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Abstract

The liquid phase response of quartz crystal microbalances (QCM) with a thingce@inum)of epoxy resin with and
without a carbon nanoparticles top layer is reported. The nanoparticlestcthevepoxy surface to a superhydrophobic one
with a high static contact angle (~1505%) and low contact angle hysteresis (~1°-3.7°) where droplets of avater the
suspended Cassie-Baxter state. The frequency decrease of the fodysed QCM with the superhydrophobic surface is
less than with only epoxy layer, thus indicating a decoupling of the @&donse. A wettability transition ®liquid
penetrating into the surface roughness state (for drogphatg contact angle hysteresis Wenzel state) was triggeredaising
molarity of ethanol droplet test (MED) and electrowetting; the MED approackedasome surface damagthe
electrowetting induced transition causeffrequency decrease @39 Hz at a critical voltage of 100V compared to the
QCM in air. This critical voltage correlates to a contact angle decrease of 26° @ghdcartact angle hysteresis state in
droplet experimentShese experiments provide a praffeoncept that QCMs can be used to sense wetting state transitions
and not only mass attachments or changes in viscosity-density profllieptsds.

PACS: 68.08Bc- wetting in liquid solid interfaceg7.65Fs- quartz crystal resonators

Keywords: Superhydrophobic, quartz crystal microbalance, epoxy resin, carbon nanoparticles, electrowetting.
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1. Introduction

Quartz Crystal Microbalances (QCM) provide a simple and effective method dot ddétanges of
physical properties of thin films adhering to their surfaces. Sauerbreyi$icstvdred that a film deposited to the
surface of a piezoelectric quartz crystal resonator will cause a decreaseédsotience frequency proportional
to the mass per unit area of the film attached [1]. The Sauerbrey equatio isngldr the condition that the
film is thin, smooth and rigidly coupled to the oscillatory motion of the crgstdhce. In 1982 Nomura and
Okuhara showed that the QCM can oscillate in, and detect properties ofdaelgirionment [2]. Its utility as a
liquid phase sensor has been demonstrated for many applications in electrochemastdyifBinunology [4].
When the crystal surface is brought into a contact with a liquid, a viscoasemgnt of liquid near the surface
occurs due to the acoustic wave, thus causing both a frequency decrease and dossndegpending on the
viscosity-density product of the liquifb,6]. This phenomenon is described by the Kanazawa and Gordon
equation and it is valid undamo slip boundary condition, which implies that the velocity of displacement of the
quartz substrate and the liquid at the solid-liquid interface match. Howetbe itrystal surface haan
appropriate hydrophobic chemistry and consist of high aspect ratio surface roughriesseffedt of
hydrophobicity will be amplified to superhydrophobici§H) [7]. When such a solid surface has a protrusions,
which are tall enough and sufficiently close water does not penetrate betweeintti@msituation the droplets
ball up and are effectively suspended on the tips of the surface features. Moreatgethdusmall number of
contact points with the solid they become extremely mobile and roll off easily.tyipe of surface is often
called “slippy” and is described by the Cassie-Baxter equation [8]. If sufficient pressure is applied water will
penetrate into the gaps between surface features and will contact the solid ewefgeéere including the
bottom part of the surface structure and up the sides and across the tops ohteefsattires. A droplet may
still ball up but it will become immobile and unable to ra@te surface is said to be “sticky” and is described by
the Wenzel equatiof8]. Liquid phase QCMs sense interactions via the liquid close to the QCM suiithoe
the shear wave penetration depth

8 = (n/nfp)'/? (1),

Wheref is the resonance frequency of the crystal @aadds are the density and viscosity of the liquid. For a 5
MHz device immersed in waté¥250 nm. According to the considerations above it can be expected that the
sensor response of QCM operating in a liquid environment will depend orettiegastate, Cassie-Baxter or
Wenzel, of the quartz surface and should be able to detect wetting transitions hibgeenvo states. Up to
now the monitoring of wetting transitions on SH surfaces has been usually basepti@al methods
electrochemical impedance spectroscopy and using ultrasoundl [RektEntly it has been reported that through

a superhydrophobization of the QCM’s surface it is possible to decouple the sensor response [12}15

