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Small multicomponent droplets are of increasing importance in a plethora of technological applica-
tions ranging from the fabrication of self-assembled hierarchical patterns to the design of autonomous
fluidic systems. While often far away from equilibrium, involving complex and even chaotic flow
fields, it is commonly assumed that in these systems with small drops surface tension keeps the
shapes spherical. Here, studying picoliter volatile binary-mixture droplets of isopropanol and 2-
butanol, we show that the dominance of surface tension forces at small scales can play a dual role:
minute variations in surface tension along the interface can create Marangoni flows that are strong
enough to significantly deform the drop, forming micron-thick pancake-like shapes that are otherwise
typical of large puddles. We identify the conditions under which these flattened shapes form and
explain why, universally, they relax back to a spherical-cap shape towards the end of drop lifetime.
We further show that the formation of pancake-like droplets suppresses the “coffee-ring” effect and
leads to uniform deposition of suspended particles. The quantitative agreement between theory and
experiment provides a predictive capability to modulate the shape of tiny droplets with implica-
tions in a range of technologies from fabrication of miniature optical lenses to coating, printing and
pattern deposition.

Surface tension gives small droplets their spherical
shape to minimize the interfacial energy at equilibrium
[1, 2]. Away from equilibrium, however, the drop shape
becomes coupled to the mass and energy transfer in the
bulk of the fluids on the two sides and across the inter-
face, and one might therefore expect the drop to become
deformed. Despite this expectation, with few exceptions
[3–7], the general consensus has been that as the drop size
decreases surface tension becomes the dominant force, re-
taining a spherical shape even far from equilibrium [8–
16]. In this work, we show that this intuitive argument
breaks down in multicomponent drops.

When a wetting nonvolatile liquid drop is deposited on
a solid substrate, it spreads to form a molecularly-thin
film [2]. A wetting volatile liquid, however, loses mass via
evaporation as it spreads, and starts shrinking at some
time while keeping a spherical-cap shape during its entire
evolution (Fig. 1(a)) [17, 18]. A wetting volatile binary-
mixture drop, i.e., one with two components might be
expected to show a behavior intermediate of its con-
stituents. It has been shown that solutal Marangoni
flows can enhance or inhibit the spreading [19–21], lead-
ing to deviations from spherical-cap shapes in microliter
multicomponent drops [3, 5, 6, 22], where the influence
of gravity cannot be ruled out a priori [14, 15]. How-
ever, it remains unclear whether such shape deviations
can be observed at smaller scales, where surface tension
forces dominate. Here, combining experiments and the-
oretical modeling, we report on the observation that pi-
coliter volatile binary-mixture droplets, for which gravi-
tational effects are negligible, can strongly deviate from
the spherical-cap shape and even become completely flat-
tened as they evaporate (Fig. 1(a)). We discuss the role
of differential evaporation of the components and the re-
sulting solutal Marangoni flow in the modulation of the

shape of the evaporating droplets, identifying the critical
criterion for transition from a spherical-cap to a pancake-
like shape.

We deposit picoliter-size (20− 50 pL) droplets of pure
isopropanol (IPA) and 2-butanol, and their binary mix-
ture on glass substrates (see the Supplementary Material
[23]). IPA–2-butanol mixture is zeotropic and thermody-
namically close to ideal [24]. The vapor pressure of IPA
is nearly twice that of 2-butanol. The differential evapo-
ration of the components together with the fact that the
evaporative flux in thin drops diverges towards the edge
of the drop [25, 26] leads to the depletion of the more
volatile component near the edge [5, 6, 27]. The initially
uniform and well-mixed binary drop therefore develops
spatial gradients in composition, which further creates
interfacial gradients in the surface tension, and the va-
por saturation concentration of the two components, and
in turn modifies their evaporative fluxes (Fig. 1(b)).

