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When two liquids with different surface tensions come into contact, the liquid with lower surface
tension spreads over the other liquid. This Marangoni-driven spreading has been studied for various
geometries and surfactants, but the dynamics of miscible liquids in the binary geometry (drop—drop) has
hardly been investigated. Here we use stroboscopic illumination by nanosecond laser pulses to temporally
resolve the distance L(t) over which a low-surface-tension drop spreads over a miscible high-surface-
tension drop. L(t) is measured as a function of time, t, for various surface tension differences between the
liquids and for various viscosities, revealing a power-law L(t) ~ t* with a spreading exponent o &~ 0.75. This
value is consistent with previous results for viscosity-limited spreading over a deep bath. The universal
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orders of magnitude in dimensionless time. This result enables engineering of drop encapsulation for
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1 Introduction

Liquids of low surface tension spread over liquid with high
surface tension, which is known as Marangoni spreading. This
phenomenon has been studied in various contexts, such as oil
spills on the sea,'”® pulmonary surfactant replacement therapy,®’
foam destruction,® and fabrication of soft polymer actuators.’
Recently, Marangoni spreading has been used for encapsulation
of a high-surface tension drop by a lower surface tension liquid,
as shown in Fig. 1a. This mechanism is used in pharmacy,'*"*
for manufacturing of biomaterials,’* electronics,"® food and
vitamins,"* microparticles with multiple compartments,'>*®
and rapid 3D-bioprinting with in-air microfluidics."”

The morphological outcome of two colliding drops in air,
such as encapsulation or breakup, has been assessed for
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Fig.1 Overview of binary drop spreading; (a) at t = O the drops touch.
Initially, coalescence radially expands the neck due to local curvature as
indicated by the blue arrows.® This regime is followed by Marangoni-
driven spreading of the drop with lower surface tension over the other one
(green arrows). Ultimately, this mechanism results in encapsulation of drop
1. (b) Indicative flows of Marangoni-driven spreading, where the Marangoni
stress is balanced by a viscous boundary layer.
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117 and immiscible'®* liquid pairs with different
surface tensions. Encapsulation can also be achieved by impacting
drops with different sizes® or different viscosities.>* However, to
our best knowledge, their surface-tension-driven encapsulation
dynamics have hardly been visualized. Drops can also be encapsu-
lated by gentle deposition onto a bath with a lower surface tension,
but here the film dynamics were only assessed during coalescence
(an earlier regime that precedes encapsulation)*® or for surface
tension induced necking,”*” rather than encapsulation. Encapsu-
lation in the binary drop geometry was studied for submerged drop
pairs, revealing a constant velocity of the spreading film both
experimentally”® and numerically.***° However, it is unclear
whether this result also applies to drop pairs in air, since the
viscosity of the surrounding liquid plays an important role.

Knowledge of Marangoni spreading over a flat liquid surface
with a higher surface tension could also provide clues to
describe spreading over drops. This topic has been studied in
many configurations, of which most can be classified according
to four criteria: (i) liquid-driven versus surfactant-driven spreading,
(ii) miscible versus immiscible liquid pairs, (iii) shallow versus deep
liquid “carrier” layers, and (iv) spreading from a finite reservoir
versus a source. Here, we focus on spreading of ethanol/water
mixtures over water drops, corresponding to surfactant-free and
miscible liquid pairs. For a drop pair, the transition between deep
and shallow carrier layers may depend on the thickness of the
flow-induced viscous boundary layer as sketched in Fig. 1b.
Deep-layer behavior is expected if the boundary layer thickness
dpL < Dy/4, with D; ~ 2 mm the inner drop’s diameter.** Using
typical values for the density p = 1000 kg m ™, viscosity # = 1
mPa s, and time ¢ = 10 ms, we obtain dg;, = (171¢/p;)"’? ~ 0.1 mm.
Therefore, the comparison to the spreading of a drop over a
deep layer is considered. Finally, the outer drop is assumed to
be an infinite source, as its volume suffices to form a thick film
around the inner drop. The configuration of a spreading drop
over a deep layer was first studied by Suciu et al.**7° for a quasi-
steady regime. However, the preceding initial expansion of the
film is the relevant regime for drop encapsulation.