Therefore in this paper we consider whether a sensor can be designed such thatchasgealin
hydrophobicity triggers a complete switching of the wetting state; an idea spdcufain but not previously
reported [1& In principle, such a change could be due to the attachment of specific molecules,driettion
would not depend on the detectability of the mass change, but would be via theiorffiee wetting state. To
study the QCM response to a change in the wetting state of a superhydrophobic surfatetbevdrimger
mechanisms are possible including temperature, surface tension, mechanical, optical and ofegrsts or
applied voltage via an electrowetting effect [11-2Dhe two mechanisms studied in this paper are a surface
tension induced switching using increasing concentrations of ethanol (molaeitliyanol droplet (MED) test)
and electrowetting. Electrowetting involves application of electricalnpieteacross liquid/dielectric/electrode
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sandwich structure to charge the solid-liquid interface. For a droplet the charge indoakshd® of forces near
the liquid/dielectric contact line results in a decrease in the observed liqaicticangle on a superhydrophobic
surface the electrocapillary pressure can cause a switch from the Cassie-Baxter suspentied $t&nzel
penetrating state [21]; an effect recently shown to provide a locally reversibleioraf2;, 23].

In section 2, we first review the results of a model of QCM liquid response tiedassumption of a no
slip boundary condition and confirm that our experimental set up can provide resgligésol/water solutions
consistent with the Kanazawa and Gordon equation. We then describe a new method toacreate
superhydrophobic surface using an epoxy resin-soot composite surface coating; the advantagrirddadhi
coating is its ability to simultaneously act as the dielectric insufatoelectrowetting. We also describe how
MED tests can be used to switch wetting states and we characterize droget angte changes for both the
electrowetting and MED switching methods. In section 3, we investigate the possititmsbliip between QCM
response and the wetting state transition of the superhydrophobic QCM device triggered) jEBitests and
electrowetting.

2. Experimental set up

2.1. Calibration of the QCM

The liquid phase sensor response of QCM, which operates in a liquid envirorsmesially expressed
as proportional to the square root of the viscosity-density product &ifjthe according to th&Kanazawa and
Gordon equation [5]. In our work, gold electrode quartz crystals with a fiardahfrequency of 5 MHz and
diameter of 25 mm were used, with frequency spectra being monitored using emt Agithnologies 8712ET
network analyzer over the range of 5.01-5.02 MHz. Resonance characteristics were metso@u
temperature for crystal in air and in aqueous glycerol solutions with doaitens in the range of 0 - 90 % per
weight and fitted to a Butterworth-van-Dyke (BVD) model using Lab View 10.1. A brief gésariof the BVD
model is available in [12

2.2. Decoupling of the sensor response of the QCM

It is expected that a superhydrophoQE€M surface could efficietyt decouple its sensor response [12,
24). If this occurs, the crystal resonance spectra of the device should become yelesivedensitive to the
viscous properties of the liquid. Thus both the resonance frequency decrease and hancheate would be
lower than that predicted by Kanazawa and Gordon. One example of using this physicely psopiee
development of a SH QCM sensor device for examination of volatile organic compousgisebus mixtures
[25]. Many strategies to create superhydrophobic surfaces have been put forward includsalidifécation,
lithography, vapor deposition, template methods, polymer reconformation, sublimatiemapl&lectro
spinning, sol-gel processing, electrochemical methods, hydrothermal synthesidyhayerr deposition and
one pot reactions [26]. Each method has particular advantages and disadvantagekistep procedures and
harsh conditions, requirement of specialized reagents and equipment, durability andessbaétcoating or
applicability only to small areas of flat surfaces or specific mater25ls The method we developed, suitable
for our intended application, was based on the incomplete combustion of carbon nelesd@&nP) contained
in a rapeseed oil mixture [28] or in candle soot [29] deposited on an epoxy cagéngThe method is facile
and time efficient and did not require specialized equipments, dangerous reageniplex @rocess control. In
previous use of the soot approach, the main drawback is the fragility of the structuselibeanarticle-particle
interactions are only physical and weak. Therefore when a droplet of widesff the surface, the drop carries
soot particles with it until almost all of the soot deposit is removed and dpeuddergoes a wetting transition.
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Increase in the structural robustness has previously been achieved by the developmeoitnpbsite soot-
polydimethylsiloxane (PDMS) based layer [3Bowever for our QCM applicatioRDMS, which belongs to the
family of rubbery polymers [31 could complicate the QCM response reducing the quality of resonance and
rigid response interpretation. Moreover, PDMS does not easily adhere to gold surfaceadditional thin
adhesive layer would be required. We therefore maodified the superhydrophobic coatoarhppruse a soot-
epoxy resin composite layer. The liquid epoxy resin is transparent, rigid and has goca adinzgion and low
viscosity, which allows a spin coating deposition technique, and thus the opporturatynteefry thin rigid
layers. The fully cured epoxy resin is rigid so the QCM can be expected to have low dampimgheand
operational frequency compared to using PDMS.

