black). Although the net hydrodynamic transport vanishes, the different
flow profiles of the two fluxes lead to strong shear dispersion. (b) Effective
diffusivity (Eq. 5.12) scaled by the molecular diffusivity. Shear dispersion
increases the effective diffusivity ∼ 27-fold as compared to molecular diffusion
alone.

5.5

Numerical simulations

We implemented the evolution equations 5.22 and 5.35 with the flux 5.26
and the effective diffusivity 5.12 in an axisymmetric finite volumes scheme
with convergent numerical mobilities after Diez et al. (2000) and Lenz et al.
(2002), and diffusion limited evaporation according to Eggers et al. (2010)
and Karpitschka et al. (2017). We used accurate material properties γ(φ),
η(φ), found in literature (Moosavi et al., 2017; George et al., 2003; Jarosiewicz
et al., 2004; Karpitschka et al., 2010), and assumed D ∼ η(φ)−1 in accordance
with the Stokes-Einstein relation. Simulations were initiated with a droplet
of ∼ 0.7 µL volume and ∼ 30◦ apparent contact angle, on top of a precursor
in equilibrium with the vapor field of the droplet. See supplement 5.8 for
details.
Figure 5.1(d) compares the apparent contact angle observed in simulations with (dashed) and without (dash-dotted) Taylor-Aris dispersion. A
near-quantitative agreement is observed for stationary contraction only if
dispersion is taken into account. The remaining quantitative deviation is
much smaller than the mismatch for simulations without dispersion and can
be attributed to uncertainties in the material parameters, most importantly,
the molecular diffusivity. We deliberately refrain from any parameter fit80
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tings. Figure 5.2(b) shows stream lines and composition for a contracted
droplet. The observed difference in composition between center and edge is
merely 0.4 %. The most striking feature of the simulations is a quantitative
reproduction of the experimentally observed velocities (Figure 5.2(a), gray,
simulation, vs. black, experiments) and surface tension gradients (Figure 5.3)
for the case with Taylor-Aris dispersion.
Origin and importance of Taylor-Aris dispersion are highlighted in Figure 5.4. Panel (a) shows the strong but compensating capillary and Marangoni
fluxes in the droplet. Although the net hydrodynamic flux vanishes, the different velocity profiles of capillary and Marangoni fluxes lead to a convection
roll inside the droplet, and thus strong shear dispersion. This leads to an
effective diffusivity (including shear dispersion and molecular diffusion, Figure 5.4(b)) which scales quadratically with the individual flux components
(Eq. 5.12), meaning strong dispersion in regions where the fluxes are large.
Here, the effective diffusivity reaches Deff ∼ 27D around r ∼ R/2. Thus,
Taylor-Aris dispersion becomes the governing phenomenon for the solute distribution in Marangoni-contracted droplets.
Inserting again our characteristic quantities (r0 ∼ 1.5 mm, h0 ∼ 0.15 mm,
φ ∼ 0.2, γ ∼ 56 mN/m, and η ∼ 2 mPas), we obtain Pe ∼ 4 · 104 and
2h Pe ∼ 4 · 102 . Thus the applicability of Taylor dispersion for our droplets
depends on the magnitude of the scaled δφ ∼ h2 δu ∂r φ. The largest measured
velocities were ∼ 2 mm/s ∼ 0.1u0 , close to the contact line where the scaled
height h ∼ 0.1 (see Figure 5.2). The gradient of the mean composition in
 −1
∂γ
∂r γ ∼ 0.05.
that region can be estimated from Figure 5.3 as ∂r φ ∼ ∂φ
Thus, the deviation from the mean composition is only 2h Pe δφ ∼ 2 · 10−2 ,
which justifies the approximations.

5.6

Conclusion

We measured the internal flow fields of Marangoni-contracted drops and
derived the surface tension gradient, which follows a power law ∼ d−3/2 .
Through a systematic long wave expansion for free-surface films of mixtures,
we could extend the widely used thin-film evolution equations to the case of
bulk mixtures subject to Taylor-Aris dispersion. For Marangoni-contracted
drops, Taylor-Aris dispersion governs the composition, and our model is
in quantitative agreement with the experimental findings. The theoretical
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5.8
5.8.1

Supplementary materials
Experimental method

The microscope coverslips (VWR cover glass class 1, 24 mm × 24 mm size,
170 µm thick) were cleaned with piranha solution (hydrogen peroxide 30%,
VWR Chemicals, and sulfuric acid 95%, VWR Chemicals, mixture, volume
fraction 1 : 3, respectively) for 20 min in a soda-lime glass staining jar (DWK
Life Sciences). Afterwards, the substrates were rinsed five times with fresh
water (“Milli-Q” water, resistivity 18 MΩ · cm) and were sonicated for 10 min
in hot water at ∼ 80 °C, to ensure complete removal of residues from the
piranha solution. The substrates were stored in fresh water and used on the
day of preparation. The substrates were dried with a nitrogen drying gun
immediately before the experiment under a laminar flow hood. The nitrogen
was blown parallel to the substrate from the corner opposite of the tweezers
that were used to hold the slide. The substrate was kept protected from dust
with a glass petri dish during its transfer from the laminar flow hood to the
humidity control chamber where the experiment was done.
The binary mixtures for the droplets were composed of water (“MilliQ”) and one of the following carbon diols: Ethylene Glycol (Sigma Aldrich,
purity >= 99.5%), 1,2-Propanediol (Sigma Aldrich, purity >= 99.5%), 1,2Butanediol (Sigma Aldrich, purity >= 98%), and 1,2-Hexanediol (Sigma
Aldrich, purity 98%). The chemicals were used as received. An analytical
balance was used to prepare mixtures of desired mass fraction 0 < φ < 1.
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The mixtures were prepared and stored in piranha cleaned borosilicate glass
vials. Polystyrene microspheres (Thermo Fisher Scientific F8809, 0.2 µm diameter, stock solution concentration 2% w/v, excitation/emission maxima
= 540/560 nm) were added as tracers, with a mass fraction of 7.8 × 10−5 of
the particle stock solution in the mixture. The mixtures were sonicated in an
ultrasonic bath for ∼ 2 min. The mixtures were stored in a low temperature
environment (∼ 5 °C) to avoid changes in concentration due to evaporation
and were protected from light with aluminum foil. The mixtures were used
within the first two days after preparation and were replaced by fresh ones
afterwards. Before experiments, the mixtures were sonicated for ∼ 2 min to
ensure good dispersal of the particles. The syringes (Hamilton Gastight Series 1700, volume 10 µL) and the needles (Hamilton Removable Needle, small
hub, gauge 22s, tip type 3) were cleaned with a series of solvents (ethanol,
Carl Roth, purity >= 99.5, and acetone, Sigma Aldrich, purity >= 99.5,
ethanol, and water).
During the experiments, a gas mixture of controlled humidity was continuously injected to membrane-separated antechambers in the atmospheric
control chamber (aluminum walls, size ∼ 10 cm × 10 cm × 10 cm, Figure 5.5).
To achieve arbitrary humidities, fluxes of dry nitrogen and nitrogen saturated with water were regulated with mass flow controllers (MKS Instruments Type MF1) to the desired proportion, with a constant total flux of
500 sccm. The membranes connecting the antechambers to the main chamber were made of interwoven fabric (Wilox Hosiery GmbH tight VITAL 40,
88% polyamide, 12% elastane). They spanned almost the entire area of two
opposing side walls, minimizing convection in the main chamber while ensuring quick diffusive exchange with the feed gas. Several humidity sensors
(Honeywell HIH-4000 Series) provided a measurement of the humidity distribution in the chamber. Whenever changing the humidity conditions, we
waited 1 to 5 minutes for equilibration, before injecting a droplet and starting
an experiment.
The chamber was mounted on top of an inverted epi-fluorescence microscope (Nikon Eclipse Ti2E) with large field of view (diameter 25 mm
in the image plane). A high power white light source (Lumencor SOLA
Light Engine) was used for illumination. With a custom fluorescence filter cube (AHF Analysentechnik, transition wavelength 542 nm), the excitation/emission wavelength range of the fluorescent particles was selected.
The microscope was equipped with a water immersion objective (Nikon CFI
APO LWD 20X WI) with a numerical aperture of 0.95. By matching the
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Figure 5.5: Experimental setup. (a) Sketch of the experimental setup from
side view. (b) Sketch of the humidity chamber and the humidity control
system from top view. (c) Inside view of humidity chamber together with
microscope mounting system.

immersion medium of the objective with that of the drop, diffraction-limited
imaging is achieved even in the bulk of the working medium. This is utterly
important for a good z-plane selectivity. The focal plane, parallel to the
substrate, was moved with the microscope focusing stage in vertical direction to scan the drop at different z-planes in an automated procedure. The
time for switching between focal planes was ∼ 100 ms. The full z-scan was
on the order of 10 s, shorter than the time scale on which the flow velocities
change for a quasi-stationary drop. Successive upward and downward scans
were done to check this. A sequence of ∼ 300 frames was recorded for each
plane with a high-speed camera (Phantom VEO 4K-L, imaging speed at 600
to 1000 FPS).
Side-view shadowgraph imaging was performed with a second camera
(Point Grey Grasshopper2, imaging speed at 27 FPS), equipped with a macro
lens (Thorlabs Bi-Telecentric lens, 1.0X, W.D. 62.2 mm) and a collimatedlight source on the opposite side, both attached to the sample stage of the
microscope. The droplets were observed from an angle of 6◦ with respect
to the substrate. The advantage of this arrangement is the possibility of
observing the entire three phase contact line around the droplet. This allows
for a precise measurement of the footprint diameter of the droplet. The top
surface of the drop reflects light directly from the light source to the camera,
which allows a precise detection of the drop height, and thereby the apparent
contact angle.
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5.8.2

Contact angle measurements

For each frame from the side-view camera, the droplet’s radius R and maximum height h0 were extracted from the images. By assuming that the drop
shape is close to a spherical cap, the apparent contact angle was calculated as
θapp = 2h0 /R. The images were analyzed with an in-house-developed MATLAB code. The centroid location and the minor and major axes length of the
drop are obtained with the regionprops function. The maximum intensity
on the short axis corresponds to the top of the drop. For finding the apex
position with subpixel resolution, a second order polynomial is fitted to the
intensity peak. To calculate h0 , the distance from the major axis is measured. The finite observation angle is corrected according to ho = h0 /cos(α),
where α is the tilting angle of the side view camera. R is defined as half of
the major axis length.

5.8.3

Micro particle image velocimetry analysis

For the flow quantification, the images from the PIV measurements were
analyzed with an in-house developed code. The data is evaluated through
cross-correlation with correlation-averaging over ∼ 100 frames. The algorithm includes an adaptive interrogation window size method. First, singlepixel correlations are calculated for the entire image and all displacements
within a pre-defined search range. Instead of correlating intensity values
directly, we used the dot product of the gradient (first order differences).
Then, correlations are integrated over interrogation windows of various sizes
by convolution with a square kernel of the desired size. We used five different interrogation window sizes of 4, 8, 16, 32, and 64 px side-length. The
final correlation maps are then evaluated by a weighted average between the
different window sizes, using the mean square of the intensity gradient values in the interrogation window and a size-dependent bias as weight. This
method allows for a high resolution in regions of strong velocity gradients,
while preventing artifacts from false correlations where particle densities are
low. The method was implemented through the Python API of Tensor Flow,
to enable fast computation on graphics processing units. Figure 2(a) of the
main text shows velocity measurements. The insets show velocity fields in
two horizontal planes. The velocities shown in the cross section plot were
obtained by azimuthally averaging over ∼ 100 µm. Velocities from different
focal planes are shown in Figure 5.6 as a function of d. The uncertainties
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of the velocities (colored bands) are estimated using the standard deviation
over the weighted interrogation windows.
Whenever the focal plane comes close to the free surface, correlations are
picked up preferentially from below the focal plane because there are no particles outside the drop. This leads to a shift in the correlation plane relative
to the focal plane. Accordingly, we applied a correction to the z location of
the velocity signal relative to the distance from the free surface. To obtain
this correction, we estimated the point spread function and the correlation
sensitivity as a function of distance to the focal plane, and convolved this
sensitivity with a unit-step function in z for the particle density. For the
results shown here, we modeled the depth of correlation as a Gaussian with
1.5 µm standard deviation.
The substrate level was determined at the contact line of the droplet, by
focusing onto particles at the substrate. To account for possible substrate
tilt and non-planarity, we extracted the expected substrate location from
parabolic fits to the velocity profile with a no-slip condition at an offset z0
in the z-coordinate. Then we obtained 0 > z0 & 3 µm for 0 < d < 500 µm,
approximated z0 (d) over the full range of d by a third order polynomial with
z0 (d = 0) = 0, and used it to correct the vertical substrate location as a
function of d.

5.8.4

Velocities and surface tension gradients

The velocity measurements for a set of experiments with different conditions
are presented below. Figure 5.7 shows a table with plots for each case. Each
row is for one liquid composition and the columns are for different ambient
humidity conditions. The title of the plots contain the liquid composition,
φ, the relative humidity, RH, the drop radius, R, and the apparent contact
angle θ.
The surface tension gradient was obtained from the first derivative of the
velocity profiles in the cross section, evaluated at the interface, and multiplied
by the viscosity. The viscosities were interpolated from the data in Moosavi
et al. (2017), George et al. (2003), and Jarosiewicz et al. (2004). Figure 5.6
shows the surface tension gradient vs. the distance to the contact line for a set
of experiments with different conditions. Each plot presents the experimental
data (circles), and the power low ∂r γ ∼ d−3/2 (solid lines).
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Figure 5.6: Radial velocity vs. distance to the contact line for different
experimental conditions. Each plot contains the velocities for different z
planes above the substrate (solid lines),the associated errors (shaded bands),
and the velocities at the interface (circles).
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5.8.5

Lubrication theory with bulk solutes

In absence of bulk solutes, deriving the film height evolution equation in
lubrication approximation is a standard procedure that has been done for
many situations (Oron et al., 1997), also including evaporation (Eggers et
al., 2010). Here we introduce our notation, briefly repeat the derivation
for the height evolution, and systematically extend this formalism for the
compositional evolution of bulk solutes.
Problem formulation. We start from incompressible Stokes flow without
body forces:
~ 2~u = ∇p,
~
η∇
~ · ~u = 0
∇

(5.13)
(5.14)

where ~u is the (three-dimensional) fluid velocity field, η is the dynamic viscosity of the fluid, and p is the fluid pressure. The evolution of an advected,
diffusive solute field φ (defined as a mass fraction, φ ∈ [0, 1]) is given by


~
~
∂t φ = ∇ · D ∇φ − ~u φ ,
(5.15)
with t as time and D as diffusion coefficient. For simplicity we limit ourselves
to the case where the fluid density is independent of φ. We shall also assume
that the solute is non-volatile, in contrast to the solvent, which evaporates
and has a local mass fraction of 1 − φ.
The liquid film shall be limited to z ∈ [0, h], with a no-slip and no-flux
boundary condition at z = 0 and a free surface with evaporation and stress
boundary conditions at z = h:
~u|z=0 = 0

~u|z=h · ~n + ~j|z=h · ~n = ~n · ~ez ∂t h

~ sγ
~n · σ|z=h = (γκ + Π)~n + ∇
∂z φ|z=0 = 0

~
D ∇φ

z=h

· ~n = φ ~j|z=h · ~n

(5.16a)
(5.16b)
(5.16c)
(5.16d)
(5.16e)

where ~n shall be the outward normal vector at z = h, ~j the evaporative
flux, expressed in units of volume in the liquid state, σ is the fluid stress,
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γ is the surface tension, κ is the curvature of the free surface (positive for
~ s is the surface
a convex film surface), Π is the disjoining pressure and ∇
gradient operator.
~ and divergence (∇·)
~ operators split into vertical and
The gradient (∇)
horizontal components, in both cylinder and Cartesian coordinates. In the
~ and ∇
~ to denote the horizontal components (parallel to
following we use ∇·
the substrate plane) of divergence and gradient, respectively, to avoid explicit
coordinates. The vertical components will be treated explicitly, using ∂z
for derivatives in vertical direction. Similarly, vector fields with the index
refer to the the horizontal vector components only, which may, however, still
depend on the vertical coordinate z.
As usual in the long-wave expansion, we assume that the film height h(~r)
is a function of the coordinate ~r in the substrate plane and has small slopes.
We define the vertically averaged velocity ~u, the total hydrodynamic flux
~ the vertically averaged composition φ, and the effective solute height Ψ
Φ,
through
Z h
~
Φ=
dz ~u, = ~u h,
(5.17)
0
Z h
dz φ, = φ h,
Ψ=
(5.18)
0

and the deviations from the average velocity as
~u = ~u + δ~u,

(5.19)

φ = φ + δφ.