The spreading distance L(¢) of a low-surface tension liquid
over a liquid with a higher surface tension can be described by
a power law:?

miscible

L(¢t) = pt*. (1)

The spreading exponent « and the dimensional prefactor f,
are usually reported as a function of the geometric and material
parameters,®” and are the scope of this study. The canonical
result for spreading on a deep bath is o = 3/4 and f = kS"*(pn)~**,
in which k is a dimensionless constant. S &~ Ac represents the
spreading parameter for liquid pairs in air, and Ao = g; — 0, is
the surface tension difference between the liquids. These values
follow from balancing the surface tension gradient with dis-
sipation in the viscous boundary layer that develops while
spreading on a deep layer.**3%° Experiments performed for
immiscible, non-evaporative liquids,*"***> immiscible surfactant
solutions,* liquid spreading over a liquid covered with insoluble
surfactants,** and for immiscible micro-drops spreading over
freeflowing thin films* validated this scaling argument. For
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miscible surfactant solutions, the spreading exponent is maintained
around o = 0.75 for low solubility,”>*® but it can decrease to o = 0.4
for highly soluble surfactants.”” An indicative value for the
constant k ~ 0.88 applies to spreading of immiscible liquids
in the radial geometry, but values in the range of k = 0.665 to
k = 1.52 have been reported.*'

For spreading of a low —o drop over a deep bath of a
miscible liquid as considered here, a spreading exponent in
the range « = 0.53 £ 0.03 was measured for nitroethane, ethyl
acetate,*® and isopropanol drops*® deposited on water. Mole-
cular dynamics simulations of ethanol solutions spreading over
water revealed a similar exponent of o = 0.55 + 0.05.°° These
reduced values, as well as a decrease of the prefactor to k ~ 0.3,
were attributed to dissolution of the spreading liquid into the
bath by convective rolls that form at the film’s edge.’®>" A
similar reduction in the spreading exponent is observed for
evaporation-driven formation of convective rolls.*' An even
lower exponent (¢ =~ 0.25) was measured for ethanol drops
on a water bath,>* and explained by balancing Ac with viscous
dissipation within the spreading film.>*

As the existing literature indicates that spreading exponents
1/4 < o < 1 could apply to the binary drop geometry, here we
observe and quantify the Marangoni-driven spreading dynamics
of miscible drop pairs. By encapsulating a fluorescent inner drop
by an optically absorbing low-¢ liquid, we obtain the spreading
distance as a function of time, the surface tension difference, and
the viscosity. Subsequently, we determine the spreading expo-
nents and compare these to systems with different geometries,
surfactants and miscibilities. The paper is organized as follows:
In Section 2, the experimental setup and liquids are described.
The results and discussion are described in Section 3, followed by
the conclusions in Section 4.

2 Experimental set-up and materials

To create the binary drop geometry, two pendant drops were
dispensed from Teflon needles (Hamilton Company). The
needles were fed by identical syringes mounted on a syringe
pump (Harvard PHD 2000), pumping with a typical rate of
0.25 mL min ' that resulted in the formation of approximately
25 drops per minute. The needles were placed at a 2.5 mm
center-to-center distance, resulting in drops with a diameter
D, = 2.5 £ 0.5 mm, just before the first contact. For each drop
pair, the ratio was 0.95 < D,/D, < 1.05. The high-c drop
consisted of Milli-Q water as a base, to which fluorescein
(emission at 525 nm) was added for fluorescent visualization.
The low-o drop consists of a 15 vol% inkjet printer ink solution
(Brother LC-800), to provide an optically absorbing film that
blocks the fluorescent light of the high-¢ drop during spreading.
The surface tension gradient was modified by adding ethanol to
the low-¢ drop, and measured by the hanging drop method as
shown in (ESIt) Fig. S1 and S2. The measured values were
constant in time (ESL+ Fig. S3), confirming that evaporation
does not affect the surface tension over the duration of the drop
formation in the experiments. The viscosity of the liquids was
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controlled by adding glycerol, as shown in ESI,} Fig. S4 and S5.
The viscosity of glycerol-free mixtures of ethanol, water, and ink
was measured to be 1.5 &+ 0.5 mPa s.

