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ABSTRACT

Magnetocontrollable droplet mobility on surfaces of both solids and simple fluids have been widely used in a wide range of
applications. However, little is understood about the effect of the magnetic field on the wettability and mobility of droplets on
structured fluids. Here, we report the manipulation of the dynamic behaviors of water droplets on a film of thermotropic liquid
crystals (LCs). We find that the static wetting behavior and static friction of water droplets on a 4’-octyl-4-biphenylcarbonitrile
(8CB) film strongly depend on the LC mesophases, and that a magnetic field caused no measurable change to these properties.
However, we find that the droplet dynamics can be affected by a magnetic field as it slides on a nematic 8CB film, but not on
isotropic 8CB, and is dependent on both the direction and strength of the magnetic field. By measuring the dynamic friction of a
droplet sliding on a nematic 8CB film, we find that a magnetic field alters the internal orientational ordering of the 8CB which in
turn affects its viscosity. We support this interpretation with a scaling argument using the LC magnetic coherence length that
includes (i) the elastic energy from the long-range orientational ordering of 8CB and (ii) the free energy from the interaction
between 8CB and a magnetic field. Overall, these results advance our understanding of droplet mobility on LC films and enable

new designs for responsive surfaces that can manipulate the mobility of water droplets.
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1 Introduction

The manipulation of water droplet mobility on surfaces is critical
for a wide range of applications, such as water harvesting [1-5],
open-surface microfluidics [6-12], medical diagnostics [13-16],
and drug delivery [17-20]. In nature, the hydrophobicity and
topography of biological surfaces have been widely utilized to tune
the wetting behavior and mobility of water droplets on surfaces,
such as directional water droplet transport on spider silks [21],
Namib desert beetles [22], and cactus spines [23]. Inspired by
these findings, a variety of external fields, including electric
[24-26], acoustic [27,28], and optical [15,29,30], have been
utilized to change the hydrophobicity and topography of surfaces
to tune water droplet mobility. Among the above-mentioned
external stimuli, magnetic fields have attracted attention because
of their advantages in being easily and remotely controllable [18,
31-35]. Past studies have shown that magnetic colloidal particles
that are added to a water droplet can enable the droplet to be
pulled across a hydrophobic surface using an applied magnetic
field [18, 36]. In addition to the magnetic particle-induced droplet

movement, the  surface  roughness of  magnetic
fluid/nanostructured surfaces can be manipulated using a gradient
magnetic field which then creates a Laplace pressure gradient-
triggered directional transport of water droplets [37-39]. Recently,
Aizenberg et al. reported the design of ferrofluid-containing liquid-
infused porous surfaces, in which various interfacial topographical
reconfigurations at multiple length scales can be achieved to
regulate the transport of water droplets across their surface [37].
To date, current magnetic-responsive surfaces rely on dispersed
magnetic colloidal particles within isotropic solids or simple fluids
(e.g., water). The possibility of using structured fluids, whose
constituent molecular order can respond to external magnetic
fields, to manipulate water droplet transport has not been
explored.

As a representative structured fluid, the constituent molecules
(mesogens) of liquid crystals (LCs) adopt a rich palette of
positional order (i.e., the 3-dimensional organization common in
solids) and orientational order (i.e., all molecules pointing in the
same direction), and have been shown to respond to a wide range
of external stimuli including thermal, optical, electric, and
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magnetic fields [40-48]. Recently, our group has developed a class
of liquid crystal-infused porous surfaces (LCIPS) that are stable
against water-induced dewetting and has demonstrated that the
mobility of water droplets on these surfaces can be tuned using
heat and ultraviolet (UV) light [49, 50]. In this work, we report the
effect of a magnetic field on the behaviors of water droplets on
LCIPS. Specifically, we found that the magnetic field causes no
measurable change to the apparent contact angle and static
friction of water droplets on the LCIPS. In addition, we observed
that while in the nematic phase, where the constituent molecules
have a long-range orientational order but no positional order (Fig.
1(a)), the applied magnetic field can alter the orientational
ordering of the LC, changing the effective viscosity of the LCs
surrounding the water droplet, and thus affecting the dynamic
friction and the associated water droplet sliding velocity on the
LCIPS. In contrast, in both the smectic A phase (where the
constituent molecules have both long-range orientational order
and positional order) and the isotropic phase (where there is no
intrinsic order) (Fig. 1(a)), the magnetic field causes no
measurable change to the water droplet mobility on the LCIPS.
Overall, our results reveal that the intrinsic LC molecular ordering
can be selectively tuned to influence the mobility of water droplets
under an applied magnetic field, which provides an entirely new
route for the manipulation of water droplet transport across
structured fluid surfaces.