2.2.1. Epoxy resin preparation and spin coating deposition

MAS epoxy resin with slow hardener in a ratio 2:1 was mixed for 2 minutes. rAftang, the prepared
solution with viscosity;e=600 cps was placed in a vacuum oven for 30 minutes to extract any air. The oven was
set up to maintain a maximal pressure of 0.1 MPa and constant temperature ofBarP@e quartz crystals
were mounted one at the time in an Emhart spin coater and liquid epoxy resiepeaged from pipette onto
their surfaces. The spin coating procedure was conducted with a spin veld0ofpm and spin duration of
50 seconds. The thickness of the layer achieved with these working parametef8x@as)+tm.

2.2.2. Fabrication of epoxy resin-soot composite S8M

After spin coating deposition of the epoxy resin, the process parameters required to create a
superhydrophobic crystal surface were determined. First a few soot coated SH idessvete prepared
exposing them over a flame of a burning wick, immersed in a rapeseed oiTl[i28].to achieve uniform and
homogenous SH surfaces the soot coated glass slides were binded withutedprpoxy coated quartz crystals
[30]. Since the viscosity of the epoxy resin is highly temperature andénsitive [32] it was very important to
find the best precuring time prito soot deposition that resulted in a non-engulfed, but attached, soot layer. It
was found that the optimal precuring time in a room temperature is 4 h anth@@snFor a complete and
uniform transfer an additional mechanical force is required by pressingea bn the glass slides. Eventually
the soot coated glass samples were carefully peeled off from the epoxy resin@ostednd the quartz crystal
patterns were held in a room temperature conditions until full cusaéhed. For the used resin the full curing
time is approximately 11 hours. The process was repeated for five from sevablavQCMs. The other two
QCMs, one with an uncoated surface and the other with an epoxy coated surface were {eEemes devices.
After full cure of the epoxy resin-soot coated QCM we verified the wétjabf surfaces using static contact
angle (SCA) and contact angle hysteresis (CAH) measurements for dropleteinfThese were found to be in
the range of 151°-18%nd 1°-3.7°, respectively, thereby confirming a superhydrophobic surface with mobile
droplet behaviour [33].

2.3. Investigation and contralf the wetting state transition of a SH QCM

When the superhydrophobic QCMs had been obtained we investigated the triggering ofitigesvede
transition and its detection by variations in the resonance frequency responsetladimsipation factor.
During investigations the QCMs were placed in a quartz crystal halurtheir sensing surface was fully
immersed ina liquid of interest (water or aqueous-ethanol solution). The holder had a bgpiakcity of
approximately 2 mtherefore the liquid volume used in each experimental set up was 2 mirsthedggering
mechanism which was used was based on surface tension changes using ethanol-water stiudidiesent
concentrations. The molarity of ethanol droplet (MED), which sometimes is referred as critmeé $arfsion or
% ethanol test is widely applied to determine the level of water repelfencsoils and other porous and
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granular patterns [34]. Drops of aqueous ethanol solutions with decreasing surfame ae@glaced on to
different areas of the sample surface until a solution with sufficientlyslaface tension is reached that just
allows the drops to penetrate he % ethanol concentration at which the drops penetrate the porous surface is
then taken to characterize the level of hydrophobicity of the surface. In our eaweestigated the wettability