(5.20)

Note already that δ~u is of the same order as ~u while, at some later point, we
will require δφ to be small in order to allow for a long-wave description of
the composition.
The task is now to derive evolution equations in terms of the vertically
averaged quantities alone, taking the limit of long waves i.e., that the characteristic horizontal scale, r0 shall be much larger than the characteristic
vertical scale, h0 . The aspect ratio,
h0
h =
 1,
(5.21)
r0
will serve as a small parameter. We also define δφ = φ δφ0 , requiring δφ0
of O(1) (or O(φ) if φ  1), to use φ for the magnitude of vertical compositional gradients. In the following, we scale all horizontal coordinates as
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r = r0 r0 , and all vertical coordinates as h = h r0 h0 . Analogously, horizontal
and vertical velocity components are scaled as ~u = u0~u0 and uz = h u0 u0z ,
respectively. Time will be scaled as t = t0 t0 and surface tension as γ = γ0 γ 0 ,
where γ0 = γ(φ = 0) is the surface tension of the pure solvent. The diffusivity D may depend on the local composition φ, so we rescale D = D0 D0
and define D0 = (1 + δD0 (φ)). Assuming ∂φ δD0 = O(1), the differences in
diffusivity in vertical direction will be small. We also assume that viscosity
differences in z-direction are negligible. Finally, we scale j = j0 j 0 for the
evaporation rate.
r0 and h0 reflect the morphology of the liquid film, while t0 and u0 will
be associated with the natural scales that arise from the material properties
and the evolution equations. γ0 , D0 , and j0 are material properties. In the
following we will omit the primes for readability and work exclusively with
scaled quantities, unless stated explicitly.
Hydrodynamic fluxes and height evolution The vertical integral of
Eq. 5.14, together with the kinematic boundary condition 5.16b and the
flux 5.17, yields the evolution equation for thin films:
~ Φ
~ − E j,
∂t h = ∇·

(5.22)

where we have set t0 = r0 /u0 = r0 η/(3h γ0 ), the natural time scale of the
hydrodynamic film height evolution, and defined a dimensionless evaporation
(Shearwood) number
j0 η
(5.23)
E= 4 .
h γ0
Note that Eq. 5.22 does not contain approximations, it fully accounts for
volume conservation. All approximations are within the expression that will
~
be used for Φ.
Applying the limit h  1 to Eq. 5.13, and making use of boundary
condition 5.16c, the horizontal components of velocity are governed by


r
0
2
~ −γ ∇·
~ ∇h
~ +
(5.24)
∂z ~u = ∇
Π + O(2h ),
h γ0
where we have defined u0 = 3h γ0 /η from the natural scale for the horizontal
velocity components i.e., the capillary velocity for horizontal flow in a thin
film.
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Eq. 5.24 can be integrated to give an explicit expression for ~u . The integration constants are determined by the boundary conditions 5.16a and 5.16c:
 2
 

z
z ~
r
0
~ −γ ∇·
~ ∇h
~ +
~u =
− hz ∇
Π + 2 ∇γ
+O(2h ),
(5.25)
2
h γ0
h
{z
} | {z }
|
=~
uC

=~
uM

The vertical velocity component follows from Eq. 5.14. The characteristic
velocity of vertical flows is therefore h u0 , much smaller than the horizontal
components. The total hydrodynamic flux is given by the integral of Eq. 5.25
over the entire depth of the film:


r0
1 h2 ~
h3 ~
~
~
~
+O(2h ).
Π + 2 ∇γ
(5.26)
Φ = ∇ γ ∇· ∇h −
3
h γ0
h 2
|
{z
} | {z }
~C
=Φ

~M
=Φ

The horizontal velocity and the total hydrodynamic flux both split up into
~ C with a Poiseuille-type velocity
a pressure-driven (capillary) component Φ
~ M with a Couette-type velocity profile.
profile, and a Marangoni component Φ
The velocities can be expressed in terms of the fluxes:
~

z 1  z 2 Φ
C
−
+ O(2h ),
(5.27)
~uC = 3
h 2 h
h
~M
zΦ
+ O(2h ).
(5.28)
~uM = 2
h h
Therefore, the height evolution equation 5.22 with the horizontal flux from
Eq. 5.26 is purely two-dimensional and does not require any z-resolved quantities. The profiles of the horizontal velocity components follow from Eqs. 5.27
& 5.28, the vertical velocity from the z-integral of Eq. 5.14.
Compositional evolution Inserting Eqs. 5.19, 5.20 into the evolution
equation 5.15, applying our scalings, and explicitly writing horizontal and
vertical components gives



~ ∇
~ φ + φ δφ + φ ∂z D ∂z δφ−~u ·∇
~ φ + φ δφ −φ uz ∂z δφ.
∂t φ + φ δφ = Pe−1 ∇·D
2h Pe
(5.29)
3h r0 γ0
r02
u0 r0
Here we found Pe = t0 D0 = D0 = D0 η , the Péclet number for characteristic scales in horizontal direction.
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In order to obtain an evolution equation in terms of φ alone, we would
like to find an expression without terms containing δφ. Thus we integrate
Eq. 5.29 in z direction, minding the dependence of h on space and time when
changing the order of differentiation and integration:
Z h
Z h



−1 ~
~ φ + φ δφ
dz D ∇
∂t dz φ + φ δφ − φ + φ δφ(h) ∂t h = Pe ∇·
0
 0


φ
h
−1
~ φ + φ δφ · ∇h
~
[D ∂z δφ]0 − D ∇
+ Pe
2h
h
Z h 
Z h 


~
~ + uz ∂z δφ .
dz ~u · ∇φ − φ dz ~u · ∇δφ
−
0

0

(5.30)
The integral on the left-hand side and the integral of the advection of
the mean composition can readily be evaluated, using the properties of the
z-dependence of φ, δφ and ~uh . We splitRthe diffusion integral into φ- and δφ
h
terms and use the definition D = 1 + h1 0 dz δD to simplify the former term.
The boundary term from diffusion represents the total diffusive fluxes across
the film boundaries at z = 0 and z = h, per horizontal area element. These
terms are determined by the boundary conditions 5.16d and 5.16e, where we
~
n
. On the z-component of the advection of δφ
use the shorthand j = j(h)·~
~
n·~ez
we perform integration by parts, and apply continuity equation 5.14 to the
resulting term. Then, the integrand can be combined to a single divergence.
The evolution equation reduces to


Z h
−1 ~
~ + φ dz D ∇δφ
~
h ∂t φ − φ δφ(h)∂t h = Pe ∇· D h ∇φ
+ E (φ + φ δφ(h)) j
0
Z h 

h
~
~
~ δφ~u .
− Φ · ∇φ − φ [uz δφ]0 + φ dz ∇·
(5.31)
0

On the last term, we change the order of differentiation and integration once
more:


Z h
−1 ~
~
~
h ∂t φ − φ δφ(h)∂t h = Pe ∇· D h ∇φ + φ dz D ∇δφ + E (φ + φ δφ(h)) j
0
Z h


h
~
~
~
~
− Φ · ∇φ − φ [uz δφ]0 − δφ~u |h · ∇h − φ ∇·
dz δφ~u ,
0

(5.32)
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As in the evolution equation for h, we make use of the boundary conditions 5.16a and 5.16b, to show that the underlined terms in the equation
above cancel. This leads to


Z h
Z h
−1 ~
~
~
~
~
~
h ∂t φ = Pe ∇· D h ∇φ + φ dz D ∇δφ +E (φ+φ δφ(h)) j−Φ·∇φ−φ ∇· dz δφ~u .
0

0

(5.33)
Note that in deriving Eq. 5.33 from Eq. 5.15, no approximations have been
made.
The integral of the continuity equation for velocity, Eq. 5.22, which is also
~ can be formulated solely in terms
exact apart from the expression used for Φ,
~ This is not the case for Eq. 5.33, which
of the vertical integral of velocity, Φ.
still contains terms with δφ. In order to derive an evolution equation in terms
of φ alone, approximations must be made. Importantly, the expression that
~ (Eq. 5.26) in Eq. 5.22 is precise up to terms of O(2 ).
we intend to use for Φ
h
Thus an analog equation for the evolution of φ should retain any terms of
O(h ) in order to be consistent with Eqs. 5.22 and 5.26.
The approximate evolution equation for φ depends on the magnitude of
φ , which will be determined later. In the case that φ is not small, typically
a simple evolution equation in terms of φ cannot be derived. Then the
full advection-diffusion problem has to be solved. Thus we now implement
a first (mild) approximation that requires φ  1 and ∂φ δD = O(1) or
smaller, in order to remove the z-dependence of the diffusivity. Then, D =
1 + δD(φ) + O(φ ) and D = D + O(φ ). Further we assume E  1, which is
the case for our droplets and eliminates δφ from the evaporation term. This
simplifies Eq. 5.33 to
Z h


−1 ~
~
~
~
~
~
h ∂t φ = Pe ∇· D h ∇φ − φ D δφ(h) ∇h +E φ j−Φ·∇φ−φ ∇· dz δφ~u +O(2φ ).
0

(5.34)
In the following we will examine various limits and the resulting evolutions
equations for the composition.
Limit I — φ  h If φ turns out to be exceedingly small i.e., φ  h ,
vertical gradients in the composition are fully suppressed, and the governing
equation simply becomes an advection-diffusion equation in terms of the
vertically averaged quantities alone:
φ  h :

~ D h ∇φ
~ −Φ
~ · ∇φ
~ + E φ j.
h ∂t φ = Pe−1 ∇·
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This equation has been used in the existing literature and properly accounts
for mass conservation and evaporation in a diffusion dominated problem.
Dispersion terms are missing.
Limit II — φ ∼ h If we assume φ ∼ h  1  Pe, which is the case
for an advection dominated problem, the leading order problem reduces to
advection and evaporation alone. To be consistent with the order of Eq. 5.22
with Eq. 5.26, we should keep terms of O(φ ) and O(Pe−1 ) that account for
diffusion and dispersion, but drop terms of O(φ Pe−1 ) or higher:
−1

h ∂t φ = Pe

~ D h ∇φ
~ + E φj − Φ
~ · ∇φ
~ − φ ∇·
~
∇·

Z

h

dz δφ~u .

(5.36)

0

Next we will show that, consistent with the order-of-magnitude assumptions of limit II, δφ is determined by a governing equation in terms of the
averaged composition alone. Thus a closed evolution equation of φ can be
derived, with additional terms that describe Taylor dispersion for the general
case of a thin free surface film with capillary and Marangoni flows.
The difference between the original advection-diffusion equation and its
vertical integral will provide a governing equation for δφ. Thus we apply the
same approximations to Eq. 5.29, multiply it with h, and subtract Eq. 5.36:
φ h ∂t δφ =

~ D∇φ
~ · ∇h
~ − h δ~u · ∇φ
~ − E φ j + φ D h ∂z2 δφ
Pe−1 ∇·
2h Pe


Z h
~ − h uz ∂z δφ + ∇·
~
− φ h ~u · ∇δφ
dz δφ ~u ,
(5.37)
0

Since the remaining term with δφ in Eq. 5.36 scales as φ , it is sufficient
to determine δφ at O(1). Higher order terms in δφ would be of O(2 ) when
inserted into 5.36. Thus, the governing equation for δφ simplifies to
φj
φ
~ + O(φ ).
D ∂z2 δφ = E
+ δ~u · ∇φ
Pe
h

2h

(5.38)

No explicit time derivative of δφ appears anymore. Rather, δφ appears only
in terms of its second vertical derivative. The advection term contains only
δ~u , the difference from the depth-averaged velocity. Therefore, Eq. 5.38
represents a stationary advection-diffusion problem in the co-moving frame
of the mean flow and can be integrated. This yields an expression for δφ
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that depends only on the averaged composition and the local evaporation
rate. The appropriate choice for φ now becomes obvious and depends on
the relative dominance of the right hand side terms of Eq. 5.37. In our case,
E  1 while δ~u = O(1), so we define φ from the advection term:
φ = 2h Pe =

h20 u0
= Pez ,
D 0 r0

(5.39)

which is the Péclet number for the characteristic vertical scales. The important feature that allows for above simplifications is identical to that for pipe
flow: the aspect ratio h must be small, such that 2h Pe = Pez  1, while
Pe  1. With this definition, Eq. 5.37 becomes (dropping the O(φ ) from
now on):
φj
~
+ δ~u · ∇φ.
D ∂z2 δφ = E
(5.40)
h
Integrating Eq. 5.40 twice from 0 to z gives
Z z Z z0
φ j z2 ~
z
+ ∇φ · dz 0 dz 00 δ~u (z 00 ).
D [δφ]0 = E
(5.41)
h 2
0
0
The integration constant δφ|z=0 can be determined by integrating above expression over the entire film height and the vanishing mean of δφ:
Z h Z z Z z0
hφj 1 ~
+ ∇φ ·
dz dz 0 dz 00 δ~u (z 00 ).
(5.42)
− D δφ|z=0 = E
6
h
0
0
0
δ~u and its integrals can be expressed in terms of capillary and Marangoni
fluxes as derived in the previous section, so the integrals can be evaluated:

 3
~
 3
~ !
4
2
2
2
2
z 2 h2
z
z
z
h
Φ
z
z
h
ΦM
C
~
−
+∇φ·
− 2−
+
+
−
+
.
2
6
2h 8h
2
15 h
3h
2
12
h
(5.43)
With this, the (Taylor) dispersive flux in evolution equation 5.36 becomes
 

Z h
h
2
1
7
~ T = φ dz δφ ~u = −Pez
~ ·Φ
~ C + ∇φ
~ ·Φ
~M −
~C
Φ
∇φ
E φj Φ
105
40
120
D
0



1 ~ ~
1 ~ ~
1
~M .
+
∇φ · ΦC + ∇φ · ΦM − E φ j Φ
40
30
12
(5.44)
φj
D δφ = E
h
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The evolution equation for φ finally reads
~ −Φ
~ · ∇φ
~ + E φ j − ∇·
~ Φ
~ T.
~ D h ∇φ
h ∂t φ = Pe−1 ∇·
(5.45)
With radial or translational symmetry, the compositional gradient and
the hydrodynamic fluxes are necessarily parallel. This, together with the
assumption of a small evaporation rate allows for the following simplifications
~ T:
on Φ
!
~2
~C ·Φ
~M
~2
2
Φ
Φ
Φ
h
C
M
~ T = −Pez
~
+
+
(5.46)
Φ
∇φ.
20
30
D 105

φ ∼ h  1  Pe :

By defining an effective diffusivity
Deff

2 Pe2
=D+ h
D

~C ·Φ
~M
~2
~2
Φ
Φ
2Φ
C
+
+ M
105
20
30

!
,

(5.47)

the Taylor-dispersive flux can then be included in the diffusion term, which
leads to the evolution equation
φ ∼ h  1  Pe,

2D or axisymmetric :

~ eff h ∇φ−
~ Φ·
~ ∇φ+E
~
h ∂t φ = Pe−1 ∇·D
φ j.
(5.48)

Limit III — φ  h In this case, an evolution equation in terms of
the averaged quantities alone cannot be derived.

Simulations
We include quasi-stationary diffusion limited evaporation into our simulations by closely following the approach from Eggers et al. (2010): We assume
that the macroscopic drop body is surrounded by a wetting precursor that is
subject to a disjoining pressure and in equilibrium with the vapor above the
substrate. Therefore, the local evaporation rate j is calculated by an integral
transform of the local vapor pressure pv of the liquid, which is subject to
Raoult’s law and Kelvin’s law (in physical units):


Mp
(0)
pv = pv x exp
,
(5.49)
ρ Rg T
(0)

where pv is the saturation vapor pressure of the pure solvent at atmospheric
pressure, x is the mole fraction of the solvent in the mixture, M is the molar
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mass of the solvent molecule, ρ is the liquid density, Rg is the gas constant
and T is the temperature. In contrast to Eggers et al. (2010), we do not
linearize around p = 0 to preserve the non-negativity property of Eq. 5.49.
While the overall evolution does not seem to be influenced significantly by
this, it gives physical vapor pressures also in regions with large negative
pressures (i.e., the transition from the drop to the precursor).
As disjoining pressure, we use the standard long-range van-der-Waals
form Π = γ0 a2 /h3 (in physical units), where a2 = A/γ0 is a molecular length
scale and A is the Hamaker constant (Eggers et al., 2010). For simplicity
we assume that the disjoining pressure is independent of composition. The
effect of composition-dependent surface forces in wetting scenarios has been
analyzed in the literature (Thiele et al., 2013), but is beyond scope here. In
scaled units, the pressure reads
p = −γ(φ) ∂r2 h −

a2 r02 1
,
h40 h3

(5.50)

where we have set p0 = γ0rh2 0 from the capillary term. To find a set of
0
dimensionless scales for our simulations, we require the pressure term to be
parameter-free, which defines
r0 =

h20
.
a

(5.51)

We define the characteristic vertical scale h0 from the liquid-vapor equilibrium of the precursor according to the Kelvin law (Eggers et al., 2010):
ln

pv
(0)

pv

M
M γ0 a2 1
=
p0 Π =
,
ρ Rg T
ρ Rg T h30 h3

(5.52)

finding

h0 =

ρ Rg T
γ0 a2 M

1/3
.

(5.53)

With typical values of the material parameters, h0 ∼ 0.7 nm and r0 ∼ 1.2 nm.
In contrast, typical initial droplet heights are ∼ 0.1 mm, radii ∼ 1 mm. This
strong separation of scaled leads to exceedingly small time steps and long run
times of the simulations. We accelerate the simulations by choosing h0 five
times larger than its natural value. According to 5.51, this increases r0 by a
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factor of 25. We tested a factor of 10 or 20 in h0 as well, and no significant
differences were noticeable.
The physical conservation law in the problem is the conservation of mass
for either chemical species, rather than the total volume or the local mass
fraction. Thus we cast the evolution equations into the conserved variables
Ψi , the amount of material i per unit substrate area:
Ψ1 = (1 − φ) h,

Ψ2 = φ h.

(5.54)
(5.55)

Multiplying Eq. 5.22 with φ and adding Eq. 5.48, we obtain
~ Deff h ∇(1
~ − φ) − ∇·
~ (1 − φ) Φ
~ − E j,
∂t Ψ1 = Pe−1 ∇·
~ − ∇·
~ φ Φ.
~
~ Deff h ∇φ
∂t Ψ2 = Pe−1 ∇·

(5.56a)
(5.56b)

Here, Ψ1 is the effective height of the solvent (water), and Ψ2 is the effective
height of the solute (1,2-Propanediol). Although h = Ψ1 + Ψ2 and φ = Ψ2 /h
still have to be calculated in order to evaluate the terms in the evolution
equations, it is advantageous to use the conserved quantities in the finite
volumes discretization.
Equations 5.56 are discretized in an axisymmetric finite volumes scheme
according to Diez et al. (2000) and Lenz et al. (2002) (non-negativity preserving numerical mobilities for hydrodynamic fluxes). Compositions on the cell
edges were extrapolated by an essentially non-oscillatory third-order upwind
scheme according to Leonard et al. (1990). Here, the third order correction
to the first order upwind composition is flux limited. This suppresses nonphysical oscillations while minimizing numerical diffusion. We also tested a
first-order upwind scheme and a central differences scheme, observing strong
numerical (non-physical) diffusion and spurious oscillations, respectively.
We used a strongly graded grid where the grid spacing varies from 0.25
(in scaled units) close to the contact line to ∼ 8000 far away from the drop.
Inside the drop, the grid spacing increases to ∼ 400.
Time integration is performed with a splitting scheme, implemented with
the sundials CVode package (Cohen et al., 1996), version 4.1.0. In the first
substep, evaporation is applied explicitly. In the second step, the advection
terms are integrated with a second order fully implicit backward differentiation (BDF) method. Importantly, capillary and Marangoni fluxes cannot be
split into separate substeps as in Lenz et al. (2002), because this would lead
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to strong numerical dispersion. In the third substep, solute diffusion and
dispersion is integrated with an implicit second order BDF method, using
explicit values for the hydrodynamic fluxes from the previous substep.
With this scheme, volume conservation of the nonvolatile component was
observed to be better than V /V0 − 1 . 10−6 over the simulated time. In
terms of individual grid cells and time steps, this accuracy is around machine
precision.

99

5.8. SUPPLEMENTARY MATERIALS

Figure 5.7: Surface tension gradient vs. the distance to the contact line.
Each plot shows the experimental data (close circles) with the corresponding
power law ∂r γ ∼ d−3/2 (solid lines). The open circles are the data that has
not been considered in the fitting.
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6.1

Abstract

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 line, forming an oil ring during later stages. However, very
little is known about the dynamic counterpart, when phase separation occurs
in a non-equilibrium wetting configuration i.e., spreading droplets. Here we
report that liquid-liquid phase separation strongly couples to the spreading
motion of three-phase contact lines. Thus, the classical Cox-Voinov law is
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not applicable anymore, because phase separation adds an active spreading force beyond capillary driving. Intriguingly, we observe that spreading
starts well before any visible nucleation of microdroplets in the main drop.
Using high-speed ellipsometry, we further demonstrate that surface forces
cause an even earlier nucleation in the wetting precursor film around the
droplet, initiating the observed wetting transition. We expect our findings
to enrich 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.

6.2

Introduction

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 (Lohse et al., 2020), such
as oil recovery (Muggeridge et al., 2014), inkjet printing (Xia et al., 2005),
and materials synthesis (Chao et al., 2020). In most practical situations,
phase separation processes occur in heterogeneous environments, i.e., in contact with surfaces, because the interaction with surfaces facilitates nucleation (Turnbull, 1950). Thus the interplay of phase separation and wetting
is often nontrivial and can not be ignored (Gelb et al., 1999; Tanaka, 2001).
For instance, the wettability of rock surfaces can strongly affect separation
efficiency of the crude oil-water mixture for recovering oil from underground
reservoirs (Muggeridge et al., 2014). Even for a single-component liquid, the
kinetics of phase transition between different liquid states can be altered by
the presence of solid surfaces (Murata et al., 2010). In addition to technical
applications, 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 (Banani et al., 2017; Shin
et al., 2017), which happens not only in bulk cytoplasm, but frequently on
surfaces like the nucleus, microtubuli, and lipid bilayers (Brangwynne et al.,
2015; Ditlev, 2021). In the latter case, the wetting properties of biological
membranes plays an essential role, for instance, in regulating autophagy of
the phase-separated compartments (Agudo-Canalejo et al., 2021).
Earlier studies have revealed the physical mechanisms of heterogeneous
nucleation, such as the effect of particle sizes and surface properties on the nu102
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cleation efficiency (Fletcher, 1958; Kim et al., 2008), or the impact of preferential wetting on spinodal decomposition in binary liquid mixtures (Wiltzius
et al., 1991; Genzer et al., 1997; Tanaka, 2001; Puri, 2005). 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 (Tan et al., 2016; Tan et al., 2017). Most
of those studies focus on the aspect of static wetting, i.e., pinned three-phase
contact line conditions (Fletcher, 1958; Genzer et al., 1997; Kim et al., 2008;
Wiltzius et al., 1991; Puri, 2005; Li et al., 2011; Tan et al., 2016; Tan et al.,
2017; Jensen et al., 2015). Therefore, it remains unclear how the dynamic
counterpart, e.g., moving contact lines (Gennes, 1985; Bonn et al., 2009;
Snoeijer et al., 2013) interact 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, non-ideal, binary liquid mixture
with a well-defined miscibility gap on complete 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 (see Supplementary Information 6.11, Figure 6.5 and Table 6.1). In the one-phase region,
due to solutal Marangoni flows, the droplet maintains a quasi-stationary, contracted state with a nonzero apparent contact angle θapp and a high mobility,
i.e., an unpinned contact line (Cira et al., 2015; Karpitschka et al., 2017;
Malinowski et al., 2020; Molina et al., 2021; Parimalanathan et al., 2021;
Williams et al., 2021) (Figure 6.1(a)). We then trigger phase separation by
driving the droplet into the miscibility gap, by heating and/or selective evaporation (Figure 6.1(b,c)). Surprisingly, upon liquid-liquid phase separation
(temperature T > TC ), we see actively driven droplet spreading. Notably,
spreading occurs before any visible nucleation of microdroplets in the main
drop. 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 forces, which leads to the observed wetting transition.

6.3

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 Eclipse
Ti2E). As substrates, we used precision microscopy coverslips (VWR, thick103
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Figure 6.1: Experimental system and setup. (a) Schematic cross-section of
an evaporating binary droplet on complete wetting surfaces, with a non-zero
apparent contact angle due to solutal Marangoni flows. (b) Zoom 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
lower critical solution temperature (LCST). Upon heating from the one-phase
region ○
1 to 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 θapp (green)
and surface tension γLV (red) of the DPnP-water mixture versus DPnP mass
fraction φ on complete wetting surfaces at T ∼ 20 o C.
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ness 0.17 mm) and one-side frosted microscopy slides (Corning, thickness
0.96 ∼ 1.06 mm), cleaned by piranha solution or plasma treatment to generate complete wetting surfaces, or by ethanol for partially wetted surfaces.
Droplets of initial volumes Ω = 0.5–2 µL 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 (Phantom VEO 4K-L, 50 –
500 fps) with the microscope and a CMOS camera (Point Grey Grasshopper2,
27 fps) attached to a telecentric lens from the side (Figure 6.1(d)). We used
binary mixtures of water (“Milli-Q”, resistivity 18 MΩ cm) and di(propylene
glycol) propyl ether (DPnP, Sigma-Aldrich, ≥ 98.5%, mass fraction φ), unless
stated otherwise (see Materials and Methods for more experimental details).
Figure 6.1(e) shows apparent contact angle θapp (green) and surface tension γLV (red) versus φ of our DPnP-water mixture in the one-phase region
on completely wetted substrates. However, the apparent contact angles are
quasi-statically non-zero: the single-phase water-rich binary mixture exhibits
strong Marangoni-contraction, whereas the glycol ether-rich mixture shows
autophobing (Hack et al., 2021). What happens when the droplet is now
forced into the two-phase region (Figure 6.1(b,c))?

6.4

Abrupt spreading

We begin with investigating the macroscopic dynamics by heating droplets
in pinned and unpinned situations, i.e., partially and completely wetted, respectively. Figure 6.2(a) illustrates a typical image sequence of a 1 µL DPnPwater binary droplet with φ = 0.1 heated on a completely wetted substrate.
During heating the substrate, we first observe enhanced contraction (see Figure 6.2(a) 0–6.5 s, Figure 6.2(b)), owing to the increased selective evaporation
and thus intensified Marangoni flows. However, surprisingly, above a certain
temperature (TC ∼ 37 o C), a sharp transition into an abrupt spreading motion is observed (Figure 6.2(a) 6.5–9.2 s, Figure 6.2(b)). Shortly thereafter,
droplet spreading is accompanied by nucleation and growth of DPnP-rich
microdroplets (Figure 6.2(a) 9.2 s, Supplementary Video S1). In contrast,
droplets on the partially wetted surfaces phase-separate in their bulk as temperature increases, without any apparent change of droplet radius (Supplementary Video S2). This latter scenario is consistent with previous reports on
evaporation-driven phase separation (segregation) of binary (Li et al., 2018;
Kim et al., 2018) or ternary droplets (Tan et al., 2016; Tan et al., 2017) that
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are subject to contact line pinning.
As a control experiment without phase separation, for instance to clarify the impact of thermal (Marangoni) convection (Ristenpart et al., 2007;
Diddens et al., 2017; Gurrala et al., 2019; Williams et al., 2021), we replace
DPnP with a glycol of similar surface activity, propylene glycol (φ = 0.1,
Sigma-Aldrich, ≥ 99.5%). Note that water and propylene glycol are well
miscible, meaning that their mixture does not exhibit liquid-liquid phase
separation throughout our experimental conditions. In this case, we only
see an enhanced contraction and no spreading motion, during the heating
process.

