Open Access Article. Published on 02 November 2016. Downloaded on 5/22/2026 7:53:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cylindrical chains of water drops condensing on

microstructured lubricant-infused surfacesy

Cite this: Soft Matter, 2016,
12, 9377

Tadashi Kajiya,#® Sanghyuk Wooh,® Yunchan Lee,® Kookheon Char,”

Doris Vollmer® and Hans-Jurgen Butt*®

We studied the condensation of water drops on a micro-structured lubricant-infused surfaces.
Hierarchical micro-prism surfaces were fabricated by soft imprinting with wet TiO, nanoparticle paste.

After hydrophobization, the patterned surfaces were infused with silicone oil as a lubricant. When

cooling at high humidity (over 80%), water drops nucleate and start growing on the surface. Once they
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have reached a certain size, the drops at neighboring channels of the micro-prisms attract each other
and spontaneously form cylindrical chains. These chains of drops align perpendicular to the prism array.
The morphology and the length-to-width ratio of the chains of drops depend on the thickness of the

lubricant layer. This new concept of water drop alignment on lubricant-infused surfaces offers a new

www.rsc.org/softmatter

|. Introduction

Condensation of water drops from the atmosphere onto a solid
surface is a daily-observed phenomenon. Dew in the morning
and fogging of glasses and windscreens are typical examples.
Condensation has been generally studied in technological
applications for thermal management and heat transfer in power
generation' and continuous water harvesting by dew or fog.>™

Condensed drops are also used to pattern surfaces known
as breath figures®® and to fabricate micro-particles”. When
blowing humid air over a polymer solution whose solvent has
a low boiling point and is immiscible with water, evaporative
cooling leads to the condensation of water drops at the surface of
the polymer solution. These drops can form a hexagonal array.
After evaporation of the liquids, a hexagonal array of bubbles
is left in the polymer. In this way, regular arrays of pores in a
polymer film can be prepared.®®

Research on the condensation has been extended to lubricant-
infused surfaces. These micro- or nano-textured surfaces are
infused with a non-volatile lubricant of low surface tension.'®™>
A thin lubricant layer covers the solid substrate and is kept in
place by capillary forces. When placing a drop of an immiscible
liquid on a lubricant-infused surface, the drops slide off at tilt
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route for pattern formation with condensed drops.

angles of a few degrees."**® Anaud et al. and Park et al. have
shown the facile collection of condensed drops.'®'” Kim et al.
demonstrated the good anti-icing properties,'® as the drops are
removed before ice-formation sets in.

In our previous work, we imaged the condensation of water
drops onto lubricant-infused square arrays of micro-pillars by
confocal microscopy.'® Here, we describe the condensation
dynamics of water drops on lubricant-infused porous surfaces
with a hierarchical nano- and microstructure. Rather than the
2D regular arrays, we used a 1D symmetry. The surface consists
of linear arrays of TiO, micro-prisms with nanometer-sized
porosity, which is infused with silicone oil. While condensing,
the water drops aligned perpendicular to the prism arrays and
form long cylindrical chains. Micro-structuring the lubricant
infused surface leads to the self-assembly of condensing drop.
We investigate how the shape of chains depends on the para-
meters such as the thickness of the lubricant. We also discuss
the mechanisms of chain droplet formation.

Il. Materials and methods

The micro-prism patterned mesoporous titanium dioxide (TiO,)
surfaces (Fig. 1a) were prepared by soft-lithography using wet
TiO, nanoparticle paste, following the procedure described by
Kim et al.”° and Wooh et al.*"* TiO, nanoparticle paste (18NR-T,
Dyesol, particle diameter: 20 nm) was blade coated on a silicon
wafer and then gently imprinted with a micro-prism patterned
polydimethylsiloxane (PDMS) mold. The PDMS mold consisted
of micro-prism pattern with a peak-to-peak distance of 25 um
and a slope of 45°. The imprinted paste was annealed at 70 °C
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Fig. 1 (a) Scanning electron microscope (SEM) images of the micro-prism