of SH QCM with increasing concentrations of ethanol-water solutions. First a 5ddldzelectrode quartz
crystal with diameter of 25 mm and uncoated surface was used as a refereoeemtbvaim to verify the
QCM’s response in aqueous ethanol solutions. Its frequency spectra were monitored usingean Agi
technologies 8712ET network analyzer over the range of 5.018+5.02 MHz. The sensor response was measured at
room temperature for QCM in air and in ethanol solutions in concentration rafg@% per weight and then

fitted to a BVD model using Lab View 10.1. SubsequenthSld quartz crystal was tesd for lower
concentration range of 0+12.5 % per weight and again fitted to the BVD model. Byiagahe resonance
frequency shifts for both setiswas possible to assess whether the QCM is capable to detect the wetting state
transition.

Four further SH QCMs with resonance frequency of 5 MHz were used and th&bilitgt was
manipulated through electrowetting. An epoxy coated QCM was used as a referencendendee tio evaluate
whether the observed frequency shifts were caused by a wetting state tramsibipne.g. change in the
piezoelectric stiffness of the crystal. A 30 MHz synthesized function gen&388#5 was connected via coaxial
cable to the input of a voltage amplifier TREK PZD 700A and used to set ugptiteparameters of the signal.
The output of the device was combined with two branches. The first one watbneedle immersed in the
liquid, in which the SH QCM was immersed, while the second (the ground electrasl@) eonnection with the
surface electrode of the crystal thus creating a droplet/dielectric/electrodeiticapatructure. In this
electrowetting investigation AC voltage at frequency H¥ kvas usedWe initially measured the resonance
frequency of theSH crystal in air.Then the crystal surface was fully immersed in water and the sensor response
was measured again. After that an alternating voltage with step iesreb®5 V was applied until a threshold
voltage of 100 V was reached, at which a large frequency shift was observed. Sothgethe voltage was
increased with steps of 100 V until it reached the second threshold of 500tNs Atitical value a dielectric
breakdown occurred and the experiment was terminated. After each voltageestepstal was disconnected
from the amplifier and connected @n Agilent 8712ET network analyzer. The resonance frequency was
recorded and fitted to a BVD model. The experiment was repeated for theuttthee SH QCMs, but with an
upper voltage applied not exceeding 400 V, thus avoiding the dielectric breakdown occurrence.

3. Resaultsand discussions

3.1. Investigation of QCM resonance behaviour in air

Figure 1 a) and b) illustrate the resonance frequency and the resistancef<iftancoated 5 MHz
QCM against glycerol/water solutions with different concentrations. The datesirepresent the theoretical
values calculated by the Kanazawa and Gordon equation, while the solid lines @aid¢iseobtained by the
experiment. The frequency and resistance shifts in the range of 0-70% follow tletigmedf Kanazawa and
Gordon. A slight difference between theory and experiment is observed for conoestoater 70%, which is
most likely due to the hygroscopic nature of glycerol, which tends to absorbma@emules from the ambient
air and the fact measurements were performed in an open lab.
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Figure 1: (a) Resonance frequency and (b) resistarican uncoated QCM operating in glycerol/water solutions with
different concentrations.

Table 1: Electrical characteristics in air of the QCM prior to and after deposition of esumtySH layer.

QCM Ne QCMstatus  f, (MHz) BW (kHz) Q factor |£22;“? dnB) R(Q)
Prior to 5.028655 0.214 23500 =17 118

1 After SH 4953138 6.199 799 -0.77 1130
Prior to 5.022336 0.213 23500 -6.58 136

2 After SH 4942000 6.197 797 -0.72 1210
Prior to 5.019909 0.211 238 -6.39 137

3 After SH 4946988 95 520 -0.54 1600
Prior to 5.025575 0.212 23700 -8.51 109

4 After SH 4935535 95 519 -0.55 1600
Prior to 5.028312 0.211 238®M -5.55 157

5 After SH 4.964032 11.84 419 -0.425 2025

Table 1 reveals the electrical characteristics of five QCMs, operating at tie same fundamental
frequency of approximately 5 MHz, after the superhydrophobic coating was applieddepbsition of
composite epoxy-soot SH layer on the crystal surface leaaprmportional frequency down shift in the range
of 64-90 kHz (12800-18000 ppman increasein the bandwidth by an average value of 8.4%«anda
corresponding increase in the insertion loss of 6.2 dB.