A model for the evaporation of binary drops needs to
account for the coupling between the flow field within
the drop, the shape of the drop, and the vapor con-
centration field above the drop [6, 12]. The flow within
the drop is described using the lubrication approximation
given that the height of the droplets h0 ≈ 1 µm is much
smaller than their radius R ≈ 50 µm, i.e., h0/R � 1,
and inertial effects are negligible compared to the vis-
cous effects, i.e., the Reynolds number is small, where
Re = ρUh0(h0/R)/µ ≈ 10−4 � 1, with U = O(1) mm/s
as the characteristic liquid velocity and µ ≈ 2 mPa.s and
ρ ≈ 800 kg/m3 as the liquid viscosity and density, re-
spectively. The timescale of diffusion of the components
across the height of the drop scales as h2

0/Dl ≈ 1 ms,
where the liquid diffusivity Dl ≈ 10−9 m2/s. This dif-
fusion timescale is much smaller than the evaporative
timescale of the drop h0/(Jave/ρ) ≈ 25 ms, where Jave is
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FIG. 1. Binary-mixture droplets become flattened, forming micron-thick pancake-like shapes as they evaporate. (a) While a
pure IPA droplet (φ0 = 1) keeps a spherical-cap shape during its entire evolution, a binary-mixture droplet of 90% IPA and
10% 2-butanol (φ0 = 0.9) becomes completely flattened, forming a micron-thick pancake-like shape. (b) The two components
in the mixture evaporate at different rates. This differential evaporation creates a spatial gradient in the volume fractions φ
within the drop that affects the vapor fields of the two components, cv,1 and cv,2, and therefore their evaporative fluxes, Jev,1
and Jev,2. (c) The differential evaporation of the two components creates a solutal Marangoni flow, QMa =

∫ R

0
hūMa2πrdr,

along the interface from the apex to the edge of the drop that (d) leads to an enhanced spreading at early times, where R(t) is
the drop radius. (e) This Marangoni flow flattens the drop in the middle and enhances the curvature near the edge, creating

an opposing capillary flow, QCa =
∫ R

0
hūCa2πrdr, at intermediate times. The solutal Marangoni flow replenishes the edge with

fresh fluid and keeps the edge from receding, effectively “pinning” the drop for a substantial part of its lifetime. At late times,
the solutal Marangoni flow weakens and the drop starts to recede. In stark contrast, a pure IPA droplet (φ0 = 1) rapidly
switches from spreading to receding as it evaporates. The simulations in (b) and (c) correspond to φ0 = 0.9. The symbols in
(a) and (d) represent experimental data and the lines represent the simulations.

the average evaporative flux for a pure IPA droplet, indi-
cating the components are well-mixed across the height
of the drop (see the Supplementary Material).

Therefore, the coupled evolution of the height of the
drop h(r, t), and the volume fractions φi(r, t) with i = 1, 2
representing the two volatile components, are describe by
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in which Jev,t = Jev,1 + Jev,2 is the total evaporative
flux, and Jev,i are the evaporative fluxes of the two com-
ponents. The height-averaged velocity is defined as

ū(r, t) =
h2

3µ

∂p

∂r︸ ︷︷ ︸
ūCa:capillary flow

+
h

2µ

dγ

dφ1

∂φ1

∂r︸ ︷︷ ︸
ūMa:solutal Marangoni flow

, (3)

where the liquid pressure p = γκ + Π(h) with Π(h) =
A/h3 as the disjoining pressure, A ≈ 10−20 J as the
Hamaker constant, and the curvature κ = −∇2h. We
denote φ ≡ φ1 as the volume fraction of the more

volatile IPA, and the volume fraction of the 2-butanol is
φ2 = 1−φ. The second term in Eq. (3) represents the con-
tribution of the solutal Marangoni flow due to gradients
in the surface tension γ(r, t), where dγ/dφ = −1.6 mN/m
for the IPA–2-butanol mixture, assuming a linear depen-
dence of surface tension on the volume fraction.