6.5

Impact of phase separation on spreading

For pure liquids, the dynamics of advancing contact lines follows the classical
Cox-Voinov law (Cox, 1986; Voinov, 1976)
3
θapp

−

3
θeq



lo
,
= 9 Ca ln α
li

(6.1)

where θapp and θeq denote the dynamical apparent contact angle and the equilibrium contact angle, respectively. Ca = µUCL /γLV is the capillary number,
µ the dynamic viscosity, and UCL the speed of the moving contact line. α is
a nonuniversal numerical constant, and lo and li indicate an outer (macroscopic) and an inner (microscopic) length (Eggers et al., 2004; Snoeijer et al.,
3
3
2013). Figure 6.2(c) shows the dependence of θapp
− θeq
on Ca and, on the
inset, on UCL , for phase-separating DPnP-water (φ = 0.1, light green and
φ = 0.15, dark green), toluene (dark gray) and water (light gray) droplets,
respectively. Here, for the DPnP-water mixtures, toluene and water, θeq are
∼ 6.1o (φ = 0.1), ∼ 6.3o (φ = 0.15), ∼ 5.5o and ∼ 2.7o , respectively. As expected, experimental data of toluene and water collapse onto a master curve
(black straight line), following the Cox-Voinov law (Eq. 6.1). Surprisingly, we
observe a deviation from the Cox-Voinov law for the phase-separating binary
droplets, evidencing a direct coupling of phase separation to the spreading
process. We find larger capillary numbers during phase separation, and a
power law with an exponent greater than 1 that increases as the glycol-ether
mass fraction is increased. Thus, phase separation accelerates spreading
(Figure 6.2(c)).
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Figure 6.2: Active spreading of a 1 µL phase-separating DPnP-water droplet
on a substrate heated at ∼ 1.8 o C/s. (a) Image sequence of the side aspect
of the droplet (φ = 0.1) (left) together with the bottom view of the contact
line region (right). Scale bars are 0.25 mm. (b) Droplet radius R versus
time t and temperature as color code. ts marks the onset of spreading. (c)
3
3
θapp
− θeq
versus the capillary number Ca for phase-separating DPnP-water
(φ = 0.1 & 0.15, light & dark green, respectively), compared to simple fluids
toluene and water (dark and light grey, respectively). Simple fluids follow the
Cox-Voinov law Eq. (6.1), collapsing onto a single line of slope 1 (black line).
Inset: same data, as function of the physical UCL (also see Supplementary
Information 6.11, Figure 6.7). (d) High-resolution images of the contact line
region. Spreading (direction indicated by the arrow) start first, followed by
nucleation and growth of microdroplets. Scale bars are 50 and 10 µm for
main and zoom panels, respectively.
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Of course, there is no single well-defined capillary velocity, Ucap = γLV /µ
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 (Derkach, 2009). Nonetheless, it is instructive to non-dimensionalize
the contact line velocity UCL with a characteristic value that is representative for the given situation. We measure surface tensions and viscosities in
water-rich (φ = 0.1 and 0.15) and the corresponding DPnP-rich one-phase regions at the temperature that droplet starts spreading, obtaining for φ = 0.1
capillary velocities ∼ 40 m/s and ∼ 6.5 m/s, respectively, and for φ = 0.15
capillary velocities ∼ 18 m/s and ∼ 4.2 m/s, respectively. In Figure 6.2(c),
we use the value for the water-rich phase, which corresponds to the initial
condition for the abrupt spreading and the volumetrically dominating phase
throughout this process. The presence of glycol ether-rich microdroplets
would increase the apparent viscosity (Supplementary Information 6.11, Figure 6.6). Thus the curves are a lower bound for the actual capillary number.
In the Supplementary Information 6.11, we also depict the range of possible
capillary numbers (Figure 6.7).

To identify phase separation near the contact line, we further record
bright-field images at higher spatial resolution at ×40 magnification (NA
0.60). As previously observed for pinned droplets (Tan et al., 2016), microdroplets nucleate and grow at the contact line region (Figure 6.2(d) and
Supplementary Video S3). However, microdroplets appear only around 0.44
s after the onset of contact line motion (Supplementary Information 6.11,
Figure 6.8). We confirm the generality of this phenomenon in our experimental system, using a wide range of heating rates (0.9, 0.3 o C/s), different
mass fractions of DPnP (φ = 0.05, 0.15), as well as binary mixtures made up
of water and different glycol ethers (TPnP, DPnB). Nucleation 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 at
the point of nucleation (Supplementary Information 6.11, Figure 6.9). This
suggests physicochemical changes at the contact line or outside the main
droplet, i.e., in the adsorbed precursor film, before the visible (macroscopic)
phase separation occurs in the main droplet (Figure 6.3(a,b)).
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6.6

Impact of surface forces on phase separation

Based on above observations (Figure 6.2(d)), we hypothesize that surface
forces drive an earlier change within the precursor film by promoting liquidliquid phase separation. 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 (Israelachvili, 2011)
Π(h) =

A
,
6πh3

(6.2)

where A ∼ −10−20 J, the Hamaker constant (Israelachvili, 2011). Thus, for
Eq. (6.2) to attain values significant to chemical equilibrium, h ∼ O(1 nm)
is required, a typical thickness of a precursor film (Bonn et al., 2009). For
complete wetting conditions, surface forces are repulsive, i.e., Π(h) < 0,
giving rise to a reduced pressure in the precursor film, pf = p∞ + Π(h) where
p∞ is the ambient pressure. Pressure is a key factor in chemical equilibrium
and well-known to modify the location of phase boundaries (Gibbs, 1876). To
this end, we conjecture that inside the precursor film, the reduced pressure
pf lowers the thermodynamical demixing boundary of the binary mixture,
and therefore promotes phase separation. Literature data for mixtures of
water and 2-butoxyethanol shows that the LCST decreases with decreasing
pressure (Wenzel et al., 1980; Compostizo et al., 1992).
To demonstrate the impact of the disjoining pressure on phase separation, we use high-speed in situ ellipsometry, which allows for detecting subtle variations of thickness or refractive index in molecularly thin films (Bahr,
2007; Popescu et al., 2012) (Supplementary Information 6.11, Figure 6.10).
Figs. 6.3(c-f) show the ellipsometric angle ∆ (symbols) as a function of time
relative to the onset of spreading, t − ts , at three different heating rates (0.5,
0.25, and 0 o C/min, panels (c-e), respectively). Note that phase separation
also occurs at constant temperatures above the LCST, due to selective evaporation (panels (e) & (f)). For panels (c-e), the measurement spot is located
at a distance d ≈ 0.5 mm away from the macroscopic contact line (see Figure 6.3(a), and Supplementary Information 6.11, Figure 6.10). For panel (f),
the distance is around 5 mm.
Long before the onset of spreading (t − ts . −20 s), we find a fluctuating
∆. We attribute this to the fluctuations in the evaporation/condensation
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Figure 6.3: Analysis of the precursor film around the main droplet.
(a) Schematic cross-section of the micro/nano-scopic 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 µm). (c-f) Ellipsometric angle
∆ (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
o
C/min at d ∼ 0.5 mm (c-e, respectively), and 0 o C/min at d ∼ 5 mm (f).
For constant T ∼ 26.5 o C (panels (e) & (f)), phase separation is triggered by
selective evaporation.
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equilibrium between the vapor and the hydrophilic surface (Hack et al., 2021),
which is also observed when placing a pendant droplet above a fully wetted
substrate (Supplementary Information 6.11, Figure 6.11). Around t − ts ∼
−20 s, we observe an abrupt increase of ∆, which is small but distinguishable
from noise and reproduced in all repetitions of these experiments. Another
∼ 5 − 10 s later, we see a rapid decrease of ∆. On the contrary, at a large
distance to the droplet (comparable to its radius), we do not observe any
measurable change in the ellipsometric signal (panel (f)).
Our results clearly evidence the existence of a composition or morphology
variation in the precursor close to the 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,
since 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 (Deegan et al., 2000; Eggers et al., 2010).
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 (Novotny et al., 1991). We note here that no visible increase of
∆ could be observed for large heating rates & 1.2 o C/min (Supplementary
Information 6.11, Figure 6.12), for which the effect is probably beyond the
sampling period (∼ 0.8 s) of our ellipsometer.

6.7

Preferential wetting in the two-phase region

Finally, to rationalize 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 saturated water-rich
and DPnP-rich phases are extracted from bottom and top phases of a well
equilibrated DPnP-water mixture at 1:1 mass ratio, respectively (Materials
and Methods). A water-rich droplet in a DPnP-rich outer phase (green,
Figure 6.4(a)) preferentially wets clean glass, spreading to small contact angles. Exchanging droplet and outer phase (red, Figure 6.4(b)), the contact
angle remains large, close to 180 degrees. In both cases, buoyancy is used
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Figure 6.4: 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). (a) Water-rich droplet
spreading on hydrophilic glass in a DPnP-rich ambient phase (green circles).
(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). (c) DPnP-rich droplet spreading at the free
surface of a water-rich ambient phase (blue diamonds). Red dashed lines
represent the surface location, and scale bars are 0.5 mm.
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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,
Figure 6.4(c), see also Supplementary Information 6.11, Figure 6.13 for additional cases on fully and partially wetted substrates). These observations
suggest that the glycol ether-rich phase nucleates initially at the liquid-air
interface, before microdroplets appear in the bulk of the main droplet or at
the substrate surface.
Although these observations can not readily be transferred to the precursor region, where the presence of three phases in close proximity leads
to strong surface forces may alter wetting preferences, it renders a “leakingout” (Brochard-Wyart et al., 2000) of DPnP rather unlikely. Rather, an
increased water fraction in the precursor film would be expected. Yet, there
the phase change appears well before the spreading or visible microdroplet
nucleation.

6.8

Discussion and conclusions

In contrast to binary or ternary droplets on partially wetted surfaces with
pinned contact lines (Tan et al., 2016; Tan et al., 2017; Li et al., 2018;
Kim et al., 2018; Christy et al., 2011; Kim et al., 2016; Edwards et al.,
2018; Li et al., 2019; Moon et al., 2020; Guo et al., 2021), here we report
unexpected spreading of phase-separating binary-mixture droplets on fully
wetted surfaces with free contact lines. Interestingly, we find that Cox-Voinov
law is not applicable anymore for such droplets, because phase separation
accelerates the speed of moving contact line. A closer inspection of the
contact line region reveals that the nucleation in the main droplet occurs later
than the advancing motion of contact line. We argue that surface forces inside
the wetting precursor shift the thermodynamic phase boundary considerably,
promoting phase separation well in advance to the observed spreading or
bulk droplet behavior, which we verify by ellipsometric measurements. 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, surface forces facilitate
phase separation at the free surface, in nanoscopic proximity to the contact
line. It is this earlier phase separation that drives the contracted droplet
away from stationary state and changes the force balance at the three-phase
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contact line (Cira et al., 2015; Karpitschka et al., 2017), thus causing the
active spreading. It is worth noting that no apparent spreading motion can
be seen for droplets made up of single-phase glycol ether-rich binary mixtures,
such as DPnP with φ = 0.8 (see Supplementary Video S4). This might be
because molecular autophobicity dominates over Marangoni contraction: the
droplet is unable to spread on its own adsorbed film, causing contact line
pinning on the surface (Novotny et al., 1991; Hack et al., 2021).
To summarize, we have demonstrated that the strong coupling between
phase separation, moving contact lines, and surface forces results in forced
spreading on complete wetting surfaces, well beyond the capillarity-dissipation
balance of Cox-Voinov spreading. Our work shows experimentally the crucial
roles of phase separation and surface forces in dynamic multi-phase systems,
motivating future studies to reveal the molecular processes and a theoretical understanding of these observations (Thiele et al., 2013). We expect
these findings to enrich also the fundamental understanding of active wetting transition in tissue morphogenesis (Pérez-González et al., 2019), phase
separation nano-engineering applications (Wasan et al., 2003; Sadafi et al.,
2020; Pahlavan et al., 2021b), or liquid-liquid phase separation dynamics in
cell biology (Banani et al., 2017; Shin et al., 2017).
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6.10

Materials and Methods

6.10.1

Preparation of the substrate

Microscope coverslips (VWR, 24 × 24 mm, thickness 0.17 mm) or one-side
frosted microscope slides (Corning, 75 × 25 mm, thickness 0.96–1.06 mm)
were treated with either ethanol, plasma, or piranha solutions, and then used
as substrates. For ethanol cleaning, the substrates were sonicated in ethanol
for 20 min, and then stored in fresh water (“Milli-Q”, resistivity 18 MΩ cm).
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For plasma cleaning, the substrate was cleaned in an acetone solution in the
ultrasonic bath for 15 min, sonicated in ethanol solution for 15 min, and
then rinsed with deionized water, dried in the oven, and finally treated with
oxygen plasma (Harrick Plasma) for ∼ 3 min. For piranha solution cleaning,
the 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 for five times, sonicated in hot water
(∼ 80 o 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 before each measurement. The
plasma-cleaned substrate was used immediately after preparation.

6.10.2

Preparation of the binary mixture

For binary solutions, we prepared a mixture consisting of water (“MilliQ” water, resistivity 18 MΩ cm) and one of the following glycol ethers:
Di(propylene glycol) propyl ether (DPnP, ≥ 98.5%), tri(propylene glycol)
propyl ether (TPnP, 97%), and di(propylene glycol) butyl ether (DPnB, ≥
98.5%) or a typical glycol: Propylene glycol (≥ 99.5%). For spreading of pure
liquids, we use “Milli-Q” water and toluene (≥ 99.9%). All chemicals were
purchased from Sigma-Aldrich. The corresponding experimental phase diagrams of water and glycol ether mixture adapted from Bauduin et al. (2004)
are shown in Figure 6.5 (Supplementary Information 6.11), and the basic
physicochemical parameters of glycol ethers at room temperature (∼ 25 o C)
from existing literature (Staples et al., 2002; Bauduin et al., 2004; Frank
et al., 2007) are summarized in Table 6.1 (Supplementary Information 6.11).