patterned mesoporous TiO; surface. The surface consists of a regular array
of 2D prism patterns (top) that is mesoporous with ~10 nm size pores
(bottom). (b) Schematic and SEM image of TiO, surface infused with
silicone oil as lubricant. The silicone oil was spin-coated at 5000 rpm for
30 s. (c) Plot of the thickness of lubricant layer. The largest and smallest
thickness (hy, h,) are plotted. The sample surfaces are, S;: diluted silicone
oil (by THF at 25 wt%) spin-coated at 5000 rpm. Sy;: silicone oil spin-coated
at 5000 rpm. Sy;: spin-coated at 3500 rpm. Sy: spin-coated at 2000 rpm.
Sv: blade coated with 50 um spacers. The SEM images of surfaces S (with
thinnest lubricant layer) and Sy (with thickest lubricant layer) are shown as
Fig. S1 (ESIT). (d) Setup for the water drop condensation.

for 10 min to evaporate solvent and to solidify the paste. After
detaching the PDMS mold, the patterned TiO, paste was
sintered at 500 °C for 30 min to decompose residual organics.
The surface nano-roughness is necessary to keep the lubricant
layer on the surface and provide a reservoir of lubricant. The
surface was hydrophobized before coating with lubricant in
order to prohibit the water drop adhering on the surface. For
hydrophobization of the patterned surface, the surface was
modified with trichloro(1H,1H,2H,2H-perfluorooctyl)silane by
chemical vapor deposition for 2 hours in a pre-evacuated
desiccator.

TiO, micro-prism arrays were infused with silicone oil
(molecular weight: 9.7 kDa) by spin-coating for 30 s. The
lubricant thickness was controlled by changing the rotation
speed (2000, 3500 and 5000 rpm), or by diluting the silicone oil
(25 wt%) with tetrahydrofuran (THF). In order to reach a
lubricant thicknesses over 35 um, silicone oil was applied by
blade coating with 50 pm spacers.

The thickness of lubricant layers was measured using a
cross-sectional scanning electron microscope (SEM, low voltage
1530 Gemini LEO, Zeiss) (Fig. 1b), after crosslinking the silicone
oil on the surfaces. To crosslink, vinyl-terminated silicone oil
with similar molecular weight (molecular weight: 9.4 kDa,
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viscosity: 0.2 Pass, DMS-V22 from Gelest Inc.) with a crosslinker
(2 wt%, HMS-301 from Gelest Inc.) and a platinum catalyst
(0.0125 wt%, SIP6831.2 from Gelest Inc.) was used. This cross-
linkable silicone oil mixture was coated on the prism-patterned
mesoporous surface and cut after 6 hours of curing at 60 °C.
The volume shrinkage after crosslinking was below 1%. The
silicone oil infiltrated the porous TiO, and also covered the
micro patterns (Fig. 1b bottom). The thickness of the silicone
oil layer at the bottom (%) and at the top (h,) of prisms are
plotted in Fig. 1c. While for sample S; to Sy the thickness varies
and £, is lower than #,, for sample Sy the micropattern is fully
masked by the lubricant and h; = h,.

The surface tensions of water (saturated with silicone oil)
of y, = 44 mN m™ ' and silicone oil (saturated with water)
76 =20 mN m ' were measured using the pendant drop method
(OCA35; DataPhysics, Germany).

Condensation of water drops was monitored using a video
microscope (Nikon stereomicroscope SMZ-U with a 2x objective)
connected to a CCD camera (Basler, model) (Fig. 1c). The tempera-
ture of the substrate was controlled with a Peltier module situated
underneath the substrate. The sample was placed in a closed
plastic chamber, under which a constant air flow at controlled
humidity was circulated. To create an air flow with constant
humidity (83 &+ 3% at a temperature of 21 + 1), a stream of dry
and humid air (made by bubbling through a bottle filled with
water) were mixed at controlled flow rates (20 + 10 ml min "
and 220 & 15 ml min~"). The substrate temperature was cooled

down to 1 °C at a cooling rate of 0.25 + 0.03 °C s~ ",

[1l. Results

Several stages of the condensation process could be distin-
guished (Fig. 2, supplemental Movie S1, ESI}):

- Nucleation and growth: after cooling was started, tiny
water drops (dark elliptical spots) nucleate at random positions
on the surface and grow (Fig. 2a). The light is coming from the
left top side and illuminates the left flanks of the prisms (white
areas). The dark areas correspond to the right flanks of the
prisms (schematic (i)). Due to the surface geometry underneath
the lubricant, water drops initially condense along the valleys of
the prisms and grow individually.

