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Temperature-controlled directional spreading
of water on a surface with high hysteresis

Yongping Hou!»3, Baolong Xuel3, Song Guan!, Shile Fengl, Zhi Gengl, Xin Suil, Junhui Lul,

Longcheng Gao! and Lei Jiang"?

The actuation of microscale liquid droplets is a key point in the lab-on-chip field. Marangoni force actuation resulting from

a temperature gradient has remarkable advantages. However, high hysteresis between the droplet and the surface is an obstacle
to this motion. Here, we take advantage of the temperature-responsive wettability of a surface made of a block copolymer (BCP)
to show the temperature-controlled directional spreading of water droplets. By applying a temperature gradient on the BCP
surface, both the topologies and chemical components in the nanodomains could be changed gradually. As a result, a
wettability gradient force would form with the same direction as the Marangoni force, which could also be formed due to the
same temperature gradient, and the collaborative effect of these forces could help overcome the high hysteresis. This was
confirmed theoretically by calculating the total force acting on the droplet. The liquid droplet was observed to move by forces
of non-mechanical origin in experiments conducted using a thermal gradient on the BCP films. Furthermore, two water droplets
were observed to merge into one when they were placed in a V-shaped temperature field. These results help us understand the
motion of droplets on a surface with high hysteresis and provide potential applications in microfluidic devices.
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INTRODUCTION

The control of liquid spreading on surfaces has attracted great
attention in the fields of painting, printing, DNA microarrays, digital
lab-on-a-chip and so on.!”7 Attaining the control of a liquid as it
spreads can be achieved by fabricating groove geometries or patterned
surface chemistries to form the wettability gradient. Chu et al®
harnessed the design of asymmetric nanostructured surfaces to
achieve uni-directional liquid spreading, where the liquid propa-
gates in a single preferred direction. Neuhaus et al® studied the
influence of surface topography and surface functionality on the
shape and contact-angle anisotropy of the droplets. Xia et al.'® applied
interference lithography to create submicrometer-scale periodic
surfaces exhibiting highly anisotropic wetting behavior. Yoshimitsu
et al.'! prepared groove structures with large periods and very large
heights (on the order of tens to hundreds of micrometers) by wafer
dicing. Mele et al'> demonstrated PDMS (polydimethylsiloxane)
stamps of a green leaf, exhibiting an arrangement of periodic
microridges separated by interconnected and smooth grooves,
appertaining to the vascular system of the plant. Kim et al!?
reported the uni-directional wetting and spreading of a water

droplet on stooped polymer nanohairs fabricated by replica
molding and oblique electron beam irradiation. In all of these
studies, the control of liquid spreading was achieved with
wettability gradient force. The preparation of groove geometries or
patterned surface chemistries is very complex.

However, directional liquid spreading can also be triggered by
thermal Marangoni force using a thermal-gradient surface.'* Because
the surface tension of a liquid/gas decreases with increasing
temperature, when a liquid drop contacts the thermal-gradient
surface, a corresponding surface tension gradient is also generated.
As a result, Marangoni flow is formed.

The thermal Marangoni force is considered to be the driving force
that will overcome the viscous drag. If the contact-angle hysteresis
(CAH) is low enough, the liquid droplet moves towards the region of
low temperatures. However, the liquid motion is hindered by high
hysteresis in most cases. The main obstacle to the motion is the CAH.
On a surface with high CAH, liquid spreading remains a great
challenge. In order to surmount the hysteresis, additional energy, such
as vibrational energy,!> must be supplied to enable the droplet
motion. Here, we provide a simple method by combining the
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wettability gradient force and Marangoni force introduced by the
same thermal gradient to realize a controllable liquid spreading on a
surface with high CAH.

In the present study, the temperature-sensitive surface was formed
by self-assembly of a block copolymer (BCP), poly(methyl methacry-
late)-b-poly(N-isopropylacrylamide) (PMMA-b-PNIPAAm), which
was hydrophobic at high temperature and hydrophilic at low
temperature, as studied previously.” By applying a linear variation
of temperature on the BCP surface, a nonlinear wettability transition
from hydrophobicity to hydrophilicity could be realized. More
importantly, the direction of the wettability gradient was the same
as that of the Marangoni force. Therefore, cooperation of the
wettability gradient force and the Marangoni force could possibly
exceed the high hysteresis. Through experimentation and theory, we
determined that the spreading features were dependent on the
temperature as well as the wettability gradient.

EXPERIMENTAL PROCEDURES

Preparation of the BCP film

The PMMA-b-PNIPAAm (Mn =46400, PDI=1.16) was synthesized by the
atom transfer radical polymerization technique following the procedures
described in the literature.””!® The volume fraction of PNIPAAm in the BCP
was 0.55. A BCP film was prepared by the solution-casting method with a
1.0 gml ~! BCP solution in tetrahydrofuran on a glass slide (2 x 2 cm?) inside a
semi-closed box to avoid humidity. After the solvent was slowly evaporated for
24h, the glass slide was put into an oven at 50 °C for another 24 h and then
under vacuum to remove the residual solvent.

