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Light-Driven Unidirectional Liquid Motion on Anisotropic

Gold Nanorod Arrays

Mehmet Yilmaz, Hamit Bugra Kuloglu, Hakan Erdogan, Saime Sebnem Cetin,
Mustafa Selman Yavuz, Gozde Ozaydin Ince, and Gokhan Demirel*

Microfluidic systems, which are related to manipulation of a
small amount of liquid motion, have attracted increasing interest
during the past decade.' In this respect, they have been widely
used for various applications including biological analysis, chem-
ical synthesis, and optics.”~”) However, most of the microfluidic
systems suffer from the complex fabrication methods and con-
trolling the fluid motion in channels, which can be generated via
electrokinetic, mechanical, hydraulic, or pneumatic forces and,
therefore, usually require the use of external transducers such as
pumps, valves, or electrodes.B1% To overcome such drawbacks,
a number of paradigms based on an external stimulus to drive
small amount of liquids either confined in a channel or an open
environment have been proposed, including focused acoustic
waves, light, electrical stimulation, and chemical or temperature
based Leidenfrost ratchet.'!1"13] Among them, light has opened
up new avenues for the facile manipulation of liquid motion
since it enables simple yet precise tunability, contactless stimula-
tion, and excellent spatial resolution.

Fundamentally, transportation of a liquid through photo-
irradiation relies on the generation of a gradient in various inter-
facial phenomena, including surface free energy, wettability,
crystal alignment, or dispersibility.'21417] Thus, when chemical
structures on a surface are altered photochemically, which leads
to the generation of a surface free energy gradient, liquid motion
can be controlled and guided. Such a surface free energy gradient
can be generated by illuminating a substrate with photorespon-
sive wettable features. Basically, these kinds of substrates are clas-
sified into two groups. The first one is the inorganic substrates,
such as titanium dioxide (TiO,) and zinc oxide (ZnO), which
show photoresponsive behaviors. Although the droplet motion
on such surfaces has been recently demonstrated,'®2% direct
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manipulation of liquid motion in a controlled manner by light
on an inorganic substrate has not yet been reported. Unlike inor-
ganic materials, organic molecules, such as azobenzenes, spiro-
pyran molecules, or rotaxens, which exhibit a reversible molec-
ular transformation between two states upon light illumination,
have distinct advantages related to their chemical modification
abilities and reaction diversities.?1"23 These light-induced molec-
ular transformations cause various changes, including surface
energy, absorption property, dielectric constant, and geometric
molecular structure. In this context, such organic molecules have
been widely utilized for the manipulation of surface wettability
through light.l121%2% However, up to now, only the flow of a few
organic liquids can be manipulated on surfaces decorated with
photoresponsive organic molecules. Thus, to achieve the mani-
pulation of either water or organic liquids in a controlled manner,
novel materials and concepts are still desperately needed.

In the present study, we proposed a simple concept for the
control of liquid motion through light illumination. The devel-
oped concept does not only allow the motion and guidance of
water via light illumination, but also allows the flow rate and
direction of the liquid to be easily controlled. The proposed
system consists of two main components (Figure 1a). The first of
these components is an array of 3-D gold nanorods (AuNRs) that
possess directional characteristics. These structures with plas-
monic properties generate thermal energy through photothermal
phenomenon. Another significant aspect of the proposed con-
cept is that it includes a temperature-sensitive polymeric layer
(poly(N-isopropylacrylamide)-PNIPAAm) that conformally covers
the surface of the AuNRs. This layer serves to adjust and mani-
pulate the surface free energy of the substrate that converts light
energy into thermal energy. This, in turn, creates a surface gra-
dient that enables the control of the liquid motion. In this con-
text, we first fabricated AuNR arrays as a photothermal substrate
via oblique angle deposition (OAD) approach, where the deposi-
tion angle (c) of gold is 5°. Recently, we have reported that the
AuNR arrays fabricated at o = 5° have low-density gold nano-
structure array compared to 10° and 20° of deposition angles.?*
An increment at deposition angle causes an increase in struc-
tural density. As a result, the gaps between the nanostructures,
which provide the air to be trapped beneath liquid droplets,
are reduced and directional wetting abilities correspondingly
decrease. Thus, in this work, we have fabricated gold nanostruc-
tures at o = 5°. Figure 1b,c shows the scanning electron micro-
scope (SEM) images of fabricated AuNRs. It is obvious that the
Au films have ordered and tilted gold nanostructures. The den-
sity and tilt angle (f) of the fabricated Au nanostructures were
calculated from SEM images by using freeware IMAGE] soft-
ware as 6.12 X 108 nanorod.cm™ and 41° £ 4°, respectively. The
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Figure 1. a) Schematic illustration of the fabrication process of PNI-
PAAm-coated AuNR arrays based on oblique angle deposition (OAD)
and initiated-chemical vapor deposition (i-CVD) techniques (o and f8
indicates the deposition angle of gold and tilt angle of fabricated AuNRs,
respectively), b) top-view and c) cross-section SEM images of a fabricated
platform (scale bars =1 pm).