2 Experimental section

2.1 Materials

4’-Octyl-4-biphenylcarbonitrile (8CB), 4-cyano-4’-pentylbiphenyl
(5CB), E7 (a blend of 51% 5CB, 25% 4-cyano-4-n-heptyl-
biphenyl, 16% 4-cyano-4’-n-oxyoctyl-biphenyl, and 8% 4-cyano-4*-
n-pentyl-terphenyl), — and  reactive LC  1,4-bis-(4-(3-
acryloyloxypropyloxy)benzoyloxy)-2-methylbenzene ~ (RM257)
were purchased from Jiangsu Hecheng Advanced Materials Co.,
Ltd. Photoinitiator ~ 2,2-dimethoxy-2-phenylacetophenone
(DMPAP) and dimethyloctadecyl(3-(trimethixysilyl) ~propyl)
ammonium chloride (DMOAP, 42 wt% in methanol) were
purchased from Sigma-Aldrich. 190 proof ethanol was purchased
from Decon Labs Inc. Plain microscope slides were purchased
from Fisher Scientific. The magnet using in this work was
purchased from K&J Magnetics, Inc. The water used in all of the
experiments was purified using a Milli-Q water purification
system (Simplicity C9210). Unless stated otherwise, the purchased
chemicals were used as received without further modification or
purification.

2.2 Preparation of DMOAP-functionalized glass slides

Microscope slides were cleaned with water and ethanol and then
dried under a stream of nitrogen gas. Next, the cleaned
microscope slides were soaked in a 1% v/v. DMOAP water
solution for 15 min. Then, the microscope slides were taken out
from the solution and cleaned with water and ethanol to remove
residual unreacted DMOAP. After drying under a stream of
nitrogen gas, the obtained slides were stored in an aluminum-
covered container to prevent light from affecting the DMOAP
layer.

2.3 Preparation of LCIPS

First, we prepared a reactive LC mixture composed of 8CB
(90 wt.%) and RM257 (10 wt.%). A photoinitiator, DMPAP, was
added at 1 wt.% based on the LC mixture. Then, 100 pL of the LC
mixture was spread evenly on a DMOAP treated glass slide
(2.5 cm x 2.5 cm). Afterward, two ~ 160 um spacers were placed
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on either edge of the DMOAP treated glass slide and a second
DMOAP treated glass slide was placed on top. Subsequently, the
construction was exposed to 2.0 mW/cm’ UV light (Spectroline,
EA-140; 365 nm) for 20 min at 35 °C to polymerize the 8CB
swollen porous polyRM257 substrate. Finally, we removed the top
DMOAP-functionalized glass slide and drop-cast excess 8CB
(80 uL) onto the polyRM257 porous structure to make an 8CB-
infused porous polyRM257 surface (8CB-based LCIPS) with a
130 pm-thick lubricating 8CB layer, which prevents water placed
on top from directly contacting the polyRM257 porous structure.
The 5CB and E7-infused surfaces were obtained in a similar
method as that of 8CB-infused surfaces. Unless stated otherwise,
8CB was used in the LCIPS throughout this research.

24 Characterization of the morphology of porous
polyRM257 substrates

The porous polyRM257 substrate used for the scanning electron
microscopy  (SEM) imaging was prepared from the
photopolymerization of a mixture of 10 wt.% RM257 in 8CB
followed by an extraction of the nonreactive 8CB with ethanol.
After being fully dried, the porous substrate was coated with a thin
layer of gold before imaging. Finally, the morphology of the
porous polyRM257 substrate was imaged using an FEI Quanta
200 SEM with an acceleration voltage of 5 kV at a working
distance of ~ 9 mm (Fig. S1 in the Electronic Supplementary
Material (ESM)).