6.10.3

Preparation of two mutually saturated phases

The immiscible DPnP-water solution were prepared by first mixing DPnP
and water with a weight ratio of 1:1. The well-mixed solution was then centrifuged in a laboratory centrifuge (Centrifuge 5804R, Eppendorf) at 4000
r.p.m for 2 hours and allowed to phase-separate for more than 48 hours.
Finally, the two mutually saturated phases, i.e., water-rich and DPnP-rich
solutions, were collected from the bottom and top layers of the well equilibrated mixture, respectively.
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6.10.4

Measurements of liquid viscosity, surface tension and contact angle

The viscosity µ of liquid mixture was measured by a temperature-controlled
rheometer (Anton Paar MCR 502). The surface tension γLV was measured
with a goniometer (DataPhysics OCA 20) using the pendant drop method.
For each mixture, at least ten droplets were measured and analyzed to obtain
the surface tension, with an average error of 0.16 mN/m. The static apparent
contact angle θapp (Figure 6.1(e)) was measured with this goniometer using
the sessile drop method.

6.10.5

Observation of the main droplet

The recording of main droplet was performed in a custom-built chamber (∼
10 × 10 × 5 cm), mounted on the top of an inverted (epi-fluorescence) microscope (Nikon Eclipse Ti2E). A computer-controlled heating system was
further built into the chamber, allowing the substrate to be set at defined
temperature and heating rate. The heating system composed of a transparent ITO glass (28 × 28 mm, thickness 0.7 mm, CEC020B, Praezisions Glas
& Optik GmbH), a home-assembled PID controller, and a Python-based controlling interface, which was also calibrated by an IR thermal imaging camera
(Laserliner). Droplets composed of mixtures of water (“Milli-Q”) and a glycol
ether or propylene glycol, with initial volumes Ω = 0.5–2 µL, were gently deposited onto the cleaned microscope coverslip with a glass syringe (Hamilton
GasTight). Afterward, droplet behavior was observed simultaneously by two
cameras: one high-speed camera (Phantom VEO 4K-L, 50–500 fps) for the
bottom-view recording, and another cmos camera (Point Grey Grasshopper2,
27 fps) attached to a macro lens (Thorlabs Bi-Telecentric lens, 1.0X, W.D.
62.2 mm) with a collimated-light source for the side-view recording (also
see Figure 6.1(d)). The bright-field microscopy was performed with either a
×2 Plan Apo objective for observing the whole droplet or a ×40 (numerical
aperture 0.60) Plan Fluor objective for detecting the region of contact line.
The relative humidity RH and ambient temperature were stable, 30 ± 5%
and 21 ± 1 o C, respectively. All images were analyzed by custom-made matlab codes and/or the open-source imagej software.The dynamical apparent
contact angle θapp (Figure 6.2(c)) was obtained from the side-view images as
θapp ' 2h0 /R, where h0 and R are the maximal height and the foot radius
of the droplet, respectively.
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6.10.6

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 λ = 633 nm, sampling period ∼ 0.8 s) (Bahr, 2007). To
regulate the substrate temperature, the ellipsometer was equipped with a
temperature controller (Eurotherm), which was sampled by a thermal sensor. Furthermore, to minimize the light reflection from the bottom side of
glass substrates, one-side frosted microscope slides, instead of coverslips, were
applied, and additionally a half part of the substrate were untreated so as
to fix the droplet during measurements. The angle of incidence αi was adjusted so that the value of ellipsometric angle ∆ was near 135o . Typically,
low heating rates (≤ 1 o C/min) were applied in order to efficiently capture
the fast dynamics of precursor film, and additionally, droplets with large
size Ω = 5–10 µL were adopted to reduce the evaporation-induced volume
shrinkage. During ellipsometric measurements, the main droplet was simultaneously recorded by a camera (Point Grey Grasshopper2, 10 fps) from the
top-view, accompanying with a green light (λ = 550 nm, KL 1500 LCD) as
illumination from the side (Supplementary Information 6.11, Figure 6.10).
Here, the green light was applied to avoid its interference with the HeNe
laser light (λ = 633 nm). Under this condition, the value of ∆ 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 vapor field due to ambient air currents. For all
experiments, each measurement begun when the deposited droplet reached
a steady state (∼ 1–3 min). During this period, droplets were assumed to
form an effective θapp as well as to develop a stable precursor film.

6.11

Supplementary Information

6.11.1

Supplementary Videos

Video S1: A 1 µL droplet of DPnP-water mixture (φ = 0.1) heated on
a complete wetting substrate. The heating starts from 25 o C at a rate of
∼ 1.8 o C/s. The video plays at real time.
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Video S2: Similar to Video S1, but on a partial wetting substrate.
Video S3: A high-resolution video showing the abrupt motion of contact
line, followed by nucleation and growth of emulsion microdroplets (φ = 0.1).
The video starts at 0.2 s before droplet spreading, and plays at 0.2 × real
time.
Video S4: A 1.5 µL droplet of DPnP-water mixture (φ = 0.8) heated
on a complete wetting substrate. The heating is triggered from 25 o C with a
rate of ∼ 1.8 o C/s. The video plays at real time.

6.11.2

Supplementary Figures and Table

Figure 6.5: Experimental phase diagrams, temperate T -mass fraction φ
of mixture of water and three different glycol ethers: DPnP (green circles), TPnP (red squares), and DPnB (blue diamonds), which are adapted
from Bauduin et al. (2004).
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Figure 6.6: The viscosity µ of water-rich (φ = 0.1, a) and DPnP-rich (φ = 0.9,
b) binary mixture as a function of temperature T . The apparent viscosity
of water-rich mixture reaches a minimum at around T ∼ 40 o C due to the
phase-separated microdroplets. No apparent increase of viscosity of DPnPrich mixture is seen, which is probably due to the minor effect of emulsion
droplets compared to that of temperature.
Table 6.1: The adopted glycol ethers and associated basic physicochemical
parameters at 25 o C (Staples et al., 2002; Bauduin et al., 2004; Frank et al.,
2007).
ρ (g/cm3 ) pv (mmHg) γ (mN/m)

GEa,b

Mw

DPnPc

176.25

0.916

0.12

27.8

TPnP

234.33

0.935

0.0002

27.6

DPnB

190.28

0.913

0.068

28.4

Molecular structure
O
2

O
3

OH

OH

O
2

OH

a
GE: glycol ether; Mw: molecular weight; ρ: density; pv : vapor pressure; γLV : surface
tension.
b
For another component of binary droplets, H2 O, pv = 23.756 mmHg and γLV ∼ 72.4
mN/m at 25 o C.
c
LCST of the DPnP-water mixture is 13.8 o C at the DPnP mass fraction φ ≈
0.4 (Bauduin et al., 2004).
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Figure 6.7: (a) The estimated capillary velocity Ucap = γLV /µ of DPnPwater mixtures, water and toluene at the temperature of spreading. We
assume that the effect of temperature on surface tension is insignificant, and
adapt surface-tension values at room temperature T ∼ 20 o C. (b,c) The range
of possible capillary numbers Ca (gray shadows) based on capillary velocities Ucap obtained from water-rich ( φ = 0.1, 0.15, light & dark green circles,
respectively) and DPnP-rich (φ = 0.9, transparent light & dark green circles, respectively) mixtures at the temperature of spreading. In (b), droplet
spreads at T ∼ 37 o C, and in (c), droplet spreads at T ∼ 25 o C. Here we
point out that in our case, the capillarity-viscous dissipation balance of CoxVoinov spreading is still applicable for low-viscosity pure liquids because the
drops are thin (θapp < 20o ): when the Reynolds number is much smaller than
the aspect ratio, namely, ρUCL h2 /(µR)  1 (ρ is the liquid density and h
the droplet height), the lubrication approximation is still valid and thus the
inertia can be neglected (Bonn et al., 2009; Jambon-Puillet et al., 2018). For
all our droplets, ρUCL h2 /(µR) . 0.1.
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Figure 6.8: (a) The normalized maximal intensity of contact line region used
to identify the nucleation event. The intensity signal grows rapidly upon nucleation tn ≈ ts + 0.44 s, where ts represents the onset of spreading. (b) The
corresponding high-resolution images showing the motion of advancing contact line, followed by nucleation and growth of microdroplets. The scale bar
is 50 µm.

Figure 6.9: Abrupt spreading of phase-separating binary droplets with different heating rates, mass concentrations, and glycol ethers. (a) The droplet
radius R versus t, where red vertical lines indicate the onset of each spreading t = ts . (b) The normalized intensity signals to identify the nucleation
event. In all experiments, the heating is triggered from 25 o C at t = 0 s, and
the droplet size is 1 µL. It should be noted that the horizontal axis in (b) is
defined as t − ts for clarity.
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Figure 6.10: Schematic showing the on-site ellipsometric measurement of
the precursor-film dynamics and simultaneous top-view monitoring of the
main drop (not to scale). Here, αi and d refer to the angle of incidence and
the distance between the center of laser spot and macroscopic contact line,
respectively. The inset shows a typical experimental image captured from
the top-view camera.
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Figure 6.11: (a) Dependence of ∆ and tanΨ on the angle of incidence αi before (red squares) and after (blue circles) droplet deposition on a full wetting
substrate. Note that when the chosen αi is near 57.5o where the ellipsometric angle ∆ is around 135o , ∆ is most sensitive to the droplet deposition.
(b,c) Change of ∆ when a droplet is suspended above (b) and deposited on
(c) the substrate, where αi = 57.5o . Here, Droplets are made up of water and
DPnP (φ = 0.1) with Ω = 5 µL, and the detection distance d to droplet edge
is around 5 mm. A decrease of ∆ can be observed in both cases, followed by
slight fluctuations, indicating that the development of precursor film is given
by the evaporation-condensation mechanism (Novotny et al., 1991; Hack et
al., 2021).

Figure 6.12: The profile of ∆ (circles) and T (red line) as a function of (t−ts )
for a high heating rate: 1.2 o C/s. No obvious increase of ∆ can be observed
before droplet spreading.
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Figure 6.13: (a,b) Additional wettability test of DPnP-rich and water-rich
droplets under/on plasma-treated (a) and ethanol-cleaned (b) cover glasses.
All scale bars are 0.5 mm. (c) θapp versus t showing water-rich droplets
spread on the plasma-treated (red squares) and the ethanol-cleaned (blue diamonds) substrates, respectively. Note that the hydrophilic surfaces applied
in Figure 6.4 of the main text were cleaned by piranha solution.
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7.1

Introduction

Wetting and transport of multicomponent liquids over solid surfaces are important processes in fields such as medicine (Horwath et al., 2001), arts
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(Baglioni et al., 2013; Abdulsalam et al., 2015), biology (Gao et al., 2004;
Bohn et al., 2004), and in engineering applications like coating (Overdiep,
1986). Mostly, the solid surfaces are not ideally smooth or pure, but present
physical and chemical patterns. These inhomogeneities affect the motion of
the liquid front where the solid, liquid and vapor phases meet, ie. the three
phase contact line, either by preventing, enhancing, or redirecting its motion.
These effects are widely used to control the wetting behavior by fabricating
surfaces with specific chemical composition, topography, or by controlling
the surface temperature. Moreover, the liquid complexity gives rise to a variety of wetting phenomena, frequently induced by surface tension gradients,
originated by composition (Darhuber et al., 2003) or temperature (Venerus
et al., 2015; Shiri et al., 2021) gradients near the contact line. Examples
of these are enhanced spreading (Stoebe et al., 1996), fingering (Hamraoui
et al., 2004), or dewetting (Takenaka et al., 2014), among others. Simultaneously, liquids induce or prevent modifications of the solid surface topography
and composition, for instance pattern collapse (Tanaka et al., 1993), contamination (Fatima et al., 2016) or inhomogeneous coatings (Kim et al., 2016).
Therefore, the fundamental understanding of the interplay between surface
tension gradients and contact line dynamics over patterned surfaces is of
great interest.
Marangoni drying is a technique used for removing liquid films from hydrophilic solid surfaces (Leenaars et al., 1990). This technique is used for
example in the semiconductor fabrication for cleaning silicon wafers (Marra,
1993). While pulling a hydrophilic substrate out of a water bath or spinning the wetted substrate, vapor of a water-soluble organic solvent is blown
onto the contact line region, thereby enhancing its receding motion to dewet
the solid surface. The origin of the effect is an inward Marangoni flow resulting from vapor absorption at the water interface. Since the surface tension of the organic solvent is lower than that of water, an inward surface
tension gradient appears due to the preferential absorption near the contact line, similarly to what is observed in selective evaporation of binary
mixtures drops (Karpitschka et al., 2017; Benusiglio et al., 2018). In the
contracted state, induced by Marangoini flows, contact lines show high mobilities (Huethorst et al., 1991; Cira et al., 2015) while almost no deposition
of contaminants from the liquid onto the surface is observed (Leenaars et
al., 1990). While the majority of existing studies focused on Marangoni
contraction on homogeneous surfaces, little is known about this effect on
heterogeneous surfaces (Marra et al., 1991). Here we investigate the wetting
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dynamics of Marangoni contracted drops on a porous surface in a controlled
atmosphere.
Porous materials are common in every day life situations. Examples of
these are paper (Sarah et al., 2018), fabrics (Zhao et al., 2017), biological
materials like wood (Zhou et al., 2018), and geological formations like rocks
and soil (Bakhshian et al., 2020). When a drop is placed on the surface of
a hydrophilic porous solid, the drop spreads and is simultaneously absorbed
into the pores of the solid, forming an imbibition zone underneath the surface, which expands from the drop edge into the solid. On a thin porous
coating on an inert support, the main (slow) transport is directed in radial
direction, while full imbibition is quickly achieved along the vertical direction
(Figure 7.1(a)). The imbibition, which is the sorption of liquid into porous
media, is relevant for technological applications such as medical diagnostics (Martinez et al., 2010), irrigation, and water injection into geothermal
reservoirs (March et al., 2016). Both drop spreading and imbibition are affected by different aspects like porosity, permeability, gravity, surface tension
and wettability (Kumar et al., 2006; van Gaalen et al., 2021). In particular,
when a drop is placed on a porous surface, the spreading dynamics follow
distinct stages (Kumar et al., 2006; Arjmandi-Tash et al., 2017; Léang et al.,
2019), and one has to distinguish between partial and complete wetting of
the external surface of the porous medium. For partial wetting, first the
drop radius increases until reaching a maximum while the apparent contact
angle decreases. Second, the radius remains constant and the contact angle
continues to decrease, due a volume loss by imbibition into the pores. In the
final stage, a simultaneous decrease of the drop radius and volume happens,
as the wicking procedes. For complete wetting, the dynamics are similar but
without the second stage. The case where the vapor of a second, miscible,
liquid is present in the atmosphere around the drop and the porous material, has not been studied. However, combining the strong impact of organic
vapors on dynamic wetting with the huge internal surface area of porous
media, one may expect a significant impact of the vapor also on the wicking
dynamics.
In this work we show that the dynamics of water drops over a thin hydrophilic porous media are affected by the presence of IPA vapor in the
surrounding atmosphere.
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7.2

