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ABSTRACT

Data for the physical properties of Room Temperature Ionic Liquids (RTILs) as a function of chemical com-
position is limited due to the expense and difficulty of producing large volumes of pure samples for character-
ization. RTILs comprise solely of ions and are liquid at room temperature. These are becoming of increasing
interest for an extensive range of applications. This thesis looks at developing small scale characterization

processes to find low cost and efficient methods for processing smaller sample volumes.

Quartz crystal impedance analysis has been used to assess whether room temperature ionic liquids behave in a
Newtonian manner to determine the values of their square root viscosity-density product using small volumes.
Values are compared to traditional viscometer and densitometer measurements. A range of harmonics were
studied for a 5 MHz fundamental crystal. The frequency shift of the third harmonic was found to provide the
closest agreement between the two measurement methods with a limit seen at a square root viscosity-density
product value of approximately 18 kg m~2 s~-3. Further characterisation of the liquid was performed to sep-
arate values of density and viscosity using dual Quartz Crystal Microbalance (QCM) with fabricated surface
features on one QCM; this required a total sample volume of only 240 uL.. Values were corroborated with
standard measurement techniques demonstrating good agreement. A QCM was then incorporated into a mi-
crofluidic glass chip system to measure the square root of the viscosity-density product of RTILs. The QCM
covers a central recess on the glass chip, with a seal formed by tightly clamping from above outside the sensing
region. The change in resonant frequency of an 8 MHz QCM operating on the 3rd harmonic was shown to
allow determination of the square root viscosity-density product of RTILs to a maximum limit of square root
viscosity-density product of approximately 10 kg m~2 s~03. This microfluidic technique reduced the sample
size needed for characterisation from 1.5 ml to only 30 uL and allowed the measurement to be made in an

enclosed system reducing the risk of water contamination.

In the final part of this work surface acoustic wave devices were studied. The most promising device, a
Shear Horizontal Surface Acoustic Wave (SH-SAW) device with silicon dioxide guiding layer, provided good
correlation between phase, insertion loss and the square root viscosity-density product. A maximum square
root viscosity-density product limit was observed at approximately 10 kg m=2 s~ at which point the acoustic
response becomes too damped for accurate results to be determined. This work provides a basis for further
miniaturisation and characterisation which could develop a surface acoustic wave device based system for high

throughput microfluidic characterisation of many properties of ionic liquids within a single chip.
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I. INTRODUCTION

1.1 Motivation

The need for cleaner industrial processes is continuously rising. The past decade has led to the development
of room temperature ionic liquids (RTILs) as alternative, environmentally friendly, solvents [1,2]. They com-
prise solely of ions which are liquid at room temperature and can be considered designer solvents with over
one million simple ionic liquids available. Ionic liquids have huge potential for a wide range of applications
which include catalysis [3, 4], organic synthesis [5], electrochemistry [6], separations and extractions [7, 8],
liquid crystals [9-11] and analytical solvents and coatings [12]. They can be specifically tailored to suit appli-
cations in chemical engineering for which they are finding novel applications. However, the available data on
their physical properties as a function of chemical composition is limited and extending the range of known

data is difficult due to the expense and difficulty of producing large volumes of pure liquids for characterization.

At the start of this study there was little reported work on the application of acoustic wave devices for measur-
ing the properties of room temperature ionic liquids. Some preliminary data on the density and viscosity of the

liquids was available in the literature but for a very limited number of RTILs.

Acoustic wave sensors, such as the quartz crystal microbalance (QCM), are widely used for studying the prop-
erties of small volume samples of liquids. The QCM is a thickness shear mode resonator and is a very popular
and well established technique for mass or liquid sensing using the Sauerbrey or Kanazawa and Gordon equa-
tions respectively. Some applications include the attachment of mass from the liquid phase and for in-situ
determination of the properties of surface coatings, such as electrodeposited polymers during deposition pro-

cesses, with material parameters extracted using viscoelastic response models [13—17].