2.5 Characterization of the orientational ordering of the
LCIPS

The orientational ordering of the LCIPS in air was characterized
using an Olympus BX53 microscope equipped with crossed
polarizers. We controlled the temperature of the LCIPS using a
Linkam PE120 Peltier hot stage to investigate the different phases.
We dropped a 1 pL droplet of pure water on the LCIPS in the
smectic A (25 °C) and nematic (35 °C) phases to show the optical
image under different phases.

2.6 Characterization of the wetting of water droplets on
LCIPS

The apparent contact angles and hysteresis of water droplets on
LCIPS were measured using a KRUSS DSA 100 contact angle
goniometer. To minimize the dynamic force acting on the droplet
which could cause the shape to deform, we pushed the plunger in
the syringe slowly (5 uL/min) during these measurements to make
the 3 uL water droplets. We used a Linkam PE120 Peltier hot stage
to control the temperature of the LCIPS to achieve the different
phases. Each data point was measured at least three times for each
condition. The contact angle hysteresis is defined as cosf,. -
cos0,,.

2.7 Characterization of the mobility of water droplets on
LCIPS

The sliding angle of a water droplet on an LCIPS was measured
with a goniometer. Typically, a 3 uL water droplet was placed on
the LCIPS, and the KRUSS ADVANCED software was used to tilt
the surface with a rate of 1 °/min. The sliding angle is defined as
the angle where the droplet started to move. For the velocity
measurements, an LCIPS was placed on a pre-tilted 7° platform
while in the isotropic and nematic phase. We dropped a 3 uL
water droplet on the top of the surface, close enough to the surface
to prevent any initial velocity. Then the pure water droplet was
allowed to slide across 2 cm of the surface. The time needed to
cross this distance was used to calculate the average velocity. We
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used the Tracker open-source software to analyze the videos to
calculate the velocity. A magnetic field was applied by placing a
magnet close to the LCIPS with the direction of the magnetic field
being tuned by changing the location and orientation of the
magnet with respect to the LCIPS. For different magnetic field
intensities, we changed the distance between the LCIPS surface
and the magnet, based on a magnet calculator on the K&J
Magnetics, Inc website [51].

2.8 Measuring the friction force of water droplets on
LCIPS

A cantilever, made of an arylate needle with a 300 um inner
diameter and a 700 pm outer diameter, was employed as a force
sensor, which could sense a dissipative force (F;) as small as
0.1 puN. We fixed the top end of the cantilever on the goniometer
and the bottom end to a pure water droplet, which was placed on
the top of the substrate that was sitting on a ThorLabs PRM1Z8
rotation stage. The angular velocity of the rotation stage was set
between 0.1 and 0.5 °/s. The droplet was placed 1-2 cm away from
the center of rotation. After the stage rotated, the bottom end of
the needle began to bend (the corresponding needle displacement
was Ax), which was recorded by the camera on the goniometer
and measured with the open-source software, Tracker. The
deformation Ax followed Hooke’s law

= kAx (1)

where k = 17.3 mN/m is the elastic constant of the acrylate needle,
which was determined in advance by putting different weights of
the pure water droplets on the end of the needle as it was held
horizontally. A magnetic field was applied by placing a magnet
close to the LCIPS with the direction of the magnetic field being
tuned by changing the location and orientation of the magnet with
respect to the LCIPS.

3 Results and discussion

The LCIPS were prepared by infusing LCs into a porous LC
polymeric network, as shown in Fig. 1(b). We selected 8CB as the
LC in this study because it exhibits LC mesophases with different
molecular orders [40], as summarized in Fig. 1(a). When a water
droplet was placed on an LCIPS in the nematic phase, the 8CB in
contact with air was dark and the 8CB in contact with the droplet
was bright, when viewed under a polarized light microscope, as
shown in Figs. 1(c) and 1(d). This is consistent with the surface
anchorings of nematic 8CB at the air-8CB interface
(perpendicular to the interface) and water-8CB interface (parallel
to the interface) [47]. When a water droplet was placed on an
LCIPS in the smectic A phase, focal conic domain arrays were
formed at the smectic A 8CB-water interface, which is consistent
with the parallel anchoring at the water-8CB interface [52-55], as
shown in Figs. 1(e) and 1(f). These results demonstrate that the
porous polyRM257 network can stabilize 8CB against dewetting
by water droplets, which is consistent with our past studies (see
details in the ESM) [49, 50, 56].