The visualization setup is depicted in Fig. 2a. Stroboscopic
imaging was used to generate two images of the drop pair at a
controlled time after contact. The first image was illuminated
with a pulsed laser (Litron Nano S PIV 400 m], wavelength
532 nm, pulse duration 8 ns), of which the optical path is
shown by the blue arrows in Fig. 2a. Only the fluorescent light
is observed, as shown in Fig. 2b. The second frame was exposed
by diffuse illumination from behind both drops, resulting in
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Fig. 2 (a) Top view of the set-up. Drops 1 and 2 are illuminated by pulse
#1, as shown by the blue arrows. Fluorescent light is emitted only by drop 1
and passes the dichroic mirror, as indicated by the red arrow. (b) Example
fluorescent image. (c) At virtually the same moment, pulse #2 illuminates
both drops from the back. The resulting bright-field image is shown.
(d) Processed overlay of both images. (e) Setup from the side-view
perspective of the camera. (inset) A pulse is generated when the drops
closes an electric circuit. The delay time between this pulse and the image
capture was controlled with a pulse generator.
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images of the drop contours as shown in Fig. 2¢c. Here, the pulse
was provided by a second pulsed laser (evergreen 600 m],
wavelength 532 nm) that was diffused with a fluorescent
diffuser (LaVision) to prevent fringes. The delay time between
both laser pulses was set to 500 ns, and the corresponding
images were captured in separate frames of a dedicated dual-
frame camera (PCO Sensicam qe). As this delay time is approxi-
mately 4 orders of magnitude shorter than the capillary time
scale (Teap = \/pRo*/0 = 5ms), no significant motion occurs
between frames 1 and 2. The frames were overlaid with excellent
spatial collapse, as shown in Fig. 2d, revealing the spreading
extent of the film and the outer contour of the drops. Time
series were generated by repeating the above procedure for
different delays between the moment of drop-drop contact
(¢ = 0) and image capture. The moment of contact was obtained
by closing an electrical circuit with the drops, as shown in
Fig. 2e (inset). The drops were made conductive by dissolving
1 vol% NaCl into both liquids, which hardly affects the surface
tension.>® Experimental differences between two drop pairs
sometimes result in ’flickering’ of the video and additional
noise on the measurements, as for example observed in Fig. 4
for the 20 mPa s and 50 mPa s drops. Still we use this strobo-
scopic method, as it enables visualizing both liquids at frame
rates >10* s

Fig. 3a and b show an example time series of the fluorescent
drop and both drops’ contours, respectively. The overlay in
Fig. 3c reveals the spreading extent of the film. The relative
light transmission of I/I, = 5% as compared to the uncovered
(green) drop was chosen to determine the covered part with

Eront
A

y

Cu[)i//z';l'}‘
Waves

Time

Fig. 3 Image analysis procedure. (a) Typical darkfield image sequence,
only showing fluorescent drop 1. The numbers indicate the time after first
contact in ms. (b) Brightfield image sequence, showing the contours of
both drops. (c) Overlay of (a) and (b), revealing the spreading film. Capillary
waves and spreading front are observed as indicated. (d) Result of the
image analysis procedure. The red dot indicates the x-position of merging,
while the red line indicates the spreading distance of the low-surface
tension solution. The scale-bar indicates 1 mm.
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automated image analysis, corresponding to a film thickness of
63 um. The exact value of this threshold had a minor influence
on the spreading distance (see ESI,T Fig. S6 and S7). Still, we
would like to stress that we measure the spreading of relatively
thick films that are relevant to encapsulation, rather than
micrometer- or nanometer-thin films as reported previously.*®">
The location of contact was determined in the first image after
contact was measured. We traced the spreading along the bottom
of the drop pair to prevent errors due to out-of-plane motion, as
indicated by the red lines in Fig. 2d and 3d. To reduce the risk of
errors, we averaged three measurements of the spreading distance
for each configuration and each time step, and performed scans of
the control parameters Ao and # over the largest feasible range for
which spreading still occurs. Still, differences between individual
drop pairs sometimes resulted in scatter of the data, as for
example observed in Fig. 4a for # = 10 mPa s. To obtain the
spreading rate for each measurement series, we used a nonlinear
least squares power law fit on the measured spreading curves.

3 Results and discussion

The position of the spreading front L(f) was measured as a
function of time and viscosity, as shown in Fig. 4, revealing
power-law behavior with an approximate scaling exponent
o = 3/4 for low viscosities (1, & 1, < 20 mPa s). The prefactor
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Fig. 4 (a) Time evolution of the leading edge position L(t) as a function of
the viscosity, with 18.9 < < 232 mN m™. The dash-dotted line
indicates L(t) = pt* with o = 3/4 and B = 0.6Ac"?(py;) "4, as expected for

spreading over a deep bath. (b) The spreading exponent « as a function of
the viscosity; the dash—dotted line indicates 3/4. (c) The prefactor 8 as a
function of the viscosity, with the dashed line indicating 0.6A¢?(pyy1) /.
In (b and c) the shaded areas indicate Oh > 0.2 for our liquids. The error
bars indicate a confidence interval of 95%.
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is reasonably described by k ~ 0.6, i.e. L(£) = 0.6Ac**(pi) "¢/,
Increasing the viscosity to #; & 5, = 50 mPa s leads to a
significant decrease in the spreading rate. The Ohnesorge
number for this case is Oh =n/\/pAcD ~
seems to be significantly slower than predicted by eqn (1) when
global viscous forces become comparable to surface tension
forces.