The characteristic timescale of vapor diffusion τD =
R2/Dv ≈ 1 ms, where Dv ≈ 10−5 m2/s is the vapor dif-
fusion coefficient, is much smaller than the timescale of
drop evaporation tf ≈ 100 ms. Thus, we model the vapor
field as diffusion-limited and quasi-steady: ∇2cv,i = 0,
where cv,i are the vapor concentrations of the two com-
ponents i = 1, 2. A thin drop can be approximated as a
disk with zero height [25, 26]. According to Raoult’s law
for an ideal mixture the vapor concentration on the inter-
face of the drop is proportional to the saturation concen-
tration cv,i = xics,i with xi as the liquid mole fraction,
which given that both liquids have a similar density can
be written as xi = (φi/Mi) / [φ/M1 + (1− φ)/M2], where
Mi are the molecular weights of the two components. We
consider the concentration of the two components to be
zero far away from the drop cv,i|r→∞ = 0. The evapora-
tive fluxes are Jev,i = −(Dv/ρ)n · ∇cv,i, where n is the
unit normal vector directed away from the liquid phase.
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FIG. 2. (a) The flattened binary-mixture droplets relax to a spherical-cap shape towards the end of their lifetime when the
solutal Marangoni flows become sufficiently weak. (b) The radius of binary drops with low initial volume fractions follows the

scaling R ∼ τ1/2. The radius of drops with high initial volume fractions, however, deviates strongly from this behavior at
intermediate times and can be described by R ∼ τ1/5 before crossing over to the R ∼ τ1/2 scaling at late times (smaller τ). (c)
The crossover between the two scaling regimes signals the transition from a flattened shape to a spherical-cap shape and occurs
when the solutal Marangoni-driven flow, which is proportional to Ma∆φ becomes weaker than the opposing capillary-driven
flow, which is proportional to h0∆κ. In (b), the larger symbols represent the experimental data and the smaller symbols
represent the corresponding simulation.

This coupled model is compared below to experiments,
and allows us to monitor the evolution of the composi-
tion field within the drop and isolate the Marangoni and
capillary contributions to the flow field and drop shape
(see the Supplementary Material).

The simulations show that the solutal Marangoni flow
moves the liquid from the center of the drop to the edge,
flattening the drop in the middle and enhancing the cur-
vature near the edge, therefore creating an opposing cap-
illary flow from the edge towards the middle (Fig. 1(c,
e)). As long as the solutal Marangoni flow remains strong
enough to overcome this opposing capillary flow, the pan-
cake shape persists. Although the contact line is free to
move, it remains nearly “pinned” for a significant part
of the lifetime of the drop. As the evaporation continues
removing the more volatile phase, the drop runs out of
fuel, i.e., the composition gradient along the drop weak-
ens and the drop recedes (Fig. 1(d, e); see also Fig. 3
of the Supplementary Material). The experimental mea-
surements of the droplet profile and radius (symbols) are
in good agreement with the simulations (lines) as shown
in Fig. 1.

As the drop begins to recede, the capillary flow over-
comes the solutal Marangoni flow and relaxes the drop
back to a spherical-cap shape (Fig. 2(a)). A qualitatively
similar observation has been reported in microliter mul-
ticomponent drops [3]. This relaxation is accompanied
by a crossover in the scaling of the radius of the drop
with time as shown by both experiments and simulations
(Fig. 2(b)). In the case of pure liquids with spherical-cap
shape (Fig. 1(a)), the integrated evaporative flux of the
drop scales with its radius [25, 26] and conservation of
mass leads to dV/dτ ∼ R, where τ = (tf − t) /tf and tf

represents the drop lifetime. The volume of a spherical-
cap drop scales with its radius as V ∼ R3 and together
with conservation of mass leads to the R ∼ τ1/2 scaling of
radius with time known as the “d2 law” [17, 28]. We ob-
serve that at low initial volume fractions φ0 of the more
volatile phase, as the drop recedes its radius follows the
R ∼ τ1/2 scaling for most of its lifetime (Fig. 2(b)). For
high φ0 values, however, we observe that the radius of
the drop follows a different path in time and the results
collapse on a different curve: the drop radius first follows
a scaling with time, R ∼ τ1/5, before crossing over to the
familiar R ∼ τ1/2 scaling at late times (Fig. 2(b)) (also
see Figs. 4 and 5 of the Supplementary Material). The
underlying reason for the observation of the R ∼ τ1/5