Experimental methods

Experiments where done inside an atmospheric control chamber (size ∼
10 cm × 10 cm × 10 cm), at room temperature. The atmosphere was composed of a mixture of dry nitrogen and 2-Propanol (IPA, Carl Roth, purity
>= 99.9%) vapor. Nitrogen and IPA vapor were continuously injected to
membrane-separated antechambers, behind gas-permeable membranes at opposite side-walls of the main chamber (see Chapter 3 and Ramı́rez-Soto and
Karpitschka 2021 for detailed description on the setup). To achieve arbitrary
vapor conditions, the mixing ratio of dry and IPA-saturated gas fluxes was
regulated with mass flow controllers (MKS Instruments Type MF1) to the
desired proportion, mixing the two fluxes prior to injection, keeping total
flux constant at 500 sccm. When forming homogeneous atmospheres, both
sides of the chamber had the same mixing ratio. For atmospheres with vapor gradients, different conditions were set, 0% IPA vapor in one side of the
chamber and 100% water vapor in the other.
The substrates used were made of a porous silicon oxide layer, templated
by candle soot, on top of quartz microscope cover slides. Candle soot consists of a porous network of ∼ 50 nm size carbon nanobeads (Deng et al.,
2012), ideally suited as a low-cost bulk porous material with a hierarchical
multi-scale porosity down to a few nanometers. The preparation protocol
was inspired by the technique reported previously for preparing superamphiphobic surfaces (Paven et al., 2013; Paven et al., 2014; Ramı́rez-Soto et
al., 2020).
The quartz cover slips (Thermo Fisher Scientific, 25.4 mm × 25.4 mm size,
0.15−0.25 mm thick) were first cleaned by sonication in a series of solvents
(ethanol, Carl Roth, purity ≥ 99.5, acetone, Sigma Aldrich, purity ≥ 99.5,
and toluene, Sigma Aldrich, purity >= 99.9%, and water, “Milli-Q”, resistivity 18 MΩ · cm) for ∼ 3 min in each chemical. Afterward, the slides were
dried in an oven at 70 °C. The slides were then coated on one side with a
layer of candle soot. To coat the slides, the glass slides were held above the
candle flame, with constant oscillatory motion in the horizontal plane, perpendicular to the flame, to form a uniform layer of soot particles. The coated
slides were placed in a desiccator and stored for 24 h with an open borisilicate glass vial containing 3 ml of ammonium and a second vial with 3 ml of
tetraethoxysilane. By this, a chemical vapor deposition and cross-linking of
tetraethyl orthosilicate, catalyzed by ammonia, takes place. A 30 − 40 nm
thick silica layer is deposited over the porous nanostructures (Paven et al.,
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2013). The substrates were annealed in an oven (Carbolite Gero 30-3000 °C)
at 990 °C for 3 h, contained in ceramic boxes for dust protection. At this annealing temperature, the rigidity of the silica layer increases, coming closer
to that of fused silica (Zhang et al., 2010), while the soot burns, resulting
in a transparent (nano-)porous silica medium. The substrates were kept dry
and protected from dust until use. The main difference with Paven et al.
(2013) and Paven et al. (2014) is that we skipped the application of oxygen
plasma and the silanization step, to keep the substrates hydrophilic instead
of making them superamphiphobic.
Pure water drops (“Milli-Q”) with initial volumes of 1-2 µl, were deposited
with a needle (Hamilton Removable Needle, small hub, gauge 22s, tip type 3,
Hamilton syringe Gastight Series 1700, volume 10 µl) onto the substrate, at
atmospheres with different IPA vapor content. Experiments with pure water
or pure IPA drops were done in atmospheres saturated with the vapor of the
same liquid as the drop as reference experiments.
Side-view imaging at an oblique angle(∼ 6◦ ) of the drop and the imbibition film was performed with a monochromatic camera at 27 FPS, equipped
with a telecentric lens (Thorlabs Bi-Telecentric lens, 1.0X, W.D. 62.2 mm),
illuminating the scene with collimated light from the opposite side, at the
same angel of incidence, leading to bright specular reflections on horizontal
liquid surfaces. Figure 7.1(a) shows a typical snapshot of a droplet surrounded by an imbibition layer. The drop (black lens) is surrounded by an
imbibition zone (bright inner and dark outer zone) and the gray (scattering)
porous substrate. The radius and the baseline of the drop is determined
by the transition from the dark lens and the bright (inner) imbibition zone.
The height of the drop is determined by the bright (specular) reflection of
the illuminating light on its top part. By measuring the radius R of the drop
and the apical height of the drop h (above the porous layer), the apparent
contact angle is calculated by θapp = 2h/R, assuming a spherical cap shape
approximation, with small contact angle. Precise measurements were possible down to θapp ∼ 2°, limited by imaging artifacts due to reflection and
scattering on the imbibition film, such that the edge of the drop base and
the apex of the drop can no longer be distinguished from the porous layer.
Frequently, the drop pins after spreading and its shape is no longer close to
a spherical cap. In these cases, the measurements were obtained just before
the drop deforms significantly. The inner, bright part of the imbibition zone
corresponds to a (almost) complete imbibition, leading to a flat, horizontal
liquid surface and specular reflection of the light source. The outer, dark
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Figure 7.1: (a) Side view of a drop spreading over a substrate made of a
porous silicon oxide layer. The drop lies above the porous substrate. The
liquid from the drop imbibes into the porous layer and forms a film ahead of
the main drop. (b) Drops of pure water or pure IPA in atmospheres saturated
with vapor of the same liquid as the drop spread and fully imbibe into the
porous medium. In contrast, water drops in atmospheres with IPA content
remain contracted: absorption of the IPA vapor on the water drop interface
creates a surface tension gradient, inducing a Marangoni flow that prevents
the liquid to fully imbibe. (c) Evolution of the apparent contact angle of a
pure water drop on a water vapor saturated atmosphere and a pure IPA drop
on a IPA vapor saturated atmosphere. (d) Apparent contact angle vs. time
for a water drop on an atmosphere that is initially dry, then it is saturated
with IPA vapor.
part of the imbibition zone corresponds to partial imbibition. Here, incident
light is strongly scattered due to the contrast in refractive indices between
the dry and the wet regions. The dry substrate is visible as the outermost,
gray zone, indicating a less pronounced scattering of the incident light by the
porous structure. The radius of the imbibition front L was determined from
the side-view images by the transition from the black to the gray zone.
Bottom view imaging was performed with an inverted fluorescence microscope (Nikon Eclipse Ti2E). For optical imaging of the drop edge and imbibi130
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tion front, a plan APO dry immersion objective lens (4x, NA 0.20) was used.
For flow visualization experiments, a high-aperture water-immersion objective (20x, NA 0.95) was used. Fluorescent polystyrene microspheres (Thermo
Fisher Scientific F8809, diameter 200 nm) were used as flow tracers, with a
mass fraction of 7.8 × 10−5 of the particle stock solution. Images of the particles were captured with a high-speed camera at 900 FPS, quickly switching
between z-planes by automating the focus system of the microscope. Flow
traces of the particles were obtained by projecting the pixel-wise maximum
intensity along a stack of 100 subsequent frames.

7.3

Results and Discussion

When a liquid drop is deposited on the porous substrate, it spreads over
the top outer surface of the porous layer, while simultaneously wicking into
the medium, forming an imbibition zone ahead of the spreading drop. This
is generally the case, independent of the chemical composition of the drop
and the atmosphere. Panel (a) of Figure 7.1 shows a representative sideview image of a drop on a substrate with a porous layer. The main drop
is visible as a dark lens, with a specular reflection of the light source at the
apex. The imbibition zone appears bright near the edge of the drop, and
becomes dark towards its periphery. This gradient in gray scale results from
the difference between specular reflection on a fully imbibed layer versus the
strong scattering properties of partially imbibed porous silica.
Panel (b) shows cross-sectional sketches of the drop and the imbibition
zone in the substrate, for three cases: a water drop in water vapor (small
sketch, blue), an IPA drop in IPA vapor (small sketch, green), and a water
drop in IPA vapor (main sketch). In both of the chemically homogeneous
cases (pure water and pure IPA), there are no compositional gradients and
the drop spreads and imbibes into the porous medium, as has been observed
in many previous studies (Kumar et al., 2006; Arjmandi-Tash et al., 2017;
Léang et al., 2019; van Gaalen et al., 2021). In contrast, a water drops in an
IPA vapor saturated atmosphere is expected to develop strong compositional
gradients and internal flows, as indicated by the arrows.
Panel (c) shows the evolution of θapp for chemically homogeneous systems.
A pure water drop in a water vapor saturated atmosphere spreads until it
pins while wicking continues, reaching θapp = 0 simultaneous to complete
imbibition at (tD,f = 61.3 s). A pure IPA drop on a IPA vapor saturated
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atmosphere spreads, reaching a non-zero minimum θapp ∼ 4° which remains
nearly constant until complete imbibition at (tD,f = 125.2 s).
Panel (d) contrasts this simple behavior with the evolution of θapp for a
water drop in an atmosphere that is initially dry but then quickly switched
to saturated IPA vapor. Initially, the drop spreads with θapp decreasing
continuously, similar to water in high ambient humidity. When the IPA
vapor is introduced, ∼ 10 s after drop deposition, the trend of θapp reverses,
increasing up to a maximum of ∼ 13°, ie. the drop contracts on top of a
porous layer. This behavior can be explained with inward Marangoni flows
induced by the absorption of IPA vapor on the interface of the water drop,
similar to what is known on smooth, inert substrates.
In the following we study how the presence of IPA vapor affects the
spreading of a water drop and the progress of imbibition front in the porous
layer. Additionally we show preliminary results on the internal flow of a
Marangoni contracted drop and preliminary results on drop motion induced
by atmospheric vapor gradients.

7.3.1

Dynamics of the drop

To quantify the impact of the IPA vapor on the spreading dynamics of water
drops, the evolution of the drop shape was measured in atmospheres with
different IPA content.
Figure 7.2 shows the evolution of θapp (top row) and R (bottom row)
for the first 40 s after drop deposition, except for the case presented in the
last column where the experiment happens in a shorter time. Column (a)
shows the measurements of the chemically homogeneous systems. A pure
water drop on a water vapor saturated atmosphere completely spreads and
imbibes into the substrate. During the entire process θapp decreases to zero.
Simultaneously, R shows two stages. In the first stage it increases and reaches
a maximum, in the second stage it decreases to zero. For a pure IPA drop
on an IPA vapor saturated atmosphere R also shows the same two stages as
the water drop. But different than the water case, the IPA drop reaches a
minimum θapp ∼ 4° in the first stage, and it increases few degrees during the
second stage, remaining nearly constant until the drop completely imbibes.
The behavior of both liquids is characteristic of complete wetting in porous
media, where the drop lying over the porous surface shows these two distinct
stages (Kumar et al., 2006; Arjmandi-Tash et al., 2017; Léang et al., 2019).
The main difference between the water drop and the IPA drop is the receding
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Figure 7.2: Apparent contact angle (top row) and radius (bottom row) vs.
time. Column (a): A pure water drop and a pure IPA drop in atmospheres
saturated with the vapor of the same liquid. Columns (b-d) Pure water drops
in atmospheres with an IPA content of 100% (column b), 50% (column c),
and 10% (column d; note the different time scale on this panel).
apparent contact angle during the shrinkage of the drop base, ∼ 0° and ∼ 4°,
respectively.
Columns (b-d) show θapp (top row) and R (bottom row) vs. t for heterogeneous systems. Three measurements for water drops in an atmosphere
with 100% IPA content are shown in column (b), with 50% in column (c),
and with 10% in column (d). It was observed for 100% IPA content that
θapp ≥ 6° for several minutes after deposition. Moreover, the evolution of R
goes through three stages, characteristic of partial wetting on porous substrates (Kumar et al., 2006; Arjmandi-Tash et al., 2017; Léang et al., 2019).
In the first stage, as in complete wetting, the drop spreads until R reaches a
maximum. In the second stage, different than in complete wetting, R remains
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constant. In the last stage, as in complete wetting, the drop base shrinks to
R = 0. Although the behavior is similar for the three repeated experiments,
the measurements are not reproducible. A similar result is obtained for the
cases with atmospheres with 50% IPA content. With 10% IPA content, R
also shows the three stages but the intermediate stage is shorter than with
100 and 50% IPA content, and θapp decreases faster to lower values than on
those cases.
The high variability between measurements with same experimental parameters is caused by the stochastic pinning of the contact line. During
the spreading process, when R increases, material of the porous network is
collected at the perimeter of the main drop and due to the growing of the
imbibition film, forming rings of accumulated material where the edge of the
main drop tends to pin. When R decreases, the pinning sites prevent the
edge of the main drop to uniformly recede. These is also one reason why in
some cases θapp and R in the receding stage are not measured, since the drop
shape deforms due to pinning the spherical cap shape assumption no longer
holds. Another reason for the non-reproducibility is the varying thickness of
the porous layer, which is not fixed due to the fabrication process. By volumetric arguments, in a thin porous layer the liquid is expected to expand
more in the horizontal direction than in a thick porous layer. The difference
in thickness is not expected to be orders of magnitude since the relevant
aspects in the fabrication process (time and the distance of the exposure to
the candle flame (Paven et al., 2013)) are kept similar, but variations by a
factor 2 or more are expected.
A related aspect to consider for the evolution of the drop shape is the
initial drop volume VD,i . It affects the maximum radius of the drop base,
the final radius of the imbibition film and the total imbibition time (Starov
et al., 2003; Kumar et al., 2006). The drop volume is calculated using the
formula for the volume of a spherical cap
VD =


π
h 3R2 + h2 .
6

(7.1)

Figure 7.3 shows the evolution of the drop volume for the chemically homogeneous and heterogeneous systems (crosses and dots, respectively). The
left panel shows the evolution in physical units on linear axes. The drop
volumes decrease continuously to zero, at different rates for the different
cases, in a non-linear way. The right panel shows the same data but nondimensionalized and on logarithmic axes. VD is scaled with the initial drop
134

7.3. RESULTS AND DISCUSSION

100

IPA drop / IPA vapor
water drop / water vapor

1.5

VD /VD,i

VD [mm3 ]

2.0

1.0

10−1
% of IPA vapor (water drop)

0.5
10−2

0.0
0

100

100
100
100

70
60
50

10−1

200

50
50
20

10
10
0

100

1 − t/tD,f

t [s]

Figure 7.3: Left panel: Volume of the drop above the outer surface of the
porous substrate vs. time, for a pure water drop and a pure IPA drop in
atmospheres saturated with the vapor of the same liquid(crosses), and for
water drops in atmospheres with different IPA content (dots). Missing data
is caused by imaging artifacts that are especially problematic at very small
apparent contact angles. Right panel: Same data, drop volume scaled with
the initial volume and time scaled as 1 − t/tD,f , where tD,f is the time at
which the drop imbibed completely.
volume VD,i , and time is scaled as 1 − t/tD,f , where tD,f is the time at which
the droplet completely imbibed into the porous layer. Although the data expands over only about a decade, it is compatible with power laws of different
exponents, ranging from ∼ 0.5 to ∼ 1 for the different cases. In particular,
for water drops in atmospheres with IPA content no trend is observed with
respect to the percentage of IPA.
Two simultaneous processes are involved in the volume decrease of the
droplets: evaporation and imbibition. For the chemically homogeneous cases,
where the droplets sit in an atmosphere that is (almost) saturated with the
vapor of the droplet, the imbibition process clearly dominates, ie. most
of the liquid flows into the porous layer. In Figure 7.3, right panel, these
two cases appear very similar. Contrarily, water drops in dry atmospheres
or atmospheres with some IPA vapor content decreases in volume not just
due to imbibition but also because water evaporates. Additionally, in atmospheres with IPA vapor, Marangoni flows cause a recirculation within the
drop, caused by absorption of IPA on the drop interface. This leads to an
inhomogeneous pressure in the droplet which is different from the rather
constant capillary pressure in pure droplets. With these different processes
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taking place, it is expected that VD for water drops evolve differently specially
for the extreme cases, ie. in dry atmospheres, in atmospheres with saturated
water vapor, or with saturated IPA vapor.