Fig. 5a shows the spreading distance as a function of
the surface tension difference, which was varied from Ac =
0.4 mN m ' to Ag = 23.2 mN m". The spreading exponents are
still consistent with o = 3/4, as shown in Fig. 5b. The prefactors
exhibit substantial statistical errors and data scattering, but
a value of 0.6Ac"?(pn)"* still reasonably well captures the
measured data as shown in Fig. 5c. Spreading is inhibited for
Ag = 0.4 mN m ™}, for which Oh ~ 0.15.

The effect of changing the viscosity ratio n,/n, between the
drops is shown in Fig. 6a. The fastest spreading is observed for
a ratio of unity (7; = 4, ~ 1.5 mPa s), as the viscosity of both
liquids is set to their lowest values for this case. Increasing the
viscosity of liquid 1 results in a decrease in spreading over the
entire temporal domain. The spreading exponent « (Fig. 6b)
does not depend on the viscosity ratio n,/4, and is around
o & 3/4 for all cases. The reduction in spreading is captured by
the prefactor, which is consistent with theory for viscosity ratios
n1/ma = 1 (Fig. 6¢). Measurements for which the viscosity of
drop 2 is increased (that is, 71/, < 1), also exhibit reduced
spreading. To assess whether this reduction reflects a transi-
tion to film-limited dissipation, we compare the dissipation in

0.2, i.e. spreading
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Fig. 5 (a) Time evolution of L(t) as a function of Ag, with i, = 1.5 mPa s
and 1 < m/nz < 1.9. (b) The exponent « as a function of Aa. (c) Prefactor 8
as a function of As. In (b and c), the shaded areas close to the origin
indicate Oh > 0.2 and the dash—dotted lines correspond to those in Fig. 4.
The error bars indicate a confidence interval of 95%.
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Fig. 6 (a) Time evolution of the spreading edge L(t) for various viscosity
ratios n1/n2, with 19.8 < Ac < 283 mN m~% For i/ < 1,yy = 1.5mPa's
and for n1/n> > 1, 1> = 1.5 mPa's. (b) Spreading exponent o and (c) prefactor
B as a function of n1/n,. In (b and c), the shaded areas indicate Oh > 0.2
(based on the highest viscosity) and the dash—dotted lines correspond to
those in Fig. 4. The error bars indicate a confidence interval of 95%.

the spreading film and the boundary layer of drop 1. The dissipation
in the spreading film is described by Q¢n,(L/L)?, with Q¢ ~ Lhs the
film volume (assuming a 2-dimensional system) and A the film
thickness.” The dissipation in the boundary layer developing
in drop 1 is described by Qg i:(1/05.)* with boundary layer volume
Qg1 ~ Log:. Hence, the boundary layer dissipation is expected to be
dominant over the internal dissipation in the film as long as:

mL _ mhe

S5L L’ > %hféBL. (2)

Assuming L(¢) = ft** with  ~ 0.05 ms~** (as observed in
Fig. 5), o1, = (n1t/p1)™?, a film thickness 4 = 100 um (comparable
to the measurement threshold), and the most viscous film (11/1, =
0.01), the transition to film-limited spreading would be expected
after approximately 4 ms. Indeed, a strong reduction of the
spreading is observed for ¢ ~ 5 ms. At earlier times, the measured
spreading exponent o & 3/4 suggests that spreading is limited by
the boundary layer, but the strongly reduced prefactor shows that
the film viscosity still has a strong influence. This behavior may
reflect a transition between two different regimes, which deserves
further attention as it has not yet been addressed.

As a final step, we rescale our results and compare these to
Marangoni-driven spreading in other geometries, with different
surfactants, and with immiscible liquids. The dimensionless
spreading time and distance were formulated as proposed by:®
t

(= 3
n/Aa’p,’ G)
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L=—F7— 4
m?*/Aap, @
Our measurements are generally described by
L=0.68", (5)

as plotted in Fig. 7. Surfactant-driven flows*>** and immiscible

drops with various viscosities®>® are also well-captured by
eqn (5). For unidirectional spreading, a higher constant in the
range 0.66 < k < 2, but typically k ~ 1.39, is expected®>*">® and
observed in Fig. 7.*%*>*>*° Note that this figure covers 10 orders of
magnitude in dimensionless time 7 and 7.5 orders of magnitude in
dimensionless spreading distance L.