average lengths of nanostructures were also found to be =800
nm. The diameters of these nanorods, however, showed a broad
distribution, ranging from 70 to 300 nm. Furthermore, the struc-
tural properties including length, density, and tilt angle of the
fabricated AuNRs could be easily manipulated
by controlling the deposition parameters in
order to tune their plasmonic behaviors.* 2°!

Using a spectroscopic ellipsometry, we
evaluated the plasmonic properties of fabri-
cated AuNR arrays. Figure 2 shows the vari-
ations of ellipsometric variables (¥ and A)
and pseudo-dielectric constants (real ((&a)
and imaginary ((€,,)) parts) for AuNR arrays

Isotropic axis
=

el
Mt oS
www.MaterialsViews.com

and imaginary parts of the pseudo-dielectric function of AuNR
arrays. In those cases, the highly polarizable free charge carriers
lead to the sharp increase of the real part of pseudo-dielectric
function and the decrease of its imaginary part with increasing
photon energy due to electron confinement.?”) Tt is observed
that the pseudo-dielectric function spectrum in Figure 3c reveals
strong free-electron structure at =1.1 eV (1127 nm). The broad-
ening at isotropic axis may also be possibly due to the relaxa-
tion time of conduction electrons, which indicates that the direc-
tional nanostructured AuNR arrays act like continuous smooth
film.?”) Moreover, the polarization of light also contributes to
the formation of surface plasmons in AuNR arrays. At aniso-
tropic axis, the p-polarization, which possesses an electric field
vector oscillating normal to the plane of AuNRs, mainly excites
surface plasmons.?®! However, at isotropic axis, p-polarization
cannot excite plasmons enough since it is oriented parallel to
AuNRs. In this case, the surface plasmons are mainly excited
by s-polarization. Although we have not investigated in detail
the tilt angle, length, and density of nanostructures should be
taken into account for further understanding of this interesting
phenomenon.

Next, the fabricated AuNR arrays were coated with PNIPAAm
by initiated-chemical vapor deposition (i-CVD), which is a spe-
cial class of vapor-phase polymerization technique. Through the
utilization of i-CVD, substrates that have 3-D morphologies
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before PNIPAAm coating with respect to the
direction of incoming light at 65° of incident
angle. To understand the homogeneity of fab- 80
ricated films, ellipsometric analysis has also —~
been carried out at varying angles of incidence = 60-
(see Figure S1, Supporting Information). We

found that fabricated AuNR arrays reveal 404
an obvious optical anisotropy depending on

direction of incoming light. In the case of 20
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weak dip at =2.1 eV (590 nm), which cor- c)
respond to the longitudinal and transverse
surface plasmon resonances (SPR), while
the phase (A) spectrum reveal maximums
at these corresponding wavelengths. In this
case, tilted AuNRs induce an increment in
the photonic light scattering and photonic
light trapping correspondingly resulted in the
enhancement of the local photon intensity.?°!
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These phenomena lead to an increase in
the excitation of surface plasmons. The SPR
wavelengths shift toward longer wavelengths
and become broader at isotropic axis. Sim-
ilar observations were obtained for the real
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Figure 2. Variations of the ellipsometric parameters a) A, b) ¥, c) real ((&..)), and d) imaginary
((&my) parts of the pseudo-dielectric function for the directional AuNR arrays before PNIPAAmM
coating depending on the direction of incoming light.
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Figure 3. a) Schematic for temperature-dependent wetting transforma-
tion of PNIPAAm-coated AuNR array from hydrophilic to hydrophobic
and b) water contact angles for five cycles of quick temperature changes
between 23 and 40 °C.