scaling regime remains to be investigated.
This crossover from the pancake to the spherical-cap

regime can be understood in terms of a competition be-
tween the solutal Marangoni flow and the opposing cap-
illary flow (Fig. 1(c)). In the lubrication model (Eq. (3)),
the capillary term scales as (γ/µ)(h0/R)3 and the solu-
tal Marangoni term scales as (∆γ/µ)(h0/R). The surface
tension variation ∆γ is due to the compositional gradient
∆φ along the interface created by the differential evap-
oration of the two components: ∆γ = |dγ/dφ|∆φ. The
necessary condition to produce drop deformation is to
have the Marangoni flow dominate the capillary flow, i.e.,

∆φ &

(
γ

|dγ/dφ|

)(
h0

R

)2

≡ ∆φcr, (4)

which shows that the compositional gradient along the
interface needs to be stronger than a critical magni-
tude for a pancake to form. This scaling argument is
supported by our numerical simulations of the coupled
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FIG. 3. (a) The flattened pancake-like shapes only form when the initial volume fraction of the more volatile component exceeds
a critical value φ0 > φ0,cr ≈ 0.4. The symbols and lines represent experiments and simulations, respectively. (b) The transition
from the spherical-cap regime at low φ0 to the pancake regime at high φ0 can be quantified by monitoring the evolution of
the ratio of the radius of the flattened part of the drop, Rflat (inset of (c)), to the radius of the drop R, i.e., Rflat/R. This
ratio reaches a maximum value before decaying to zero as the drop relaxes to a spherical-cap shape. (c) This maximum value,
max(Rflat/R), shows a sharp transition from ≈ 0 at low volume fractions corresponding to the spherical-cap regime, to ≈ 1
when φ0 > φ0,cr corresponding to the pancake regime, which persists almost all the way to φ0 ≈ 1. (d) Simulations (symbols)
show that the compositional gradient Ma∆φ within the drop reaches a peak during the evaporation and then decays to zero. (e)
The peak composition gradient increases almost linearly with φ0, and when stronger than a critical value ∆φ > ∆φcr (Eq. (4)),
corresponding to the constraint φ0 > φ0,cr ≈ 0.4 (Eq. (5)), leads to the formation of a pancake shape.

model, which show that the crossover from the pan-
cake to the spherical-cap regime occurs when the solutal
Marangoni flow, which is proportional to Ma∆φ becomes
weaker than the opposing capillary flow, which is propor-
tional to (4/θ2

0)h0∆κ (Fig. 2(c)). This balance translates
to the criterion ∆φ < (2/3) (γ0/ |dγ/dφ|)h0∆κ, which is
equivalent to Eq. (4) if we take the variation in curvature
∆κ ≈ h0/R

2. Here, the Marangoni number is defined as
Ma = −(6/θ2

0)(dγ/dφ)/γ0 with θ0 as the initial contact
angle of the deposited drop, and γ0 as the surface tension
of IPA (see the Supplementary Material).

The presence of the two distinct temporal responses
in Fig. 2(b) is suggestive of a transition as the initial
volume fraction increases beyond a critical value, i.e.,
when φ0 > φ0,cr. Indeed, we observe a transition from
the spherical-cap regime at low initial volume fractions
φ0 < φ0,cr, where deviations from the spherical-cap shape
are minimal, to the pancake regime at high initial vol-
ume fractions φ0 > φ0,cr, where the drops become com-
pletely flattened for a substantial part of their lifetime
(Fig. 3(a)).