7.3.2

Dynamics of the imbibition front.

The evolution of the imbibition was observed from the side view (Figure 7.1(a)).
For pure liquid drops in atmospheres saturated with the vapor of the same liquid, the liquid fully imbibed into the porous substrate, reaching a maximum
wet area that did not change considerably during the remaining observation
time. In contrast, for water drops in dry atmospheres and atmospheres with
IPA vapor, imbibed liquid evaporates, and the wet area decreases again after
some time, until disappearing completely.
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Figure 7.4: Left panel: Length of the imbibition film vs. time, for a pure
water drop and a pure IPA drop in atmospheres saturated with the vapor
of the same liquid as the drop (crosses), and for water drops in atmospheres
with different percentages in IPA content (dots). Right panel: Same data but
with L scaled with the maximum length of the imbibition film and t scaled
with the time taken to reach the maximum length. For the experiments were
the entire evolution of the imbibition film could be observed within the field
of view.
Figure 7.4 shows the evolution of the imbibition film radius L (Figure 7.1(b)). The left panel shows the data in physical units on linear axes.
For the homogeneous cases, L increases continuously. For water drops in
dry atmospheres or atmospheres with IPA content, the evolution of L vs. t
exhibits three stages. In the first stage, L increases up to a maximum value,
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followed by the second stage where L remains constant. In the last stage, L
decreases to 0 where the wet area disappears completely. The last two stages
are observed only in the cases where evaporation is present. The right panel
shows the same data but in dimensionless units on logarithmic axes, for the
experiments were the maximum expansion was still in the field of view of
the side view image. For the water drop on water vapor, the maximum expansion was obtained separately from the bottom view images. L was scaled
with the maximum radius Lmax , and t with tmax , the time at which Lmax was
reached. By this scaling, the data is forced to collapse in the second stage,
and different trends in the first and last stage are visible. The data follows
a similar trend in the first stage, and differs significantly in the last stage.
In the first stage, the presence of IPA vapor seems to reduce the speed of
the imbibition front. In the last stage, there is a pronounced dependence of
on the IPA content in the atmosphere. The rate at which the extent of the
imbibition zone shrinks decreases with increasing IPA content.
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Figure 7.5: Time taken by the drop to imbibe minus the time taken by the
imbibition film to reach its maximum radius, as a function of the IPA content
in the atmosphere.
Next we plot the delay between the time when the maximum imbibition
zone radius is reached, tLmax , and the complete imbibition of the droplet,
tD,f , as a function of the IPA vapor content (Figure 7.5). Here, a dependence
is observed: This delay increases significantly with the IPA content of the
atmosphere. For a water drop in a water vapor saturated atmosphere, the
drop completely imbibes well before the maximum imbibition film radius
is reached. For water drops in atmospheres that are undersaturated with
water vapor, but contain IPA vapor, the opposite is observed: The maximum
137

7.3. RESULTS AND DISCUSSION
imbibition film radius is reached before complete imbibition. Moreover, tD,f −
tLmax increases with IPA content. For low IPA content, tD,f and tLmax are
nearly the same, ie. the maximum imbibed area is given by the initial volume
of the liquid. For higher IPA content, L starts decreasing even there is still
liquid above the surface. Two main effects could be responsible for this
observation. On the one hand, the liquid in the main drop recirculates within
the drop, and the pressure at the substrate is different from the capillary
pressure in homogeneous situations. On the other hand, absorption of IPA
vapor in the imbibed liquid would alter the wicking force directly. Thus, the
presence of IPA vapor changes the pressure gradient between the imbibition
front and the reservoir, and essentially prevents imbibition at some point.
Figure 7.6 shows snapshots of the imbibition film of water drops during the imbibition process from bottom view. Each row corresponds to the
process for different atmospheric conditions. The first column corresponds to
the drop deposition. The second column corresponds to an intermediate time
when the drop spreads and wicks, and the imbibition film advances ahead
of the contact line of the drop (blue dots). The third column shows when
Lmax is reached. The last column corresponds to an intermediate time when
the imbibition film recedes. The region covered by the drop has been colored
(yellow) for illustration. The droplet is surrounded by the imbibition film,
showing up as a gray zone with varying brightness, depending on the filling
degree of the porous medium. In all the images after drop deposition, we
can observe sharp transition zones in the imbibition film and at the edge of
the droplet. Here, the topography of the substrate changes, due to capillary
forces breaking the the porous network apart an accumulating the material
it in concentric rings which remain after the region has dried.
The presence of water vapor (bottom row) leads to a more homogeneous
filling, whereas for dry and IPA vapor atmospheres, a large dark zone is visible, corresponding to the strong scattering or partial imbibition. In the third
column, the imbibition film appears bright near the main drop and becomes
darker at the periphery, this is due to the difference in transmission properties
of dry, fully and partially imbibed porous layer. This gradient increases with
increasing IPA content in the atmosphere. When reaching the maximum imbibition length, regions that were previously fully imbibed become partially
imbibed or dry. This is observed when dark spots appear in the brighter
zones and the dark region becomes larger (third and fourth columns). For
dry ambient conditions, there is no dark region during spreading which appears only when the imbibition front recedes. And in atmospheres saturated
138

7.3. RESULTS AND DISCUSSION

Figure 7.6: Time-lapse images of the imbibition film of water drops in different atmospheric conditions (rows), from bottom view. The field of view
moves with the imbibition front (blue dotted line). The water drop (yellow
region) is deposited on the porous substrate (first column), it spreads and
the imbibition film forms (second column). The imbibition film spreads until
reaching a maximum length (third column), and then recedes (fourth column) until it disappears completely. The imbibition film appears bright near
the main drop and becomes darker at the periphery due to the difference in
transmission of dry, partially and fully imbibed porous medium.
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with water vapor, wicked pores remain imbibed.
These observations show that, without IPA, the liquid imbibes almost homogeneously into the porous medium. In the atmosphere with near-saturated
water vapor content, the pores remain fully imbibed. In a dry atmosphere,
evaporation is responsible of drying of the pores. IPA vapor in the atmosphere, changes this behavior drastically. A strong gradient from dry, over
partially imbibed, to complete imbibition is observed from the periphery of
the substrate to the contact line of the droplet. The evolution of this gradient
depends on the IPA content in the atmosphere. Another consequence of IPA
vapor is to keep the front of the imbibition film regularly shaped, in the form
of a circle that is nearly concentric to the droplet, as opposed to an irregular
front in dry and water vapor atmospheres.
The details of the mechanisms behind these observations remain to be
explored. In the next section we present some preliminary qualitative observations on the flows within droplets above the porous medium.

7.3.3

Internal flow.

In order to visualize the flows in the drops, fluorescent particles were seeded
into the liquids prior to deposition and observed in epifluorescence from the
bottom view. Figure 7.7 shows the trajectories of the particles by streak
visualization, inside a drop on a porous substrate, in an atmosphere saturated
with IPA vapor. Each column corresponds to a different z-plane parallel to
the substrate. Bottom images are a closeup of the top ones, they show the
zone where the in-plane velocity of the particles change sign, i.e., where they
move predominantly in the vertical direction. The dark zone with no particle
trajectories corresponds to the space outside the drop. The free surface of
the drop can be identified by the transition between the dark and bright
zones. In the plane below the substrate surface (first column), the particles
do not reach the edge of the imbibition film, indicating an interaction with
the pores.
In all planes inside the droplet, it is observed that the particles move
radially outwards in the central region of the drop, and inwards in the regions
near the edge of the droplet. This is characteristic of contractile Marangoni
flows, with a surface tension gradient pointing toward the drop apex. The
trajectories are straight for z-planes above the substrate surface. Close to
the surface, trajectories become irregular because of the irregular top surface
of the porous network. This effect becomes more pronounced for the plane
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Figure 7.7: Top row: Streak images of fluorescent particles (200 nm diameter)
inside a Marangoni contracted drop, from bottom view, at different focal
planes below and above the substrate surface. Focal planes above the top
substrate of the porous medium (z > 0), cross the liquid-vapor interface
at some point, and the latter is thus visualized by the transition to a dark
zone with no particle trajectories. In the plane below the substrate surface,
particles are found in the imbibition film, but not at the advancing front
of the film. Bottom row: Zooms of the images above, near the in-plane
stagnation zone, were the particles move vertically.

below the substrate surface. Some particles remain trapped in front of the
reversal zone, moving back and forth in small and shallow convective rolls
perpendicular to the substrate plane. Some particles move from the center
of the imbibition film toward the free interface, reverse there, and continue
in the upward direction. Close to the surface of the porous layer, particles
coming from lower planes are observed along the free interface This shows
that liquid from the film may flow back into the drop above the surface,
driven by Marangoni convection at the droplet surface.
Quantification of these velocity fields, with large velocity gradients and
irregular trajectories would require additional modifications to the PIV technique presented in the first chapters of this theses. Also, for the construction
of cross-sectional velocity profiles in the droplet, modifications to the data
post-processing and analysis will be required. These would be valuable for
modeling flows in/on rough surfaces. An important experimental difficulty
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is to precisely locate a referential z-plane. On smooth surfaces, this could
be achieved by focusing to particles at the contact line of the droplet with
the substrate. This is not possible on porous substrates since the transition
from the drop to the imbibition film is smooth and particles are not trapped
at the contact line but randomly propagate into the pore network.

7.3.4

Drop motion in inhomogeneous atmospheres.

Figure 7.8: Time-lapse images of a water drop moving over a porous substrate
due to a controlled IPA vapor gradient in the atmosphere (bottom view).
The contact line is visible as a bright ring. The field of view moves with the
droplet. Drop motion relative to the substrate is visualized by the indicated
reference point, a defect in the porous layer.
Two main questions can be formulated from the previous sections: Is
Marangoni contraction sufficiently strong to depin droplets from the irregular
outer surface of a porous network, such that they can move freely on top of an
imbibed zone? And what is the mechanism by which the IPA vapor modifies
the imbibition pattern? To address these questions, droplet on porous layers
have been subjected to vapor gradients. It is known from experiments on
smooth surfaces Cira et al., 2015; Benusiglio et al., 2018 that Marangoni
contracted droplet move in vapor gradients unless their contact line becomes
pinned ( Hack et al., 2021; Chapter 4). Figure 7.8 shows snapshots of a water
drop that moves on a porous substrate, observed from the bottom view. The
atmosphere was set with 60% relative humidity to reduce the evaporation
rate of water. An IPA vapor gradient was set in the atmosphere by injecting
continuously nitrogen mixed with IPA vapor in one side of the chamber. The
IPA vapor started being inject into the chamber ∼ 20 s before depositing the
142

7.4. CONCLUSION.

drop. Under this atmosphere, the drop moves parallel to the direction of
the IPA vapor gradient, toward decreasing IPA concentration. The field of
view on the images is kept centered around the droplet, and the net motion
of the droplet can be identified by the surface structure moving through
the field of view, best identified by the trajectory of a defect that has been
labelled in the images. Responsible for this motion is, presumably, a surface
tension gradient on the free surface of the drop: The side closer to the IPA
source should exhibit a lower surface tension than the other side, originating
from the difference in the absorption rate of IPA vapor on the drop interface.
Consequentially, the induced Marangoni flows point toward the side with the
higher surface tension, leading to a net fluid transport to the side of lower
IPA vapor concentration. The fact that the droplet moves demonstrates that
its contact line is not pinned on the asperities of the rough porous surface.
We can see in Figure 7.8 that the drop is shrinking while it moves, but the
motion of the contact lines due to the vapor gradient dominates, causing an
advancing motion on the front and a somewhat faster motion on the receding
side. The droplet provides an imbibition film to the porous medium that
also serves as a lubricant, similar to lubricant impregnated surfaces although
here the lubricant and the droplet are perfectly miscible, and the lubricant
is supplied by the drop, making it a self-lubricated droplet.
It is important to note that droplet motion is not always observed or
sustained throughout an experiment. In many experiments with similar conditions (identical up to the random nature of the substrate surface), motion
was not induced, and the drop remained pinned. Surprisingly, when reusing
a substrate, though dried before re-use, the drop moved freely, and we could
even observe how the imbibition film moved with it. This indicates the importance of the microscopic boundary condition on the inner and top outer
surface of the porous layer, which may be influenced by adsorption of water
or IPA molecules from the previous experiment. More controlled experiments
will be needed to find and control the parameters that affect the unpinning
transition.

7.4

Conclusion.