Characterization

The CAs of the water droplets were measured by an optical contact-angle meter
system (OCA40Micro, Dataphysics Instruments GmbH, Stuttgart, Germany).
Two microliters of deionized water was dropped onto the samples (polymer
films), and the static and dynamic CAs were measured at least five times via the
expansion and shrinkage method, and the average values are reported. To
clearly observe the spreading process, BCP film was placed inside a sample
chamber. A temperature gradient along the x axis was created using a water
flow through pipes that ran parallel to an aluminum substrate. The behavior of
the spreading process was recorded by the optical contact-angle meter system
with a time scale and also with a commercial digital camera (OCA40Micro).
Time zero was chosen to be the frame in which the deposited droplets reached
an equilibrium shape after they came into contact with the film.

RESULTS AND DISCUSSION

Copolymers containing NIPAAm can be selectively located in the
honeycomb structures by a simple water droplet templating
method.!” These pincushion-structured surfaces show thermal-
responsive wettability from hydrophobic to superhydrophobic.!8
In contrast to these, the BCP used here self-assembles into a nano-
structured lamellar surface and provides temperature-dependent
wettability.

In the present study, the temperature-dependent wettability was
studied by measuring the static and dynamic CAs for the water
droplets at different temperatures (see Figure 1). The static CAs
increased from 26° to 93° with an increase in the temperature from 5
to 35°C, indicating the wettability transition from hydrophilicity to
hydrophobicity. The BCP surface has a temperature-dependent
wettability because of the cooperation effect of the changes in surface
topological structure as well as the hydrogen bonding between
NIPAAm and water molecules. According to the former, the in situ
atomic force microscopic experiments conducted under water at
temperatures below and above LCST (lower critical solution tem-
perature) showed changes in both the PNIPAAm conformation and
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Figure 1 The temperature-dependence of the static CAs of water as well as
the advancing and receding CAs for the BCP film are plotted in the form of
cosf versus the temperature, showing a nonlinear wetting behavior of BCP
films with increasing temperature.

the PNIPAAm lamellar domains with changing temperature.” Below
the LCST, PNIPAAm forms inter-molecular hydrogen bonds with the
water molecules, leading to a hydrated and swollen state of
PNIPAAm. Above the LCST, PNIPAAm forms intra-molecular
hydrogen bonds, resulting in a dehydrated and collapsed state.
Therefore, the wettability gradient will be formed when a thermal
gradient is applied on the surface of the PNIPAAm.

In addition, the advancing and receding CAs also have a similar
transition tendency with respect to the thermal gradient. The
difference between the advancing and receding angles (A0 =0, —0,)
is CAH, which provides the main resistance force.!°?! In the present
work, advancing and receding CA data indicate a contrasting CAH,
which provides the main resistance force.!®-2! For instance, the CAH
values at 20 and 30 °C were 10° and 14°, respectively. For such high
CAH values, the droplet is usually pinned on the surface. Chaudhury
and Whitesides!® stated that the CAH must be less than
approximately 10° for drop motion to occur on the wettability-
gradient surface. By fitting the current data from Figure 1 into two
functions, as shown in Supplementary Figures S1 and S2, the
wettability gradient force and the hysteresis force to the water droplet
motion can be calculated, which will be discussed later.

A 2-pl droplet of deionized water was placed on a BCP film surface
with a 1 —dimensional temperature gradient, and the migration
behavior was recorded by a charge-coupled device camera. A typical
migration behavior of water droplet with a temperature gradient of
2°Cmm ! is shown in Figure 2. Interestingly, the migration behavior
was dependent on the initial position of the water droplet in the
temperature field. When the temperature at the cold end was 35°C
(hydrophobic region), the droplet was pinned (see Figure 2a). When
the temperature was 12 °C (hydrophilic region), the droplet started to
spread immediately on the surface, forming a stable wetting state (see
Figure 2c). When the water droplet was placed at 25 °C, in the middle
transition region, it spread against the temperature gradient and was
pinned in the direction perpendicular to the thermal gradient (see
Figure 2b). The droplet deposited on the PMMA film surface with the
same temperature gradient exhibited no spreading behavior
(Supplementary Figure S3). By changing the droplet positions
between 12 and 35 °C, we also observed a uni-directional spreading
behavior. Therefore, these were the first observations showing a uni-
directional spreading behavior of water droplets driven by the forces
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Figure 2 The behavior of water droplet motion on the BCP film with a temperature gradient of 2°Cmm ! at different temperature points: the temperatures
at the cold end were (a) 35°C, (b) 25°C, and (c) 12°C. At 12 and 35°C, the droplet was pinned on the film, while at 25 °C the droplet spread against the
temperature gradient and pinned in the direction perpendicular to the thermal gradient, that is, the y axis. These results show that the water droplet motion

was dependent on the temperature of the position where it was placed.

of non-mechanical origin on a surface with high CAH, although a
similar behavior has been observed on other surfaces with a reduced
C AH.22—24

We applied a V-shaped temperature field on the BCP film (see
Figure 3). We dropped two separate water droplets and observed the
water droplets spreading toward the cold center, quickly merging into
one. This phenomenon can be used as a carrier for chemical reactions
in water.