Figure 2 compares the resonance spectra behaviour of QCM with (a) uncoated, (b) efpakgrabéc)
superhydrophobic surface. For the case of an uncoated surface the quartz crystal apduat@amental
frequency of approximately 5 MHz and supports narrow bandwidth of 211 Hz. The depositiogpaiksiresin
coating leads to a frequency down shift of 64 kHz and an increase in indesstm3 dB, although the sensor
still maintaireda narrow bandwidth of 730 Hz; this increase in dampinglikaly to be caused by the rougher
surface of the epoxy compared to the polished crystal surface. The superhydrophobic coa@agacaore
substantial increase the level of insertion loss to 8 dB and increagexbandwidthto 6.19 KHz. This can be
interpreted as an additional dissipation of energy in air due to the high level of surface rougBbesses [
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All SH coated devices continued to operate with well behaved single modamesand good sensitivityhe
thickness of the epoxy coating was measured via profilometer Bruker AXS Dektandk compared to ¢h
value obtained by the theoreticalculation through Sauerbrey’s equation using an assumed density of the
epoxy resin/hardener mixture, whichpig, = 1.0863 g/crh The experimentally measured thickness was in the
range of 9 + 0.5 um, while the theoretical calculations gave a thicknessam: 11

3.2. Wetting state transition triggered using ethanotexramixtures

Figure 3 shows the resonance frequency shifts of a 5 MHz gold electrode QCM with an uncoated surface
versus different aqueous ethanol solutions, obtained by experiment and by theoreticdlaraketarding to
the Kanazawa and Gordon equation. The graphical dependence shows that the resonance $fsifilsency
achieved by experiment and theoretically calculated are in consistence with slighibdesi the experimental
data set at some concentrations.
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Figure 3: Experimental resonance frequency shift (dotted cun¥é&) MHz QCM with an uncoated surface
and its theoretical"® order polynomial fit (solid curve) versus % ethanol concentratiotiginange of 0 - 90
% per weight.

Since the experiments were performed in an open lab, there was a slight temperature dethati@ange of 20
°C-26 °C, therefore the experimental data were corrected with the pre-factbiefethanol, which is 8.420"
[cm®second. molecule]. The resonance spectra of the first SH QCM was observed at % ethanol consémtrati
the range of 0-12.5% per weight. For comparison glass microscope slides were also coated with
superhydrophobic epoxy-soot layer and the contact angle variation of droplets wittendifethanol
concentrations was investigated. The results are summanrifigdres 4 and 5. At concentrations between 0 and
10 % the resonance frequency shifts are almost the same and 2.5 times lower compaged dbtained
through the QCM with an uncoated surface (see experimental curve in fig. 3¢ffEbtscan be attributed to the
efficient decoupling of the sensor response achieved by the superhydrophobizatiorcrgsthlesurface;hie
same tendency is reported in referencq.[ABso the dissipation factor and the resonance frequency shifts keep
approximately constant values in this range of concentrations. Further increase of thecetiwamitation leads

to a larger00 Hz frequency down shift of the QCM at 12.5 % concentration of ethanol accompgdedrease

in the dissipation factor at the same concentration. Contact angle measurements shbthithabncentration

of ethanol on epoxy-soot coated surfaces there is a large contact angle change froml 18549ridicating this

is critical concentration at which the surface undergoes a transition from théylrpphobic Cassie-Baxter
state to a more hydrophilic state.
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Figure 4: (a) Frequency response and (b) dissipation factor oSH&QCM for % ethanol concentrations in the
range of 0+12.5 % per weight.



= B - contact
angle

Contact angle [deg,.|
o
(=]

20 -

10 -l"'
D T
03 10 15 20 25 30 35 40 45

. SN

ethanolwater concentrations [ % perwg.]
Figure 5: Contact angle variation of droplets of aqueous ethanol solutions ory-spok coated surfaces with
different concentrations.