In the first set of experiments, we investigated the effect of the
magnetic field on the wetting behavior of water droplets on an
LCIPS. As shown in Fig.2(a), the apparent advancing contact
angles of a water droplet on an LCIPS remained almost constant
over the smectic A, nematic, and isotropic phases. Upon applying
an external magnetic field (~ 0.56 T) perpendicular to the LCIPS
(placing a magnet on the bottom of the LCIPS), no measurable
changes to the apparent advancing contact angles of the water
droplets on the LCIPS were observed over all LC mesophases (Fig.
2(b)). In addition, we observed no significant changes to the shape
of sessile water droplets (e.g., wetting ridges and contact angles) on
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Figure1 (a) Temperature-dependent phase behaviors of 8CB. (b) Schematlc
illustration of a water droplet on an LCIPS and the structure of the 8CB
mesogen and LC polymer. (c) and (e) Polarized light micrograph (top view) of a
1 pL water droplet on an 8CB film in the (c) nematic and (e) smectic A phase,
respectively. The crossed double-headed arrows indicate the orientations of the
crossed polarizers. Scale bars, 500 um. Inset in (c) is a conoscopic image
confirming the homeotropic alignment of 8CB at the interface of air-8CB
surface and the interface between the 8CB and polyRM257-coated substrate.
Inset in (e) shows a corresponding high magnification image of the focal conic
domain structure of smectic A 8CB under a water droplet, suggesting a planar
alignment of smectic A 8CB at the water-8CB interface and a homeotropic
alignment at the 8CB—polyRM257-coated substrate. The scale bar in the inset of
(e) is 20 um. (d) and (f) Schematic illustration of the orientational ordering of an
8CB film in the (d) nematic and (f) smectic A phase with a water droplet on its
surface. The blue lines represent the individual 8CB mesogens and the red lines
represent the lamellar structure in the smectic A 8CB. The schemes are not
drawn to scale.

the LCIPS before and after applying the external magnetic field. It
should be noted that the contact angle of water droplets on LCIPS
depends on the intermolecular interactions (van der Waals force)
between the LCs and water. These short-range intermolecular
interactions result in a surface-induced planar anchoring of the
LCs under the water droplets, which is independent of the
magnetic field. As a result, the magnetic field has no influence on
the contact angle and contact angle hysteresis of water droplets on
an LCIPS. These observations lead us to conclude that the
magnetic field has no effect on the wettability of water droplets on
LCIPS.

Next, we sought to explore the effect of a magnetic field on the
mobility of water droplets on the LCIPS. Water droplets start
sliding across tilted solid or liquid surfaces only when the dynamic
component of gravitational force (Fypyimion SiN®) acting on the
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Figure2 (a) Goniometer photographs and (b) the corresponding plot showing the effect of a magnetic field on the apparent advancing contact angles of water
droplets on 8CB-based LCIPS in different LC mesophases. The magnetic field was applied perpendicular to the LCIPS. The LCIPS temperature was set at 25 °C, 35 °C,
and 45 °C to create the smectic A (black), nematic (red), and isotropic phases (blue), respectively. The filled and open columns represent the apparent contact angles
with and without an applied magnetic field, respectively. The volume of each water droplet was 3 pL. Scale bars, 1 mm. Error bars represent standard deviations from

three independent measurements for each data point.

water droplet overcomes the lateral static friction force (F,), and
the water droplet needs to overcome the subsequent dynamic
friction force (Fypamc) to maintain their relative motion on the
surface [57-65]. To study the effect of the magnetic field on the
Fyuc acting on the water droplets sliding on an LCIPS, we
measured the sliding angle of the droplets, which is defined as the
minimum angle that the surface needs to be tilted to cause the

droplets to slide. The static friction can be written as [9, 66, 67]