- Attraction and formation of cylindrical chains of drops
(Fig. 2b): drops that nucleated in the same valley of the prism
come close and coalesce into bigger drops (schematic (ii) left).
At the same time, drops in neighboring valleys attract and align
at the same y-position. However, they do not coalesce (schematic
(ii) right). The drops assemble into long cylindrical chains. In a
chain, neighboring drops are separated by lamellae of silicone
oil (Fig. 2¢).

- Coalescence perpendicular to the prism: once the drops
exceed a certain size, the drops within the cylindrically-shaped
chains coalesce (schematic (iii)). These larger drops move in
x direction and merge with neighboring drops one by one
(Fig. 2d and e). When the coalesced drops have reached a radius
of 3-5 times the prism spacing (Fig. 2d and e) they get pinned.

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6sm01883a

Open Access Article. Published on 02 November 2016. Downloaded on 5/22/2026 7:53:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Soft Matter

If.l.:ll““uu’lu

|l|lx
hm“ |||| ”

|m|
Izlll

3“ “ !"l"‘l!l |||il!
I "lll' I miu l"l !

.ulll I II |u| mll
Fig. 2 Sequential optical microscope images of the condensing water
drops on a prism-patterned lubricant infused surface (surface Sy). Images
were acquired after (a) 40 s, (b) 80 s, (c) 120 s and (d) 360 s (e) 1000 s. The
x axis is directed perpendicular to the prism lines and the y axis is parallel to
the prism. (a) Initially, the drops nucleate randomly on the surface. As the
light illuminates from the left top side, the white and black areas corre-
sponds to the left and right flanks of the prisms, respectively (schematic
(i) (b) when the drops grow to a certain size, they interact attractively.
Drops nucleated on the same prism line come close and merge (schematic
(ii) left). The drops nucleated at the neighboring channels also attract,
but they do not coalesce. As a result, they align to the same position on
y axis (schematic (i) right). (c) Finally, the drops form cylindrical chains.
(d) and (e) At a last stage, coalescence occurs over the neighboring
channel (schematic (iii)). Chains of drops merge to a large spherical drop.
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Then, they only slide at tilt angles above 45°. Coalescence also
creates new free surface and fresh nucleation occurs.

The length of the chains of drops [, and width [, are plotted as
a function of time (Fig. 3a). , and /, denote the maximum value
measured in the x and y directions for each chain of drops.

At the early stage when the water drops nucleate and grow
individually, the drops have a spherical cap shape. Therefore,
the lengths [, and [, increase proportional to each other. The
drops start attracting each other when the drop’s diameter
approaches roughly 5 pm, which is the order of prisms’ height.
Drops at neighboring prism channels align at the same y
position, forming chains. Meanwhile, the individual drops in
a chain grow together. It is not clear yet if the drops in a chain
grow independently and just have a similar condensation
kinetics, or if they are linked by diffusion of water from one
drop to a neighboring one. [, increases much faster than [, at
this stage, and the aspect ratio [,/I, exceeds 10. Finally, the
chains of drops start to coalesce perpendicular to the prism.
The chain-shaped drop transforms into a large spherical cap,
therefore the aspect ratio [,/l, approaches unity.