(as reported in this work) can be conformally coated, and unde-
sired impurities, degradation of the underlying material, and
alteration of mechanical/chemical properties arising from mainly
the utilization of solvents can be precisely eliminated.?® 29I In
this respect, PNIPAAm films having a thickness about 58 £ 5 nm
were deposited on AuNRs. After polymer deposition, we did not
find any change on the morphology of AuNRs, which indicates
the conformal coating of PNIPAAm (see Figure S2 in the Sup-
porting Information). The chemical characterization of PNI-
PAAm layers was carried out with Fourier transform infrared
spectrometer (FTIR) and X-ray photoelectron spectrometer
(XPS) (see Figure S3a,b in the Supporting Information). FTIR

peaks reveal isopropyl C-H stretching at 2973 cm™., secondary
amine N—H stretching at 3320 cm™!, amine

C—N—H bending at 1528 cm™!, and C—O

stretching at 1664 cm™ indicating complete

polymerization. The XPS analysis also shows La(sae‘)fas:’:;ce i

that the characteristic signal of carbon, oxygen,
and nitrogen exist in the spectrum due to
PNIPAAm coating on AuNRs. In addition to
these, we investigated the optical properties
of fabricated AuNR arrays after PNIPAAm (
coating. It is found that, as expected, the ellip-
sometric parameters shifted after polymer
coating compared with the pristine film due to
the changes in the local refractive index (see
Figure S4 in the Supporting Information).
The changes in the surface free energy of
PNIPAAm on AuNR arrays under conven-
tional heating were investigated through static
contact angle measurements (Figure 3a). It is
well known that PNIPAAm is a temperature-
sensitive polymer which transforms from
hydrophilic state to hydrophobic one above its
lower critical solution temperature (LCST) of
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=32 °C.13%33] As expected, the water contact angle value at 23 °C
(below LCST) was measured to be =55°, while it was approxi-
mately 95 at 40 °C (above LCST). At 23 °C, the intermolecular
hydrogen bonding between the polymeric structure and water
molecules is responsible for the hydrophilic behavior of PNI-
PAAm. At 40 °C, the temperature increase reduces the inter-
molecular distance and leads to the prevalence of a strong intra-
molecular hydrogen bonding between C=0 and N—H groups
in polymeric structure.? Thus, PNIPAAm-coated AuNR arrays
show hydrophobicity at high temperatures (above LCST). The
repeatability of the temperature-dependent wettability of fabri-
cated surfaces at 23 °C and 40 °C was also tested and a decisive
reversibility was observed for five cycles of quick transforma-
tions between hydrophilicity and hydrophobicity (Figure 3b).
One of the unique features of plasmonic nanostructures
is their ability to generate thermal energy under optical illu-
mination based on strong scattering and absorption of light
in the visible and near-infrared region, owing to their local-
ized surface plasmon resonances.’* 331 Such a conversion
provides very rapid and localized heating with high selectivity.
Starting from this point, we envisaged that by combining a
temperature-sensitive polymeric thin film with a directional
AuNR arrays having photothermal properties, we may drive
and guide liquid motion at a controlled speed using light
illumination (Figure 4a). According to our concept, upon a
focused light irradiation near the liquid—surface interface,
the heat will be generated by the plasmonic AuNR arrays and
then transferred from AuNRs to PNIPAAm layer and water
droplet. This would result in both a rapid creation of surface
free energy heterogeneity due to the transformation of hydro-
philic PNIPAAm to hydrophobic one and liquid evaporation
from the interface. For conventional heating, which leads to
the temperature increase all around the surface, it is expected
that the transformation of PNIPAAm from hydrophilic to
hydrophobic configuration prevent the liquid motion. How-
ever, in our case due to the directional AuNR arrays and
focused plasmonic heating, liquid motion will be promoted.