FgravimionSina = Fiaic (2)

mgsina = w(yy_rc + yic) (cosby — cosdy ) (3)

where m is the mass of the water droplet, g is the gravitational
acceleration, « is the sliding angle of the water droplet on the
LCIPS, w is the base diameter of the droplet, y,, ;. is the water—LC
surface tension, y;¢ is the air-LC surface tension, and 6, and 6y
are the advancing and receding contact angles of the water droplet
on the LCIPS, respectively. We comment here that the use of

()

(Pw-1c + Y10) instead of the air-water surface tension (y,,) is due to
the formation of a nanometer-thick LC layer around the water
droplet (see details in the ESM) [68]. As shown in Fig. 3, the
sliding angle and contact angle hysteresis (cosf; — cosfl,) of the
water droplets on the LCIPS only depends on the LC mesophases,
~ 35° in the smectic A phase and ~ 3° in the nematic or isotropic
phases. We note here that the contact angle hysteresis is calculated
using cosfy — costl, due to the difficulty in accurately measuring
the 6, and 6 of water droplets on lubricated surfaces including
LCIPS [62]. The magnetic field was found to cause no measurable
change to the sliding angle and thus the static friction of the water
droplet on the LCIPS. Our previous studies have reported that the
LC mesophase-dependent sliding angle of water droplets is caused
by both the LCIPS surface roughness, and the wetting ridge
composed of LCs [49]. These results lead us to conclude that the
magnetic field has a negligible effect on the LCIPS surface
roughness and wetting ridge around the water droplets on an
LCIPS.
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Figure 3 (a) and (b) Photographs and (c) the corresponding plot showing the effect of the magnetic field on the sliding angle (left y axis) and contact angle hysteresis
(right y axis) of water droplets on 8CB-based LCIPS in different LC mesophases. The magnetic field was applied perpendicular to the LCIPS. The LCIPS temperature
was set at 25 °C, 35 °C, and 45 °C to reach the smectic A, nematic, and isotropic phases, respectively. The volume of each water droplet was 3 pL and the magnetic field
was 0.56 T. Scale bars, 0.5 cm. Error bars represent standard deviations from three independent measurements for each data point.
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Furthermore, we investigated the effect of the magnetic field on
the Fyynumic of a water droplet on an LCIPS. The sliding of a water
droplet on a smectic A LCIPS follows a stick-slip mode where the
sliding velocity of the water droplet accelerates after overcoming
the static friction force (FyayiaionSiN® > Faynamic) [57]. Considering
the fact that the balancing of the gravitational force and
hydrodynamic shear of the isotropic liquid (acting as Fyynamic)
results in a constant droplet sliding velocity on an inclined
isotropic liquid-infused porous surface (FyuyiaionSiN® = Faynamic)s
our study of Fyyp,mc only focused on nematic and isotropic LCIPS.
In addition, we note that both the apparent advancing and
receding contact angles of a moving water droplet is independent
of the time taken to slide, which suggests there is no change in the
contact area of the droplet sliding on the LCIPS (Fig. S3 in ESM).
As shown in Figs. 4(a)-4(c), the sliding velocity of a water droplet
on a nematic phase LCIPS in the absence of an applied magnetic
field perpendicular to the LCIPS was measured to be ~ 0.85 mm/s.
Interestingly, the sliding velocity of the water droplet on a nematic
phase LCIPS depends on the relative position of the magnet with
respect to the LCIPS. Specifically, when the magnet was placed at
the bottom of the LCIPS (the corresponding magnetic field being
perpendicular to the LCIPS), the sliding velocity decreased to
~ 0.48 mm/s, whereas placing two magnets next to the LCIPS (the
corresponding magnetic field being parallel to the LCIPS)
increased the sliding velocity to ~ 1.25 mm/s. The increase (or
decrease) in the sliding velocity suggests a decrease (or increase) in
the dynamic friction of the water droplet sliding on the LCIPS. We
note here that the magnetic field-induced change in the sliding
velocity depends on the strength of the magnetic field, as shown in
Fig.4(d). We also note here that the magnetic field-induced
change in the sliding velocities of the water droplets was also
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observed on LCIPS made of nematic E7 and 5CB (Fig. $4 in the
ESM). In contrast, the magnetic field caused no measurable
change to the sliding velocities of water droplets on isotropic phase
8CB-based LCIPS and isotropic liquid-infused polyRM257
substrates, such as silicone oil and mineral oil, as shown in Fig. S4
in the ESM. These results lead us to hypothesize that the magnetic
field affects the orientational ordering of nematic 8CB, which in
turn affects the dynamic friction and sliding velocity of water
droplets on nematic LCIPS.