Surface Acoustic Wave (SAW) sensors are the natural next step for increased sensitivity and further miniatur-
isation. SAW sensors (such as the Rayleigh, Surface Skimming Bulk, Shear Horizontal SAW, Acoustic Plate
Mode (APM), and the Love wave device) have been used for various sensing applications which include mass
deposition [18], gas and vapour detection [19] and liquid identification [20]. The SAW sensor is a well known
versatile device which has been evolving since the 1950s, seeing constant improvements to the selectivity, sen-
sitivity and stability of the device. Their versatility makes them ideal sensors for integration into microfluidic
experimental setups [21,22] and makes them well suited to high throughput online laboratory-on-a-chip sys-

tems. Using high throughput, small volume liquid sensors in a microfluidic environment will make it possible
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to characterise these liquids with microlitre sample volumes which will lower production costs and rapidly in-
crease the rate of liquid characterisation, giving optimum information for use in potential chemical engineering

applications.

L2  Project Overview

The main objectives of this work were to: investigate acoustic wave techniques for characterising small vol-
umes of Room Temperature Ionic Liquids (RTILs); obtain data for the viscosity-density product of RTILs;
determine the Newtonian behaviour of RTILs experiencing high frequency perturbations and to integrate an
acoustic wave device into a lab-on-a-chip set-up to further reduce sample volume needed to measure the

viscosity-density product of RTILs.

To complete these objectives this project has overcome many challenges including: the high density and vis-
cosity of RTILs; the limited volume of available material to work with; the need for an enclosed system due to
their hygroscopic nature and the very limited range of chemically resistant engineering materials such as glass

and polytetrafluoroethylene (PTFE) that can be used in producing flowcells and seals.

The layout of this thesis gives some background knowledge of acoustic wave technology (chapter 1), before

looking at four self contained experimental studies.

The first experimental chapter looks at measuring the square-root viscosity-density product of RTILs using
static pools of liquid with one sided contact on the Quartz Crystal Microbalance (QCM). It determines the
range of Newtonian behaviour in relation to the QCM and makes a comparison of the responses of RTILs,
polydimethylsiloxane (PDMS) oils and water-glycerol mixtures. A study varying the concentration of a water
miscible and a water immiscible (miscible with methanol) RTIL has been completed, together with a further
eighteen pure RTILs (minimal water content) characterised on both the fundamental and third harmonic of a

QCM.

Experimental chapter 2 looks at separating the two parameters of the viscosity-density product using a dual
QCM setup. This work is an extension to work published by Martin et al. [23] and uses SU8-10 photolithog-
raphy to form a patterned surface on one of the QCMs. A comparison of frequency changes between the two
QCMs makes it possible to separate the two parameters. Five patterned surfaces have been explored with vis-

cosity and density determined for various concentrations of water-glycerol mixtures and eight pure RTILs.

The third experimental chapter looks at a further reduction in sample volume by integrating the QCM into
an enclosed microfluidic setup to determine the viscosity-density product of RTILs whilst minimising hygro-

scopic issues. It looks at various concentrations of water-glycerol mixtures, concentrations of a water miscible
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RTIL and many pure RTILs. Measurements are made on both the fundamental and third harmonic resonance

on both an 8 and 9 MHz QCM.

The final experimental chapter looks at the challenges of using a Surface Acoustic Wave (SAW) device to
measure the viscosity-density product of RTILs. The ionic content of RTILs has shown some conductivity
challenges which lead to the investigation of a metallised propagation path on the Shear Horizontal SAW (SH-
SAW) device. The addition of a silicon dioxide guiding layer onto a SH-SAW device (Love wave device) is
also investigated as a possible improvement. Successful characterisation of a range of water-glycerol mixtures,
dilutions of a water miscible RTIL and pure RTILs has been achieved by measuring the phase changes seen on

a Love wave device. Finally, a short summary and ideas for further work concludes the contents of this work.
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II. BACKGROUND AND THEORY

This work is based on three main areas: the Quartz Crystal Microbalance (QCM), Surface Acoustic Wave
(SAW) sensors, and Room Temperature Ionic Liquids (RTILs). A brief overview of each of these topics are

described.

II.1 Acoustic Wave Devices

The mode of operation of acoustic wave devices is determined by the piezoelectric nature of the material and

its properties, which are described below.