Our measurements with reduced exponents are still partly
congruent to eqn (5). Similarly, the measurements by Kim et al.*®
collapse onto this master curve for a bath with # = 5 mPa s,
whereas spreading over a bath with lower viscosity only initially
follows eqn (5) and then stops at later times. This transition to a
spreading coefficient « = 0 was attributed to Marangoni-induced
mixing,*® and may thus indicate a transition to miscibility-
dominated effects. Our case may be essentially immiscible as
(1) the diffusion length scale over the experimental duration of
10 ms (0p = (Dmd)"? &~ 3 um with Dy, the mass diffusivity) is
much smaller than the thickness of the measured film and (2) a
spreading exponent o &~ 3/4 is typically observed. However, a
prefactor k ~ 0.88 was reported*" for immiscible liquids whereas we
observe k =~ 0.6. This reduced value may indicate that miscibility
has a minor but observable influence, as k &~ 0.3 was reported for
miscible*®™" liquid pairs in which vortex formation slows down
spreading. As these vortices were observed both in larger*® and
smaller’® systems, vortices are likely to develop in our system as
well. As the influence of miscibility cannot yet be determined from
the literature, even for the flat geometry, future work will be required
to investigate the details of this parameter.

Our measurements with #,/n, < 1 do not collapse on eqn (5),
since the film viscosity was not included in the dimensionless
variables. As discussed, the exact influence of the viscosity in the
low-o film is still unclear. Measurements with a spreading
exponent « = 1/4 were recently reported for larger ethanol-water
systems, but could only be modeled by assuming a no-slip
condition for the film.”* This is a strong assumption, since
the film was only in contact with a deep bath on the bottom and
free-flowing air on the top. Therefore, the transition between
film-limited and substrate-limited spreading as well as the
spreading of ethanol over water also deserve future research.

We expected that the geometry would play an important
role, as a toroidal convection pattern will develop within drop
1% as shown in Fig. S8 of the ESL.f When this flow is fully
developed, the shear profile may resemble spreading over a
thin film on a solid substrate, for which « = 1/2.°”7°° This
transition to film-limited spreading may occur at the end of our
temporal domain, as discussed in the ESI,{ Section S5. However,
the observed temporally sustained spreading exponent o = 3/4
suggests that drop encapsulation can be modeled as a deep bath
for most of our control parameters. Finally, our measurements
confirm that the surrounding fluid plays an important role, as a
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Fig. 7 Rescaled spreading distance as a function of rescaled time, for our measurements and literature data for different geometries, miscibility, and
surfactants. 042434956 The dash—dotted line indicates L = 0.67>4, and the stars (*) indicate measurements for which Oh > 0.2.

constant spreading velocity (« = 1) was reported for binary drops
that were submerged in a liquid.*®**°

4 Conclusions

The dynamics of Marangoni spreading were experimentally
studied for miscible pendant drop pairs in the millimeter size range.
Stroboscopic image sequences revealed the spreading distance as a
function of time in a new temporal domain. The spreading distance
is consistent with L{) ~ 0.6Ac**(pn) "*£* for sufficiently low
Ohnesorge numbers (Oh < 0.2), and moderate viscosity ratios
(0.1 < my/n, < 10). Marangoni-driven encapsulation is suppressed
for Oh % 0.2, when viscous forces become comparable to capillary
effects. Non-dimensionalizing our results and literature experiments
for different surfactants, and miscibilities revealed that a universal
power law L = 0.67"* reasonably captures all data over 10 orders of
magnitude in dimensionless time, as shown in Fig. 7. This power
law can therefore exploited to estimate the encapsulation time scale
in a wide range of encapsulation applications.

Comparing our results to the literature revealed that Marangoni
spreading of miscible liquids is not yet adequately understood,
since the transition from essentially immiscible liquids (as
observed here) to miscible liquids is unclear. Furthermore, the

8530 | Soft Matter, 2019, 15, 8525-8531

transition from boundary layer-dominated dissipation in the
bath to film-dominated dissipation during elongation deserves
attention. As the dynamics of the spreading film are challenging
to visualize, especially at the early time scales, we expect that
theory, numerics, and experiments will all be required to sub-
stantially advance the understanding of Marangoni spreading
over the full temporal domain.
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