Previous studies have shown that on isotropic liquid-based
lubricated surfaces, the Fyyamic acting on the moving water
droplets is dominated by the viscous dissipation at the rim of the
droplet’s base [62]. The thickness of the lubricant films
underneath the water droplet depends on the sliding velocity
rather than any initial conditions (e.g., spin coating parameters),
and the Fy,m; acting on a moving water droplet increases with an
increase in the sliding velocity, which agrees with the
Landau-Levich-Derjaguin (LLD) theory [62, 69]. Considering the
fact that the classic LLD theory is developed for simple fluids, we
fit the apparent viscosity of the LC based on the LLD theory.
Accordingly, the Fyy,mic acting on the moving water droplets on
the LCIPS can be written as [62]

Fiynamic = ZHYW—LCRcaZ/a (4)

in which y,, ;¢ is the interfacial tension between water and the LC,
and R is the base radius of the droplet. Ca is the capillary number,
Ca = nU/y,..c, where 1 is the apparent viscosity of the LC and U is
the velocity of the moving water droplet. To provide a
fundamental insight into the role of the magnetic field, we
measured the Fy,m acting on the water droplet on an LCIPS
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Figure4 (a) Schematic illustration and corresponding photographs showing the sliding of water droplets on nematic LCIPS with and without magnetic fields in
different directions. Scale bars, 1 cm. The volume of the water droplet was 3 pL. (b) Displacement and (c) sliding velocity of water droplets on nematic 8CB films as a
function of time with and without a magnetic field. The 8CB film temperature was set at 35 °C to create the nematic phase, and the applied magnetic fields were 0.56 T
(perpendicular) and 0.50 T (parallel). (d) Plot showing the sliding velocity as a function of the magnetic field. The black, red, and blue lines or points in (b)-(d)
represent the data for trials without a magnet, with a magnetic field that is perpendicular to the LCIPS, and with a magnetic field that is parallel to the LCIPS,
respectively. Error bars represent standard deviations from three independent measurements for each data point.

(EZE]

Tsinghua Unmmw Press

itk @ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 2023, 16(4): 5098-5107

5103

()

(b) %
|

(d)10

O No magnetic field

3 O Magnetic field (perpendicular)
| © Magnetic field (parallel) %

Ze 0
¥ g
S
2
e
010
00 02 04 06 08 1.0

U (mm/s)

N 35 ‘:P%éd>

Z6 23cP ;:fijff% 50 cP
E Fig
S 4 @;Z'g
%
2435 cp,;zfﬁo No magnetic field

f}fe O Magnetic field (perpendicular)
#

01
0.0

O Magnetic field (parallel)
1.5

0.5 1.0
2my,, 1 cRCa?3 (uN)

Figure5 (a)-(c) Schematic illustrations showing the effect of the magnetic field on the LC orientational ordering within the nematic LCIPS. The black lines show the
orientation of the mesogens. The red and blue dashed arrows show the magnetic field perpendicular and parallel to the LCIPS, respectively. (d) Plot showing the Fyunyc
acting on 3 pL water droplets moving at speeds of 0.1-1 mm/s on a nematic 8CB film. The magnetic field strength was 0.56 T for the perpendicular direction and
0.50 T for parallel direction. (e) Plots showing that the Fyny;c acting on the 3 UL water droplets on a nematic LCIPS follows the LLD theory predicted by Eq. (3) with
and without a magnetic field. The black lines fit the data with # of ~ 35 cP in the absence of a magnetic field and for small velocities in the presence of a magnetic field.
The red line fits the data with # of ~ 50 cP for high velocities in the presence of a magnetic field that is perpendicular to the 8CB film. The blue line fits the data with #
of ~ 23 cP for high velocities in the presence of a magnetic field that is parallel to the 8CB film. Error bars represent standard deviations from three independent

measurements for each data point.