a

Laser Source
(808 nm)

d

R —
Pinning

Liquid Motion

$FLIR

Figure 4. a) Proposed concept illustration for light-driven liquid motion on PNIPAAm-coated
AuNR arrays, b) temperature distribution in water with focused laser illumination, c) video prints
showing the light-driven water motion at the isotropic, and d) anisotropic orientation of AuNRs.
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In this process, the vapor produced by the evaporation of
water with focused plasmonic heating first condenses rapidly
and tiny water droplets form in contact with the liquid-sur-
face interface.'®] These water droplets then merge with the
original liquid body. During this process, thanks to the direc-
tional nanostructures, the water on the hydrophobic PNI-
PAAm tends to move from hydrophobic region to hydrophilic
area and assists the advance of the liquid—surface interface.
The liquid motion would be continuous if the laser illumina-
tion is translated along with the advancing liquid—air inter-
face at a certain direction. When the laser beam is focused
on the other side of liquid where the orientation of AuNRs
is antiparallel to follow direction, there will be almost no
liquid motion because of the pinning. To support our concept,
a 20 pL water droplet was placed onto a PNIPAAm-coated
AuNRs array and then irradiated with a tunable 808 nm laser
beam which was focused on one side of the droplet (the diam-
eter of the focused light beam is =200 pm and the average
power of the laser is also in the range of 0-2.0 W) (Figure 4a).
The wavelength of light (808 nm) that is used to generate
thermal energy from plasmonic substrates was chosen due to
the fabricated AuNR arrays exhibit a broad surface plasmon
absorption band (Figure 2). The temperature distribution
on the laser illuminated area was also recorded by using
a thermal camera (Figure 4b). The temperature reveals a
Gaussian distribution and the highest temperature is about
35 °C at the center of the illuminated circular area (above
LCST) whereas the rest of the liquid remains at =25 °C (below
LCST). In Figure 4c, the laser was focused on the left side
of the liquid droplet where the orientation of AuNRs is par-
allel to the flow direction. Under the laser irradiation, liquid
droplet started to flow in the left direction with a speed about
320 pm s7! (see Figure S5 and Movie S1 in the Supporting
Information). When the laser irradiation was stopped at any
point, no further liquid motion was observed until the irradia-
tion was restarted. After 12 s irradiation, the liquid has elon-
gated by 4.1 mm (Figure 4c). By changing the laser power, we
succeeded in controlling the velocity of the liquid motion (see
Figure S6 in the Supporting Information). The motion speed
may be further increased by adopting microchannels, more
accurate light control or different plasmonic nanomaterials
with higher photothermal efficiency (see Movie S2 in the Sup-
porting Information). Moreover, as shown in Figure 4d, we
did not observe significant liquid motion, when laser beam
was focused on the opposite side of liquid where the orienta-
tion of AuNRs is antiparallel to follow direction (see Figure S5
in the Supporting Information). The liquid only extended
by less than 0.1 mm after 12 s laser illumination. The tilted
AuNRs (B = =41°) on our fabricated surfaces lead to the uni-
directional wetting, thereby providing liquid flow in a single
direction. This unique feature of PNIPAAm-coated AuNRs
serves to guide the motion of a liquid.

Chaudhury and Whitesides have previously reported that if
a surface exhibits a spatial gradient in its surface free energy, a
water droplet placed on this surface can be moved uphill against
gravity.3% Inspired by this seminal work, we envisaged that the
required gradient in the surface tension for uphill motion of
liquid can be generated on our surface through light illumina-
tion. When the laser is focused on the upper side of the liquid
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Figure 5. Light-driven uphill motion of a 5 pL water on a) 10° and b) 24°
tilted substrates (scale bars =1 mm).

droplet, where the orientation of AuNRs is parallel to follow direc-
tion, hydrophilic PNIPAAm layers on the surface transform to
hydrophobic ones, which causes the motion of liquid drop to flow
from a hydrophobic region to a hydrophilic region. We observed
that upon light illumination, the water droplet moves up the
10° and 24° slopes along the direction of increasing surface free
energy with average velocities of =113 and =78 pm s, respec-
tively (Figure 5a,b). In order to confirm that the uphill motion of
the water is indeed activated by light illumination, we carried out
the same experiments in the absence of light illumination and
observed that water droplet could not flow uphill at all.