To thoroughly understand the temperature-dependent spreading
behavior of water droplets on BCP films, the forces exerted on the
water droplets needed to be understood. There are three main forces
that influence the motion of droplets: the Marangoni force (Fy), the
wettability-gradient force (Fyy), and the hysteresis force (Fy).?

Brzoska et al? first systematically studied Marangoni force
induced by a thermal gradient on a silanized silicon wafer. The
surface tension of liquid/gas is temperature dependent and decreases
as the temperature increases. When the liquid droplet contacts a
thermal-gradient surface, the surface tension on the cold side is
stronger than on the hot side. The spatial variation in the surface
tension results in added tangential stresses, namely, Marangoni
force.?® The Marangoni force is given by

FM:T[RZ%ZTE 2%% (1)
where R is the base radius of the droplet, 7 is the surface tension of the
water and dy/dx denotes the surface tension gradient, which can be
replaced by the product of dy/dT and dT/dx. The value of dy/dT is a
constant, and dT/dx is a thermal gradient applied on the surface. The
direction of the force is the same as the surface tension gradient,
pointing toward the low temperature side.

The most distinguished feature in our system is the nonlinear
wettability gradient induced by a temperature gradient. When the
water droplet contacts the wettability-gradient surface, the two fronts
along the wettability-gradient axis have different CAs. The dynamic
CAs of the moving drop are approximately equal to Young’s CA in the
middle of the droplet base.”” The wettability-gradient force is
described as

deost) ., dcos0dT

Fy = nR%y = —
WETRRT T T AT ax

2)

where 0 is the position-dependent CA. From the data in Figure 1, the
values of dcos0/dT at different temperatures could be obtained, and
thereby the values of dcos(/dx at different temperature gradient could
be obtained. We use the Lorentz and Boltzmann equations to obtain
the expression of (dcos0/dT) (see Supplementary Materials). The
wettability-gradient force has the same direction as the Marangoni
force.

Viscous drag, also referred to as the friction force, is opposite to the
moving tendency direction of the droplet. Because the viscous drag is
typically orders of magnitude smaller than the wettability-driving
force,28 it is not considered here. In actual experimental situations,
this resistance force can be calculated from the CAH values.!*~2! The
magnitude of the hysteresis force (Fy) is described as®

Fr = 2Ry(cos 0,y — cos0,)

©)

where 6,, and 6, are the position-dependent receding and advancing
CAs, respectively. An important consequence of Fy is causing the
droplets to adhere to the surface. The data shown in Figure 1 can be
used to obtain the values of (cosl,,—cosl,,) at different
temperatures.

On the basis of the Equations (1), (2) and (3), the total force (Fr) is
described as

Fr =nR>—
ren T

dx

dT dy
dT

+7 (d P 0)] — 2Ry (cos 0,y — c0s 0a) ~ (4)

where the first term denotes the driving force due to the wettability-
gradient force and Marangoni force and the second term describes the
hysteresis force. To demonstrate the extent of variation in the Fr
values along the gradient, we chose a representative temperature
gradient of 2 °C mm ~. For a given radius of approximately 2.3 mm,
the values of Fr as a function of temperature were calculated. The
values of Fr initially increase along the temperature gradient, reaching
a peak at 25 °C and then decrease to negative values at temperatures
above 35°C. Below 12°C, the values of Fy are close to zero, and
the droplet remains pinned. Above 35°C, the values of Fr
become negative, which indicates that the driving force is far from
surmounting the hysteresis force to move the droplet. Therefore, the
droplet is pinned on the surface. Between 12 and 35°C, Fr is large
enough, mainly resulting from the temperature-induced wettability
gradient, to push the droplet spreading across the thermal gradient.
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Figure 3 Digital images of opposite-directional spreading of two water
droplets (2 pul, colored by red and blue, respectively) on the BCP film in a
V-shaped temperature field. Water droplets spread toward to the center and
merged into one.
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Figure 4 Total force (Fp) calculation exerted on the water droplet versus the
temperature (T) and temperature gradient (d7/dx). Fr above zero indicates
that the water droplet can spread on the surface, whereas below zero
represents the droplet pinned to the surface.

The calculation results are in good agreement with our experimental
observations.

Figure 4 shows the Fy values at different temperature gradients and
temperatures, exhibiting a hump-like graph. The two regions of the
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plot are divided by a plane (Fr=0). Points above the plane indicate
that when the Fr is above zero, the water droplet should spread, and
while below the plane, when the Fr is below zero, the water droplet
should be pinned. The experiments carried out at different tempera-
ture gradients and temperatures to observe the motion of water
droplets were also in accordance with the fitting results. Thus, the
motion behavior of the water droplets on a BCP film could be
predicted by the values of the temperature gradient and the
temperature.

CONCLUSIONS

In conclusion, by taking advantage of the BCP surface with a
temperature-responsive wettability, a temperature-controlled direc-
tional spreading of liquid was realized in these studies, although the
surface had a high hysteresis. The wettability-gradient force and
Marangoni force together having the same direction overcame the
high hysteresis force and helped the water droplet to move as
predicted by the theoretical force calculations. These results could
provide potential applications for microfluidic devices.
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