The decrease in dissipation accompanying the decrease in frequency shift actthripe to a
hydrophilic state suggests the observed transition is not a simple Cassie-Ba¥tenzel wetting state
transition. After removal from the ethanol solution the surface was observedeta IS$CA to water of 116° and
so was no longer superhydrophobic. Moreover the crystal surface appeared to the egebtighter black
colour and a deposited droplet of water adhered to it, thus indiGatimgch higher contact angle hysteresis.
Using a hydrophobic chemical treatment a SCA of 152° could be recovered togétharlovi contact angle
hysteresis of 1.3°. We further examined the quartz crystal surface ustagrang electron microscope (SEM).
Figure 6 compares a surface exposed to the ethanol solution and an area of sudgpesedt to the ethanol
solution. The comparison shows that the peak features are more rounded after exposure to th&hetkanol
results suggest that the application of aqueous ethanol solution with 1ZhBéfitration may cause both sudac
chemical and structural damages. Despite the apparent structural damagbgdeygeabicity of such surfaces
could be recovered by applying a hydrophobic chemical treatment.

Figure 6: Scanning electron microscopy of (a) the affected and (b) unaffactedof the superhydrophobic
QCM.

3.3. Wetting state transition triggered using electrdingt

To achieve a wetting state transition, which on drying the crystal coulévieesed, we considered
applying a voltage using an electrowetting configuration. The results of the celegeirformance of these
devices are summarized in table 2.



Table 2: Average electrical characteristics of four SH QCMs during electrowetting.

Resonance Resistanc® Bandwidth Af=fg—f
State of the QCM fre(cm(jz;:wr Q) BW (kH2) (;j;) rEw D = BWH,
QCM in air 4952165 1424.4 8.29 0 1674<10°
QCM in water 4.951863 1523.9 8.47 302 1710<10°
QCM at 25V 4.951845 1525.1 8.47 320 1710<10°
QCM at 50V 4.951820 1529.3 8.46 345 170810°
QCM at 75V 4.951807 1530.1 8.47 358 1710<10°
QCM at 100V 4.951426 1542.4 8.48 739 1713<10°
QCM at 200V 4.951425 1546.6 8.49 740 1715¢10°
QCM at 300V 4.951402 1547.6 8.48 763 1713«10°
QCM at 400V 4.951387 1544.6 8.49 778 1715¢10°

Table 2 shows the electrical characteristics of four SH QCMs during eledingvetesented as average data
from eight independent electrowetting measurement cycles. It was found that ¢nienerpal data had good
reproducibility from device to device and the frequency shift deviations werenv@ithHz (16 ppm). Figure 7
compares the resonance frequency shifts of (a) a SH quartz crystabwiltiat(of an epoxy coated QCM. The
inclusion of an epoxy coated QCM as a comparison device allows us to evaluate \whetlilgle frequency
shifts are caused by a transition in the wetting state or by changes, such aseadbkegric stiffness. For the
SH QCM a step change in frequency is obsematduetweens/5 V and 100 V with little change in dissipation.
Above this voltage the frequency decreased only slightly. Moreover, throughout thinexpéhe dissipation
remained broadly constant at the initial value measured on immersion. €bigrary to the results reported in
reference [36], where the change in the dynamical state of the film is accompanied Inge lobih in the
resonance frequency and in the dissipation of the QCM. However, that work relaaechainge from sub-
monolayer coverage towards monolayer coverage of a sliding film on a smooth crystalcaseuiquid fully

or partially penetrates between surface features on a length scalatefiset shear wave penetration depth. It is
therefore likely the penetrating liquid is locked with the surfaceanatind behaves acoustically in a manner
more similar to rigid masdn our measurements the epoxy layer suffered irreversible damage at a threshold
voltage of 500 V. Interestingly, the initial frequency down shift on immersidgheoSH QCM in water is only
302 Hz and is 2.5 times lower than the case of a QCM with an uncoated surfacg. (s@ednd fig. 3).We also
note that the epoxy coated crystal did not show any significant step changagatons in the resonance
frequency behaviour as voltage was increased; the shifts were within 56 Hz. Onetatierpof the data is that
the superhydrophobic coating decouples the QCM response compared to the uncoated and epoxy coated QCM
and that a wetting state transition is detected at between 75 V aid 100
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Figure 7: Resonance frequency down shift of (a) a SH and (b) epoxy coated Q@NsWitear fit (solid curve).