In summary, we have demonstrated a facile concept for con-
trolling liquid motion through light illumination using tem-
perature-sensitive PNIPAAm-coated plasmonic AuNR arrays.
The proposed concept does not only allow the motion and
guidance of water through the action of light, but also serves
to control the motion speed and direction of the fluid easily. We
believe that this work combined with fundamental and applied
research will help to understand the direction-dependent wet-
ting properties of materials, light-driven liquid motion, and
anisotropic plasmonic behavior. The knowledge will in return
guide future design and applications of functional nanomate-
rials. By manipulating the morphology, wettability, plasmonic
properties, and surface chemistry of the fabricated platforms,
the light-driven motion capabilities of these platforms can be
expanded for various applications.

Experimental Section

Fabrication of 3-D Gold Nanorod Arrays: To fabricate directional gold
nanorod (AuNR) arrays, the substrates (i.e., BK7 glass slides or silicon

Adv. Mater. Interfaces 2015, 2, 1500226



MakieS

ADVANCED
MATERIALS

www.MaterlaIsV|ews.com

wafers) are first cut (2.5 x 2.5 cm?) and washed with deionized water,
ethanol, acetone, and piranha solution consecutively. The precleaned
substrates are then treated with oxygen plasma at low pressure
(0.2 mbar) for 30 min before gold deposition. The directional AuNR
arrays are fabricated in a conventional physical vapor deposition
system (Nanovak HV, Ankara, Turkey) using a homemade oblique
angle deposition equipment. The directional AuNRs are created at the
deposition angle of o= 5°. The thickness of deposited films is monitored
by deposition monitor with 0.5% sensitivity. Base pressure is gained by
using a mechanical and turbo pump and monitored via Wide Range
Vacuum Gauge Controller. During deposition, the base pressure is fixed
at =8 x 107° Torr with gold evaporation rate of 0.1 A s™'. For comparison,
smooth gold films having 30 nm Au are also fabricated at o= 90°.
Fabricated AuNR arrays are characterized by a QUANTA 400F field
emission SEM with an acceleration voltage of 20 kV. The SEM images
are then analyzed through the freeware IMAGE] image analysis software.
Plasmonic properties of directional AuNR arrays depending on AuNR
orientations (i.e., isotropic and anisotropic axis) are also analyzed by
spectroscopic phase modulated ellipsometer (Jobin Yvon-Horiba) with a
spectral range from 0.5 to 4.7 eV in steps of 0.01 eV in ambient air at an
angle of incidence of 65°. In measurements, the analyzer head focuses the
light beam originating from the 75 W Xenon light source on the sample
with a polarizing lens. In this configuration, deposited nanofilms are
placed one by one on the stage both isotropic and anisotropic axis and
Is = sin(2¥)sin(A) and I, = sin(2¥)cos(A), where ¥ and A are conventional
ellipsometric angles, are then obtained. It should be noted that ellipsometry
does not provide direct information about the dielectric properties of a
sample. Therefore, assuming the analyzed sample is a substrate with no
overlayers or roughness, pseudo-dielectric functions are extracted from the
ellipsometrically measured \V and A values by applying Equation (1);#7]

(&) =5in?@ +sin?Otan?@ (1-tanWe® / 1+ tanWe)? m

where © is the angle of incidence.

PNIPAAm Coating with i-CVD: Thin films of PNIPAAm are deposited
on the AuNR arrays via i-CVD technique, which is based on free-radical
polymerization with precursors in the vapor phase. The monomer and
initiator vapors are delivered into a vacuum reactor at a base pressure
of 1 mTorr. The heated filaments inside the reactor thermally decompose
the initiator molecules, forming t-butoxyl radicals. The initiator radicals
then react with the vinyl bonds of the monomer molecules adsorbed
on the substrate, forming monomer radicals. Continuous delivery of
monomer and initiator molecules into the reactor allows the polymer
chains to grow at a steady rate. The filaments are maintained at a low
temperature to protect the functional groups of the monomer molecules.
The low substrate temperatures and lack of solvents in the process enable
coating of the delicate substrates conformally. PNIPAAm depositions
are performed at the substrate and filament temperatures of 20 °C and
283 °C, respectively. During depositions the reactor pressure is kept at
250 mTorr and the flow rates of NIPAAm, ethylene glycol dimethacrylate,
tert-butyl peroxide, and N; are 1.0, 0.07, 1.02, and 1.1 sccm. The thickness
of the coatings is monitored real-time using a laser interferometer. The
thickness of the PNIPAAm coatings used in this study is =58 nm.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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