We also analyzed how the drop-drop spacing changes with
the creation of cylindrical-shaped chains of drops. For an
ensemble of drops, we measured the distance of drops across
the y axis (d,). The value d, is measured for adjacent cylindrical
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Fig. 3 (a) Plot of the two mean extension of the condensed drops. As
illustrated in the schematic, [, is perpendicular and [, is parallel to the
direction of the prisms (with surface Sy, A = 4.5 um). The aspect ratio (L /1)
is also plotted in the inset. (b) Probability distribution of the spacing
between drops in y direction (d,), obtained from multiple data on the
surfaces S, and Sy. Initially, the drops are distributed randomly in y
direction (left schematic). With the formation of long cylindrical chains
of drops, the spacing d, becomes uniform, which is nearly 4 times bigger
than the prism gap (right schematic).

chains of drops which have an overlap at the same micro-prism
channel. The probability distribution of d, is plotted in Fig. 3b.

At the early stage (¢t < 50 s) just after the drop starts forming
a chain of two or three drops, these drops are separated across
the y axis at random. Measured spacing d,, is distributed in a
broad range. As the alignment of drops continues (¢ = 50 s), the
chains of drops are placed rather uniformly in y direction. The
d, distribution shows a sharp peak at d, = 100 & 5 pm, which is
4 times larger than the pillar gap. To check how the geometry of
the prism influences the formation of the cylindrical chains
of drops, we condensed drops on lubricant-infused prism
arrays with different peak-to-peak distances: 10 pm and 50 pm
(Fig. S3, ESIT). The condensed drops form cylindrical chains on
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all prism sizes. It turned out that the mean spacing d,, depends
on the peak-to-peak distance of the micro-prism. d, was roughly
4 times larger than the peak-to-peak distance.

V. Discussion

We suggest that the self-assembly of drops to cylindrical chains
originates from the competition between two mechanisms:
capillary attraction and topological confinement (Fig. 4a). The
high mobility of drops provided by the lubricant is a prerequisite.

On lubricant-infused surfaces, a water drops first nucleate
on the free surface of lubricant.'® In the early stage they form a
liquid lens. Since the drops are small, one can neglect gravity
and the two surfaces are shaped like spherical caps with
two radii of curvature. These radii of curvature are given by
Yw/Rw = Tiw/Riw- "> Here, 7, is the surface tension of water
saturated with silicon oil, y, is the interfacial tension of the
silicone oil/water interface, R,, is the radius of curvature of the
top side of the lens and Ry, is the radius of curvature of
the bottom side of the lens. After some time the lens has grown
into a size that its bottom comes into contact with the TiO,
surface. A solid three-phase contact line forms where the lubricant,
TiO,, and water meet. The creation of the solid contact line is
indicated by the observation that the water drops do not slide
down even when tilting the surface up to 45°.

After the water lens comes into contact with the hydropho-
bized TiO,, further growth leads to an increase in circumfer-
ence and in height. The fluid three-phase contact line, where
water, lubricant and air meet, is shifted upward. The balance of
the interfacial tensions creates the lubricant meniscus, found
around the drop’s perimeter, which has a negative curvature.**
For isolated drops, the horizontal components of the surface
tension of the lubricant/air interface cancel each other when
integrating around the fluid contact line.>® The surface tension
dragging to the right is equal to the surface tension dragging to

View Article Online
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enough that the menisci start overlapping, the angle of the
interface facing the second drop changes. It changes in such a
way that the horizontal component increases (Fig. 4a middle).
This leads to a net attractive force. Such phenomenon is similar
to the lateral attraction between two particles which are
suspended on a free liquid surface.?®™>®

Suppose that the lubricant fills the spacing between the
micro-prisms up to slightly below the peaks of the prisms
(surfaces Sy and Sy, Fig. 1). When the condensed water drops
are smaller than the prism spacing, they are confined between
the peaks of prisms. These drops are mobile along the valley of
prisms (y direction), but the prism’s peak hinders the drops to
move perpendicularly (x direction). Meanwhile, the lubricant
meniscus reaches the adjacent prism channel. Therefore, the
drops in the neighboring channels start attracting each other.
As a result, the drops are aligned in the x direction.