To investigate the hypothesis of a wetting state transition, the droplet cantgetbehaviour over the
same range of voltages was studied. The basic equation for droplet contact angle changes usingfietcrowe

cosf = cosb, +( £o jvz ),
2dy,,

wherecos6, is the initial contact angle, is the dielectric permittivity in vacuury is the dielectric permittivity
of the layerd is its thicknessy,y is the interfacial energy between liquid and vapor (surface tension) iarttie

applied voltage. This relation shows that for a given dielectric layer an applied witageduce the contact
angle causing improved wettability. We also know from previous studies that the asbetemtrocapillary
pressure can cause a droplet in a suspended Cassie-Baxter state to collagsenieti@tng Wenzel state [R1
Figure 8 reveals the contact angle behaviour of a water droplet resting upon gold coated SH glass slide.
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140 =

* -=#--contact angle
133 LY

130 T

Contaet angle [deg.|

123

120

0 30 100 130 200 230 300 330 400 430
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Figure 8: Contact angle variations of water droplet resting upon gold coated SH glass slide
during electrowetting.

From 0 V to 100 V there are no significant changes in the contact angle but upog pa2$10 V a decrease in
the contact angle is observed. Further voltage increase leads to furtheredecteascontact angle and for 400
V the contact angle has reduced by 26 °. Moreover the CAH also increased artdsbpiy was observed to
reduce. During the electrowetting an overall proportional frequency downshift &iZ7#@&s observed when the
voltage was increased from 0 V to 400 V. Upon decreasing the voltage from 49@® W the resonance
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frequency shift recovered to its initial value within a slight downwardadievi of 157 Hz. This correlates well
with the CAH, which appears to be 8 ° for the same range of voltages fti4 fo and 146 ° after applied
voltage. A locally Cassie to Wenzel reversible switching of state using an electronagbjingach was reported
in reference [22] and further modeled in reference [23]. In our experimengidwet determine whether the
acoustic changes related to a deformation of the meniscus or locally revénaisitions to the Wenzel state.
Moreover, the surface structure is a relatively disordered one rather than, e.g., a regularcpMity array, and
so applicability of an electrohydrodynamic model such as in reference [23] is s oleheck the chemical
and surface structure had not been altered by electrowetting, crystals werdterideeadQCM experiments and
static contact angle and contact angle hysteresis measurements performed. Prioftér atetteowetting the
SCA was in the range of 151°-155° and the CAH was 1°-3.7° (table 3).

Table 3: Contact angle of four SH QCMs prior to and after electrowetting.

Static CA Advancing Receding

(o)
QCM Ne  CA status ©) CA (°) CA (°) CAH (°)
QCM_2 prior to 1524 1567 153 3.7
afterEW 152.0 155.0 1527 23
QCM_3 prior to 1552 1503 1493 1
afterEW 1546 1533 1517 16
QCM_4 prior to 1524 1530 1508 22
afterEW 1519 1534 1512 22
QCM_5 prior to 150.8 1562 153.4 2.8
after EW 151.7 153.2 1508 24

4. Conclusions

In this work we have presented results from systematic experimental investigatthe wetting state
responseof quartz crystals possessing a superhydrophobic soot-epoxy coating. Possible triggemrtigngf w
state transitions using ethanol solutions and electrowetting has been developerst Tiehfiese methods was
found to cause surface changes, but the second method appeared to trigger astattimgnsition without
surface damage. This wetting state transition appears to be observable as an elagtiodet®d frequency
down shift of 778 Hz. The transition voltage is consistent with droplet coatayle decreases on similar
surfaces. The step change in frequency was not accompanied by any significant chzan@¥ONI tdissipation.
The proof-of-concept that an acoustic wave signal change, here a quartz crystal refegaroey, can be
observed when a superhydrophobic surface wetting state change is triggered, mayapraddiional sensor
mechanism to the usual mass or viscosity-density induced changes. The optinukatich superhydrophobic
coated sensors may allow the development of a new acoustic wave based sensor wlitibtomtettability for
detecting changes in hydrophobicity of surfaces.
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