The extent of the nearly flat shape of the drop relative
to the radius of the drop Rflat/R provides a quantitative

measure of the deviation from the spherical-cap shape
(inset of Fig. 3(c)). We define the flat region as the part
with absolute value of the slope less than θ0/100. This
ratio starts from zero when a well-mixed spherical binary
drop is deposited on the substrate, increases in time to
reach a maximum value as the drop deforms, and then
decays to zero as the drop relaxes to a spherical-cap shape
towards the end of its lifetime (Fig. 3(b)). The maximum
value of Rflat/R therefore serves as a measure of the max-
imum deviation from a spherical cap. Consistent with the
transition between the two temporal responses observed
in Fig. 2(b) as the initial volume fraction increases, we ob-
serve that at low volume fractions max (Rflat/R) is close
to zero, while beyond a critical initial volume fraction it
sharply increases and remains close to 1 before sharply
returning to zero for a pure (single-component) IPA drop
with φ0 = 1 (Fig. 3(c)).

The transition from the spherical-cap to the pancake
regime as the initial volume fraction increases beyond a
critical value φ0,cr (Fig. 3(c)) can be understood based
on the arguments leading to Eq. (4), which show that
the compositional gradient within the drop needs to be
strong enough for a pancake shape to form, i.e., ∆φ &
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FIG. 4. The “coffee-ring” effect becomes suppressed, leav-
ing a uniform deposit in the binary-mixture drop. The de-
posits of poly(N-vinylpyrrolidone)-stabilized polystyrene par-
ticles (755 nm) from pure IPA droplet (left) and IPA–2-
butanol droplet with φ0 = 0.9 (right). The scalebar is 30 µm.

∆φcr. Our simulations show that the peak strength of
the solutal Marangoni flow, which scales as Ma∆φ, in-
creases almost linearly with φ0, i.e., max (Ma∆φ) ∼ φ0,
before saturating to a nearly constant value ∆φ ≈ 0.15
corresponding to ∆γ ≈ 0.2 mN/m, at high initial vol-
ume fractions (Fig. 3(d,e)). Therefore, the critical com-
positional gradient constraint in Eq. (4) translates to a
constraint on the critical initial volume fraction for the
transition from the spherical-cap to the pancake regime:

φ0 & φ0,cr, (5)

where our experiments and theoretical model show that
φ0,cr ≈ 0.4 for the IPA–2-butanol mixture (Fig. 3(e)).
Therefore, we can modulate the drop shape by varying
the initial volume fraction of the more volatile compo-
nent. The control over the shape of the picoliter droplets
can be utilized to fabricate micro/nano lenses [29–31]
with applications in imaging [32], biosensing [33], and
3D displays [34].

In coating technologies, one of the main challenges
has been to achieve a uniform deposition pattern due
to the “coffee ring” effect that concentrates the particles
at the edge of the evaporating droplet [11, 25, 35–41].
It has recently been shown that flattened binary-mixture
droplets can suppress the “coffee ring” effect and form
uniform 2D-crystal patterns [7]. Our work shows that
the binary-mixture droplets can remain nearly “pinned”
and flattened over a substantial part of their lifetime.
This geometric effect together with the internal flow due
to solutal Marangoni and capillary forces provides a plau-
sible mechanism for the suppression of the “coffee ring”
effect in a picoliter pancake (Fig. 4; see also Supplemen-
tary Movies 3 and 4). To go beyond this description,
the particle dynamics in the mixture and their effect on
the contact line motion need to be accounted for in the
simulations [42–46].

Our study provides a predictive capacity for formula-
tors of solvent-based inks to exploit (or avoid) Marangoni

effects in coating and printing applications [47]. While
here we focused on the IPA–2-butanol mixture, we have
observed the formation of pancake-shaped droplets in a
variety of binary-liquid pairs that satisfy the appropriate
criteria on the relative surface tensions and volatilities.
A more extensive study of the parameter space spanned
by different binary liquids will be presented in the future.
It would be interesting to further explore the evaporation
dynamics in the presence of surface roughness, different
surface wetting conditions, spatiotemporal variations in
the rheological properties of the mixtures, and phase sep-
aration [2, 12, 47–55]. We anticipate our observations
will have implications for many technological applications
involving multicomponent drops [16, 35, 56–58], where
minute variation in surface tension due to nonuniform
compositions within the drops can lead to strong flows
and shape deformations.
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