II.1.1 Piezoelectricity

Piezoelectricity is the material property usual used to excite an acoustic wave in an acoustic wave device. For
this reason, such devices are created using piezoelectric materials such as quartz, lithium tantalate and lithium
niobate. Piezoelectricity is a property displayed by certain crystalline materials, in which a mechanical strain is
produced in respose to an electric field [1] and vice versa. By applying an oscillating electric field to an acoustic
wave device, a mechanical wave is created which propagates through the substrate before being converted
back to an electric field for measurement. Each piezoelectric material has its advantages and disadvantages,
including cost, temperature dependence, attenuation, and propagation velocity [2] which must be carefully

considered for potential applications.

1I.1.2  Crystal Orientation

An acoustic wave device is optimised for a given operational mode by choosing the crystal cut and wave propa-
gation direction carefully for the application needed. AT-cut quartz (defined by its orientation - see Figure II.1)
is the most popular cut for Thickness Shear Mode resonators (TSM, also referred to as QCM) and is considered
to be temperature compensated. Various crystal cuts for quartz are shown in Figure II.1. Many specialised cuts
and crystal types are available which present various elastic, piezoelectric and dielectric properties [3]. QCMs
are commonly manufactured with fundamental frequencies between 1 and 32 MHz. For a QCM, the resonant
frequency is dependent on crystal thickness. At high frequencies the crystal becomes extremely thin and hence
very fragile, making it difficult to work with. Factors such as the density and shear modulus of the crystal also

influence its operating frequency [4].

Applications that require frequencies higher than those given by the QCM use an alternative crystal cut and
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Figure I1.1: Cuts of quartz shown relative to the crystal axes, showing the two crystal cuts used within this study, AT-cut
- common for quartz crystal microbalances, and ST-cut - common for shear horizontal surface acoustic wave
devices.

require a Surface Acoustic Wave (SAW) sensor. Again, the direction of crystalline orientation and hence

propagation path of the surface acoustic wave is dependent on the wave needed and its application. The

substrate and cut direction is initially chosen by the need for a Rayleigh wave if sensing a gas and Shear-

Horizonatal Surface Acoustic Wave (SH-SAW) or Surface Skimming Bulk wave (SSBW) for liquid or mass

sensing. Here the frequency is independent of substrate thickness and for this reason the SAW is generally

more robust and capable of handling much greater applied pressures.

II.2  Quartz Crystal Microbalance

Quartz Crystal Resonators (QCR) or Thickness Shear Mode (TSM) devices operating with shear horizontal
displacement are more commonly known as Quartz Crystal Microbalances (QCMs). This name is however
a little misleading and implies it is only capable of sensing changes in mass which is not the case. The
QCM is a well known small volume device and originated 40 years ago from the work of Sauerbrey [5] and
King [6] investigating mass changes in the gas phase. More recently, applications have been found to measure
properties in the liquid phase including bulk properties such as density, viscosity, conductivity [7], attachment
of mass from the liquid phase [8] and in-situ determination of the properties of surface coatings such as online

monitoring of electrodeposited polymers [9].

II.2.1 Quartz Crystal Microbalance Design

The QCM consists of a thin quartz disc operating between two electrodes (see Figure I1.2). By applying an
external electric potential to the piezoelectric material, an internal mechanical stress is induced resulting in an

acoustic wave which propagates perpendicular to the crystal surface. Minimum impedance is seen when the
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thickness of the device is an integer multiple of a half wavelength of the acoustic wave. By incorporating the
QCM into an oscillation circuit the electric and mechanical oscillations will be at the fundamental frequency
of the crystal. By measuring this frequency some of the properties of a liquid applied to the crystals surface

can be determined.

Liquid ’_g
Crystal, N2 = @

A |
Electrode Shear wave

Figure I1.2: Quartz Crystal Microbalance in oscillating circuit showing shear wave.

I1.2.1.1 Harmonics

When the crystal is electrically excited over a broad frequency range it is possible to excite harmonics of the
fundamental frequency. Standing shear wave patterns set up across the thickness of the crystal (see Figure I1.3).
Maximum displacement occurs at the crystal faces for each of the resonances [10] making the device sensitive
to mass deposition and liquid parameters. Some studies have been completed on sensing using many harmon-
ics of the QCM [11, 12]. Earlier work comparing resonant frequency shifts of various harmonics whilst testing
the shear compliance of thin films has suggested that the third harmonic produces a more accurate frequency

change response to mass/liquid loading [13].