For a qualitative evaluation of the velocity, we consider the
situation where the two cylindrical chains of length (I, /;) and
of width [, approach each other at relative velocity v, (Fig. 4b).
Capillary attraction should occur only when the two menisci
overlap. We denote the length where two chains overlap along
the x axis as l,,. The net attractive capillary force is mainly
applied at this overlap region. The capillarity attractive force F.
is approximately given as,

Fe & loy)up|cos 0y, — cos Og]|. (1)

Here, the angles 0y, and 0k refer to the left and right slopes of
the lubricant meniscus at the liquid contact line (Fig. 4a) with
the drop and 7y, is the surface tension of the lubricant.
Following this attraction, the drops move towards each other.
The speed is a balance between attraction and viscous friction.
Assuming that viscous friction F, is proportional to the chains
lengths,

[,
Fy = (It + In)=vyn, (2)

the left (Fig. 4a top). When a neighboring drop has grown large d
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Fig. 4

(a) Mechanisms for the line drop formation; capillary attraction by the lubricant meniscus and topological confinement by the prism structure.

(b) Relative y velocity (v,) of two cylindrical chains of drops approaching each other. The data are plotted against the ratio of two lengths in x direction;
the overlap length (l,,) at which the two chains of drops overlap along x axis, and the total length (, + (}). (c) Plot of the maximum value of the aspect
ratio (L/l,) versus the largest lubricant thickness (hy). To achieve long cylindrical chains, there is an optimal lubricant thickness at 5 + 2 um, which is close

to the prism height.
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where 7 is the viscosity of the lubricant and d is the thickness of
the lubricant layer beneath the drop. We obtain the relation,

lov Vb [|cos O — cos Or|d
h+h n I, ’

(3)

vy

From multiple measurements on the surfaces Sy and Sy,
we measured the relative velocity (v,) of two chains of drops
which are attracting, and plotted as a function of the length
ratio l,/(I; + Iy). The proportionality was indeed observed
(Fig. 4b). The prefactor yj,d|cos 0;, — cosg|/(n],) in the example
shown in Fig. 4b was 62 pm s~ ', With yj, = 0.02 N m ', y=02Pas
and /, ~ 50 um (twice the spacing of the microstructure) we
estimate d|cos 0y, — cosg| &~ 3 nm. The angles of the meniscus
at both sides of the chains are not largely different and we
estimate that |cos 0, — cos 0| is of order 0.01 to 0.1. This leads
to an estimate for the thickness of the lubricant layer beneath
the drop of order 300 to 30 nm, neglecting contributions of the
disjoining and Laplace pressure.

The formation of the cylindrical chains of drops is influ-
enced by the thickness of the lubricant (Fig. 4c). If the lubricant
thickness is very thin compared to the prism height, the
lubricant meniscus does not reach the adjacent prism line.
The onset of the attractive movement is delayed. Before the
drops attract, they already grow sufficiently large to coalesce
over the prism across the x axis. On the other hand, if the
lubricant layer is thicker than the prism structure, the whole
surface is completely covered. The condensed drops with their
respective lubricant menisci are not anymore influenced by the
topological confinement set by the prisms. The drops move in
all directions, even perpendicular to the prism pattern. Once
the drops come close, they simply merge into a large spherical
cap drop.

Experimentally, we measured the maximum aspect ratio /I,
on surfaces with different lubricant thickness, and plotted the
maximum ratio as a function of the largest lubricant thickness
hy (Fig. 4c). In order to achieve long chains of drops, we found
that there is an optimal thickness of 7-9 pm, which corre-
sponds to the depth of prism channels.

V. Conclusion

Water condensing on lubricant-infused surfaces patterned with
linear micro-prisms forms parallel chains of drops. This hier-
archical and spontaneous structural formation of water drops
is caused by the lubricant film which provides a high mobility
of the drops and a long-range capillary attraction. The water
drops at the neighboring valleys of micro-prisms attract each
other and align perpendicular to the prism array. With optimal
lubricant thickness, long cylindrical-shaped chains of drops are
formed, which are dispersed quite uniformly across the line.
We suggest that such self-assembly of water drops originates
from the capillary attraction by the lubricant meniscus and
topological confinement set by the prisms. Our results imply
that the use of lubricant-infused surfaces with specific surface
geometry enables to realize patterns with condensing drops.

This journal is © The Royal Society of Chemistry 2016
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