with and without a magnetic field (Figs. 5(a)-5(c)). We note here
that the water droplets were slippery on the nematic 8CB films
with Fyic = Faynamico Which is characteristic of a slippery mode (Fig.
S5 in the ESM) [62, 70]. As shown in Fig. 5(d), we observed that
the Fygnmic increases with an increase in the sliding velocity. The
increase in the sliding velocity of the water droplet on the LCIPS
causes an increase in the thickness of the 8CB under the water
droplet, which in turn increases the viscous dissipation (dynamic
friction) that impedes the water droplet sliding [40, 42, 71]. In the
absence of a magnetic field, the dynamic viscosity of nematic 8CB
was measured to be 35 cP by fitting the Fyy,me measurements
with 27 y,,;c R Ca* (Fig. 5(e)), which is consistent with previous
studies [72]. In the presence of a magnetic field, we measured the
dynamic viscosity of the nematic 8CB to be ~ 35 ¢P for small
velocities and ~ 50 cP and ~ 23 cP for high velocities when the
magnetic field was applied perpendicular and parallel to the
LCIPS, respectively, as shown in Fig. 5(e). In contrast, the dynamic
viscosity of isotropic 8CB was measured to be 17 cP, independent
of the magnetic field (Fig. S6 in the ESM).

Previous studies have reported that the LC ordering is governed
by the LC elasticity, surface anchoring, and external fields [42, 43].
To provide insights into the effect of the magnetic field on the
Fgynamic acting on the water droplet on an LCIPS, we calculated the
magnetic coherence length (£) of LCs [73], which describes the
thickness above which the director orientation is dominated by
the applied magnetic field (below which the director orientation is
dominated by the LC elasticity). £ can be written as [73]

=\ h5 (5)

in which K is the elastic constant, Ay is the diamagnetic
anisotropy, 4, is the permeability of vacuum, and B is the strength
of the local magnetic field.

By inputting the typical values of the parameters in Eq. (5) (K =
5pN, Ay =1 x 107, gy = 41 x 107 ((kg'm/s*)/A?), and B = 0.56 T),
we estimated & to be ~ 4 um in the presence of a magnetic field
with a strength of 0.56 T, which supports our observation of the
existence of a threshold velocity above which the magnetic field

has a measurable impact on the Fygamie acting on the water
droplets sliding on LCIPS shown in Fig. 5(d). As described earlier,
the thickness of the 8CB film under a moving water droplet
strongly depends on the sliding velocity of the water droplet. For
low sliding velocities which give rise to 8CB films with thickness
smaller than ¢ the equilibrium orientational ordering of the
nematic 8CB is dominated by the bulk elasticity of 8CB and the
magnetic field has a negligible effect. For high sliding velocities
which result in nematic 8CB films with thicknesses larger than ¢,
the equilibrium 8CB orientational ordering will follow the local
applied magnetic field. Because the dynamic viscosity of 8CB that
is parallel to the local 8CB director is smaller than that
perpendicular to the local 8CB director, the presence of a magnetic
field perpendicular (or parallel) to the 8CB film will increase (or
decrease) the dynamic viscosity of 8CB around the water droplet
and thus the Fyg,mic acting on the sliding water droplet on an
LCIPS. Furthermore, ¢ is calculated to decrease from ~ 62 to
~ 4 um with an increase in the magnetic field strength from 0.04
to 0.56 T (Fig. S7 in the ESM), which supports our observation of
magnetic field strength-dependent Fy,n;c shown in Fig. 4(d). In
addition, we observed a bright optical appearance upon applying a
horizontal magnetic field to a nematic 8CB film and a dark
appearance after removing the magnetic field (Fig. S8 in ESM),
suggesting that the magnetic field can reorient the LCs away from
the orientation caused by the substrate, which is consistent with
past studies of the magnetic coherence length and the Frederick
transition of nematic LCs [73]. It should be noted that the applied
magnetic field can align the LCs due to their intrinsic anisotropic
diamagnetic susceptibility without altering the atomic/molecular
structure of the LCs. We note here that we neglected the LC
ordering in the LC wrapping layer around the water droplets as its
thickness is much smaller than the LC film underneath the
droplet. We also comment here that conventional single
wavelength reflection interference contrast microscopy, which has
been shown to measure the thickness of lubricants underneath
water droplets [74], cannot be used for LCs as their refractive
indices are not constant.