We observed the evolution of the shape of water drops and the imbibition
film on porous substrates in atmospheres with different composition, dry, wet,
and with varying IPA vapor content. We compare these to the chemically
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homogeneous cases of pure water and pure IPA droplets in atmosphere that
were close to saturation with the vapor of the respective liquid. Pure liquid
drops in atmospheres with vapor of the same liquid exhibit two stages in the
evolution of their radius, characteristic of complete wetting conditions on the
internal and external surfaces of porous substrates: 1) increasing radius to
a maximum and 2) decreasing radius to zero. Water drops in atmospheres
with IPA vapor show three stages: 1) increasing radius, 2) constant radius
and 3) decreasing radius, characteristic of partial wetting. It was found that
the volume of the liquid after spreading above the surface follows power laws,
but no significant dependency between the exponent of the power laws with
the percentage of IPA content was observed. A reason for the absence of such
a trend could be the variable thickness of the porous layer, which affects the
spreading and imbibition processes.
It was observed that the evolution of the imbibition film radius of water
drops in atmospheres with IPA vapor follows three stages: 1) increasing
length to a maximum, 2) constant length, and 3) decreasing length to zero.
The evolution follows a similar trend for the first two stages and differ mainly
in the last one. The difference depends on the amount of IPA vapor in the
atmosphere. The life time of the imbibition film after reaching the maximum
expansion increases with IPA vapor content. Further, the filling degree of
the pores depends on the IPA vapor content: higher IPA concentrations
promote partial imbibition, while dry or wet atmospheres promote complete
(homogeneous) filling conditions. At the same time, the imbibition front
appears more regular with increasing IPA vapor concentration.
Images of tracer particles inside a water drop in an atmosphere saturated
with IPA vapor show the presence of Marangoni flows in the droplet, and also
regions in which liquid flows from the porous medium back into the droplet.
The latter may prevent a complete wicking of the droplet into the porous
medium, maintaining a contracted drop above the porous layer. Motion of
Marangoni contracted drops on top of porous substrates could be induced
by a gradient of IPA vapor in the atmosphere, showing high mobilities on a
substrate where pure liquids tend to pin.
These experimental observations will help building an understanding of
the behavior of liquid mixtures on and in porous media, both in the fluid
phase above the solid i.e., Marangoni contracted drops on porous surfaces,
and for imbibition dynamics in presence of compositional gradients.
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Chapter 8
Conclusion and perspectives
This chapter summarizes the main research results presented over the entire thesis, and gives the general conclusions and perspectives for further
investigations.

8.1

Main results

The main results correspond to Chapters 4, 5, 6, and 7.

8.1.1

Marangoni contraction and autophobing wetting
regimes

In Chapter 4, the mechanisms responsible of the apparent contact angle
observed in two wetting regimes in a single systems were investigated. The
system used were drops of water and 1,2-Hexanediol mixtures, with different
concentrations, over high energy surfaces, at different ambient humidities.
Measurements of the apparent contact angles, the internal flows, and the
adsorption properties at the solid-vapor interface were done. The results
from this investigation are:
• The apparent contact angle continuously increases with the diol concentration despite the diol shows a surfactant-like behavior, which is
expected to induce spreading.
• Two wetting mechanism describe the increase of the apparent contact
angle: Below the critical micelle concentration (cmc), the apparent
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contact angle is determined by Marangoni contraction, whereas above
the cmc, it is determined by autophobing. Observation of the internal
flows show strong Marangoni flows for concentrations below the cmc
and weak flows for larger concentrations. Ellipsometric measurements
show an increase of adsorbed molecules ahead of the main drop for
larger concentrations.
• Similar experiments with different diols show that the autophobing
effect increases with the molecular chain length. Autophobing dominates at large concentrations for molecules with a long aliphatic chain.
Marangoni contraction can dominate over the entire concentration range
for small molecular chain length.

8.1.2

Taylor dispersion in thin liquid films

In Chapter 5, the effect of compositional gradients is studied. The system
used were water-diol drops of different concentrations over high energy surfaces at different ambient humidities. Surface tension gradients were derived
from measurements of the internal flows. The results from this investigation
are:
• The surface tension gradients nearly collapse in physical units, following
a power law ∼ d−3/2 .
• The lubrication approximation was extended to liquid mixtures were
Taylor-Aris dispersion is important. The regime where Taylor dispersion should be considered was identified. This regime is when convection dominates in the horizontal direction, and diffusion dominates in
the vertical direction.
• A quantitative agreement between the proposed model, were TaylorAris dispersion is included through a long-wave expansion, coupled
to diffusion limited evaporation, and the measured velocity fields and
surface tensions is obtained.
• From simulations it was observed that capillary and Marangoni flows,
opposing to each other, create convective rolls inside the drop that
induce a strong shear dispersion that at the same time increase the
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effective diffusivity. Thus, the governing mechanism of the evolution of
the compositional field is Taylor-Aris dispersion.

8.1.3

Liquid-liquid phase separation and wetting dynamics

In Chapter 6, the effect of liquid-liquid phase separation over dynamic contact
lines is studied. The model system were Marangoni contracted drops of
water-diol mixtures over high energy surfaces. Phase separation is induced
by heating the substrate to a critical temperature. Measurements of the drop
shape and variations of the thickness of the precursor film were done. The
results from this investigation are:
• Marangoni contracted drops loose the contracted state and spread when
phase separation happens. Cox-Voinov law no longer describes the
dynamics of these moving contact lines.
• The spreading starts before microdroplets nucleate in the main drop.
The responsible of the early spreading are surface forces which induce
an earlier phase separation.

8.1.4

Marangoni contraction over porous substrates

In Chapter 7, the effect of compositional gradients on the spreading and
imbibition of drops into porous substrates is studied. The studied model were
water drops on atmospheres with different IPA vapor content. Measurements
of the apparent contact angle and the imbibition length were done. The
results from this investigation are:
• For pure liquid drops (of water or IPA) in atmospheres saturated with
the vapor of the same liquid as the drop, the drop radius shows two
stages, characteristic of complete wetting on porous media, while water drops on atmospheres with IPA vapor content show three stages,
characteristic of partial wetting over porous media.
• For the chemically homogeneous cases (pure water and pure IPA), the
liquid imbibes completely reaching a maximum wetted area that did
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not change during the remaining observation time. In contrast, the
chemically inhomogeneous cases (water drop on atmospheres with IPA
vapor) reach a maximum wetted area which then decreases due to the
liquid evaporation until complete disappearance. In the first stage,
the presence of IPA vapor seems to decrease the rate at which the
imbibition front expands. In the last stage, the presence of IPA vapor decreases the rate at which the imbibition front shrinks. For the
chemically homogeneous case, the drop completely imbibes before the
maximum imbibition film radius is reached, opposite for the chemically
inhomogeneous cases.
• Preliminary observations of seeded particles inside the drop show the
presence of Marangoni flows. Moreover, it was observed that liquid
flows from the porous medium to the drop lying above the surface.
• Motion of Marangoni contracted drops over the porous substrate was
induced by introducing atmospheric vapor gradients.

8.2

General conclusions and perspectives

The general conclusion from chapters 4, 5, 6, and 7 are presented below.
In Chapter 4, it was observed an unexpected increase of the apparent contact angle for water-diol drops with respect to the diol concentration. The
mechanism governing the wetting behavior was distinguished from measurements of the internal flows and the adsorption properties at the solid-vapor
interface. Two distinct mechanisms are responsible of the wetting behavior: Marangoni contraction which dominates at low diol concentrations, and
autophobing, which dominates at high diol concentrations. The effect of autophobing increases with molecular chain length and may not dominate in
the entire concentration range for small molecular chain length. The requirement for Marangoni contraction to dominate the wetting behavior is that the
contact angle induced by Marangoni contraction should be larger that the
microscopic contact angle.
In Chapter 5, it was observed that surface tension gradients of Marangoni
contracted drops follow a power law with respect to the distance to the contact line. A general expression that accounts for Taylor-Aris dispersion, coupled to diffusion limited evaporation, in thin liquid films was given. The pro148
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posed model qualitatively describes the measured surface tension gradients
and gives insights of the system. From this, it is observed that Taylor-Aris
dispersion is the dominant mechanism for the evolution of the compositional
field.
In Chapter 6, it was observed that the Marangoni contracted state can be
disturbed by liquid-liquid phase separation, which induces spreading. Surface
forces are responsible of the phase separation at the free interface, close to
the contact line. This phase separation happens at earlier times than the
one observed in the bulk drop. Thus, showing the strong coupling between
moving contact lines, phase separation, and surface forces.
In Chapter 7, it was observed that the spreading and imbibition of water
drops on porous substrates is affected by the presence of IPA vapor in the
atmosphere. The study of the mechanisms responsible of the spreading and
imbibition are left for future research. Preliminary observations show that the
spreading of the drop above the porous layer is affected simultaneously by the
liquid evaporation, which reduces the total liquid volume, by the imbibition,
which reduces the liquid volume above the porous layer, and by Marangoni
flows, that recirculate the flow within the drop and from the porous medium
to the drop. At the same time, the imbibition is affected by the the recirculation of the liquid within the drop, and the capillary wicking could be affected
by the presence of IPA. This could change the pressure gradient between the
main drop and the imbibition film, preventing imbibition. Experiments that
allow for the quantification of the internal flow, of the impact of evaporation, of the impact of the porous layer thickness and mechanical properties
will be required for a better understanding of the mechanisms affecting the
spreading and imbibition dynamics of liquid mixtures on porous substrates.
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of diols. V. 1,2-Hexanediol in water and Butanol solutions”. In: Verlag der
Zeitschrift für Naturforschung A 59.9, pp. 559–562. doi: 10.1515/zna2004-0905.
Jensen, Katharine E, Raphael Sarfati, Robert W Style, Rostislav Boltyanskiy,
Aditi Chakrabarti, Manoj K Chaudhury, and Eric R Dufresne (2015).
“Wetting and phase separation in soft adhesion”. In: Proceedings of the
National Academy of Sciences 112.47, pp. 14490–14494.
Jensen, O. E. and J. B. Grotberg (1993). “The spreading of heat or soluble surfactant along a thin liquid film”. In: Physics of Fluids A: Fluid
Dynamics 5.1, pp. 58–68. doi: 10.1063/1.858789.
Jensen, O.E., D. Halpern, and J.B. Grotberg (1994). “Transport of a passive
solute by surfactant-driven flows”. In: Chemical Engineering Science 49.8,
pp. 1107–1117. issn: 0009-2509. doi: https://doi.org/10.1016/00092509(94)85083-6.
Kahlweit, Manfred and Reinhard Strey (1985). “Phase Behavior of Ternary
Systems of the Type H2O-Oil-Nonionic Amphiphile (Microemulsions)”.
In: Angewandte Chemie International Edition in English 24.8, pp. 654–
668. doi: https://doi.org/10.1002/anie.198506541. url: https:
//onlinelibrary.wiley.com/doi/abs/10.1002/anie.198506541.
Kajiya, Tadashi, Daisaku Kaneko, and Masao Doi (2008). “Dynamical Visualization of “Coffee Stain Phenomenon” in Droplets of Polymer Solution
via Fluorescent Microscopy”. In: Langmuir 24.21, pp. 12369–12374. doi:
10.1021/la8017858.
Karapetsas, George, Richard V. Craster, and Omar K. Matar (2011). “On
surfactant-enhanced spreading and superspreading of liquid drops on solid
surfaces”. In: Journal of Fluid Mechanics 670, 5–37. doi: 10 . 1017 /
S0022112010005495.
Karapetsas, George, Kirti Chandra Sahu, and Omar K. Matar (2016). “Evaporation of Sessile Droplets Laden with Particles and Insoluble Surfac163

BIBLIOGRAPHY

tants”. In: Langmuir 32.27, pp. 6871–6881. doi: 10.1021/acs.langmuir.
6b01042.
Karpitschka, S. (2018). “The value of a fading tracer”. In: Journal of Fluid
Mechanics 856, 1–4. doi: 10.1017/jfm.2018.673.
Karpitschka, S., C. Weber, and H. Riegler (2015). “Spin Casting of Dilute Solutions: Vertical Composition Profile During Hydrodynamic-Evaporative
Film Thinning”. In: Chem. Eng. Sci. 129, pp. 243–248. doi: 10.1016/j.
ces.2015.01.028.
Karpitschka, Stefan, Ferenc Liebig, and Hans Riegler (2017). “Marangoni
Contraction of Evaporating Sessile Droplets of Binary Mixtures”. In:
Langmuir 33.19, pp. 4682–4687. doi: 10.1021/acs.langmuir.7b00740.
Karpitschka, Stefan and Hans Riegler (2010). “Quantitative Experimental
Study on the Transition between Fast and Delayed Coalescence of Sessile
Droplets with Different but Completely Miscible Liquids”. In: Langmuir
26.14, pp. 11823–11829. doi: 10.1021/la1007457.
Kavehpour, H. Pirouz, Ben Ovryn, and Gareth H. McKinley (2003). “Microscopic and Macroscopic Structure of the Precursor Layer in Spreading
Viscous Drops”. In: Phys. Rev. Lett. 91 (19), p. 196104. doi: 10.1103/
PhysRevLett.91.196104. url: https://link.aps.org/doi/10.1103/
PhysRevLett.91.196104.
Keiser, L., H. Bense, P. Colinet, J. Bico, and E. Reyssat (2017). “Marangoni
Bursting: Evaporation-Induced Emulsification of Binary Mixtures on a
Liquid Layer”. In: Phys. Rev. Lett. 118 (7), p. 074504. doi: 10.1103/
PhysRevLett . 118 . 074504. url: https : / / link . aps . org / doi / 10 .
1103/PhysRevLett.118.074504.
Kelly-Zion, P.L., J. Batra, and C.J. Pursell (2013). “Correlation for the convective and diffusive evaporation of a sessile drop”. In: International Journal of Heat and Mass Transfer 64, pp. 278–285. issn: 0017-9310. doi:
https://doi.org/10.1016/j.ijheatmasstransfer.2013.04.051.
url: https : / / www . sciencedirect . com / science / article / pii /
S0017931013003645.
Kim, BJ, J Tersoff, S Kodambaka, MC Reuter, EA Stach, and FM Ross
(2008). “Kinetics of individual nucleation events observed in nanoscale
vapor-liquid-solid growth”. In: Science 322.5904, pp. 1070–1073.
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Marı́a Manero (2017). “Comparative Study of Surface Chemical Composition and Oxide Layer Modification upon Oxygen Plasma Cleaning and
Piranha Etching on a Novel Low Elastic Modulus Ti25Nb21Hf Alloy”. In:
Metallurgical and Materials Transactions A 48 (8), pp. 3770–3776. doi:
10.1007/s11661-017-4144-4.
Parimalanathan, Senthil Kumar, Sam Dehaeck, Alexey Rednikov, and Pierre
Colinet (2021). “Controlling the wetting and evaporation dynamics of
non-ideal volatile binary solutions”. In: Journal of Colloid and Interface
Science 592, pp. 319–328.
Park, J. and J. Moon (2006). “Control of Colloidal Particle Deposit Patterns
within Picoliter Droplets Ejected by Ink-Jet Printing”. In: Langmuir 22.8,
pp. 3506–3513. doi: 10.1021/la053450j.
Paven, Maxime, Periklis Papadopoulos, Lena Mammen, Xu Deng, Hermann
Sachdev, Doris Vollmer, and Hans-Jürgen Butt (2014). “Optimization of
superamphiphobic layers based on candle soot”. In: Pure and Applied
Chemistry 86.2, pp. 87–96. doi: doi:10.1515/pac- 2014- 5015. url:
https://doi.org/10.1515/pac-2014-5015.
Paven, Maxime, Periklis Papadopoulos, Susanne Schöttler, Xu Deng, Volker
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