The above results reveal new principles by which the
orientational ordering of an LCIPS and the sliding velocity of
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water droplets can be coupled on LCIPS. In the final set of
experiments, we sought to use a magnetic field to control the
dynamic friction and thus the sliding velocity of water droplets on
an LCIPS. As shown in Fig. 6, when the magnetic field was placed
under the LCIPS (the corresponding magnetic field was
perpendicular to the LCIPS), the water droplets slide at a rate of
~ 049 mm/s. After 15 s, the magnet was removed, and the water
droplet slid at a rate of ~ 0.8 mm/s. At 30 s, the magnet was placed
to the left of the LCIPS (the corresponding magnetic field was
parallel to the LCIPS), and the sliding velocity of the water
droplets increased to ~ 1.24 mm/s. It should be noted that the
time required for the molecular orientational order within the LC
film to relax (7) can be estimated as [47]

ﬂhﬁlmz

R ©
where hg,, is the thickness of the LC film. 7 is estimated to be
~ 0.1 s, thus we conclude that the reorganization of LC molecules
with respect to the change of the magnetic field is much faster
compared with our experimental timescale (tens of seconds).
Overall, our experimental observations support our hypothesis
that the applied magnetic field changes the orientational ordering
of LCs, which affects the Fy,,c experienced by moving droplets
and thus the sliding velocity of the water droplets on nematic
LCIPS.

4 Conclusions

Overall, the results reported in this work advance our

Nano Res. 2023, 16(4): 5098-5107

understanding of droplet mobility on anisotropic or structured
fluids. Our results reveal that an applied magnetic field causes no
significant change to the static wetting behaviors (e.g., apparent
contact angles) and static friction (e.g., sliding angle) of a water
droplet on an 8CB surface in the smectic A, nematic, and isotropic
phases. When the droplet is sliding on the 8CB film, however, the
magnetic field affects the droplet dynamics in a matter that is
dependent on the 8CB mesophase. In the isotropic phase, the
droplet velocity is independent of the magnetic field, whereas in
the nematic phase, the introduction of a magnetic field can affect
the orientational ordering of the LCs and thus changes the sliding
velocity of the water droplet. The interplay between the elastic
energy and magnetic field contributes to a change in the viscosity
of the LCIPS, and thus alters the Fy,mc acting on the water
droplet on the LCIPS. Giving the broad range of triggers that can
perturb the LC orientational ordering, these results provide the
basis of a novel methodology for the manipulation of the dynamic
friction of a sliding water droplet through tuning the internal
structure of the LCs, which may have a range of potential
applications, including in chemical sensors and for liquid
transport, water harvesting, and open-surface microfluidics. We
believe the results reported in this work provide a complementary
design strategy to expand the functionality of conventional
isotropic liquid-based lubricated surfaces. In future studies, we will
investigate other LC mesophases beyond nematic and smectic A,
such as the cholesteric phase [40], blue phase [75,76], and twist-
bend nematic phase [77,78]. Future efforts will seek to study
water droplet bouncing on LCIPS, particularly retraction
dynamics, which may be largely influenced by the dynamic
viscosity of the lubricants coated on the surfaces [79]. In addition,
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Figure 6 (a) Schematic illustration and photographs showing the programmable movement of a water droplet on a nematic 8CB film through the manipulation of a
magnetic field. The corresponding positions of the applied magnetic fields were perpendicular and parallel to the 8CB film. Scale bars, 1 cm. Corresponding plots
showing (b) the displacement and (c) the sliding velocity of a water droplet as a function of time. The applied magnetic field strength was 0.56 T for the perpendicular
direction and 0.50 T for the parallel direction, and the volume of the water droplet was 3 uL. The black, red, and blue lines or points in (b) and (c) represent the data for
trials without a magnet, with a magnetic field that is perpendicular to the LCIPS, and with a magnetic field that is parallel to the LCIPS, respectively.
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we will also seek to modify the classic LLD theory to understand
water droplet sliding on anisotropic fluids.
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