Figure I1.3: Quartz Crystal Microbalance showing shear displacement profiles for the fundamental, third harmonic, and
fifth harmonic resonances, where N is harmonic number.

1I.2.2  Sensing

The Quartz Crystal Microbalance (QCM) was initially designed for mass deposition monitors in vacuum evap-
orators [5] sensing mass changes of roughly 1 ng.cm™2 [10]. Applications for the QCM have continued to grow
following this. In 1982 it was found that the QCM could be made to oscillate in a liquid [14], which has since
stimulated many useful applications. Subsequently it was found that polymers and viscoelastic films can be

studied using a QCM. This section looks at mass and liquid sensing, and includes the effect of surface morphol-
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ogy which can be designed to provide a further characterisation technique. A brief review of the Butterworth-

Van Dyke (BVD) model [15] is given which can be used to assess many more properties.

1I.2.2.1 Mass Sensing

Sauerbrey states that accumulation of mass on the surface of the QCM induces changes in the resonant fre-
quency. Hence for detection of analytes in air, the frequency change is simply related to the change in mass [4]
(Equation II.1, which can be reduced to Equation I1.2 by collecting constants):

212 AM

Af =- —_— 1.1
Ry (L1

where f; is the fundamental resonant frequency of unloaded quartz, y, is the shear modulus of AT-cut quartz

(2.497 x 101! g cm~ls72), pq is the density of quartz (2.468 g cm™3), A is surface area in cm? (one face), AM

is the total mass change on both faces of the crystal. Thus,

Af = Km (I1.2)

where K = -2.26 x 107° fq2 Hz cm 2 g ~! and Am is mass added per unit area in g cm~2. For a 5 MHz crystal a

frequency change of 1 Hz is the result of a mass change of 18 ng cm™ [16].

The additional mass on the surface of the crystal can be thought of as a slight increase in its thickness resulting

in an increase in wavelength corresponding to a decrease in frequency (v = f2).

11.2.2.2 Liquid Sensing

A quartz crystal microbalance operates with a high frequency (typically 5 MHz) shear mode oscillation on its
surface. When operated in a liquid environment, this surface oscillation entrains liquid (see Figure I1.2). For a
Newtonian liquid, this decays within a depth known as the penetration depth (0.25 ym in water at a fundametal

frequency of 5 MHz) from the interface. The relationship for this depth is shown in Equation IL.3.

6= N@/nfsp) L3)

where p and 1 are the density and viscosity of the liquid and f; is the resonant frequency [17].

When in contact with the liquid, the resonance is damped so that the frequency decrease is accompanied by
an increase in bandwidth. The QCM can be used to measure either the accumulation of mass onto the surface
of the crystal or properties of the liquid itself [1]. The QCM has become a very popular small volume de-
vice over the last fifty years and has had many applications some of which include; a sensitive solution phase
microbalance [18, 19], deposition monitoring [20], chemical species detection [21], immunoassay [22], liquid

chromatographic detection [23], corrosion monitoring [24], and electrochemical analysis [9].
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Impedance analysis is a useful technique in which both the resonant frequency and bandwidth (B), of the crystal
are measured which are both dependent on the liquid properties. The impedance of a circuit is its opposition to
current. The bandwidth is a measure of the loss of energy over a range of frequencies. This corresponds to the
damping of the shear mode oscillation caused by the liquid close to the solid-liquid interface. Some authors
prefer to define dissipation D = B/ f; (also equal to Q). When the liquid is Newtonian, a frequency decrease
(Af), and a bandwidth increase (AB), occur in proportion to the square root of the viscosity-density product,
see Equations I1.4 and IL.5. A single sided contact to a Newtonian liquid causes frequency and bandwidth shifts

described by Equation I1.4 and IL.5.

Af 1 (fap\?
e e
AB 2 (fap\'"?
Z_Z_q(T) , (I1.5)

where the specific acoustic impedance of quartz is Z, = (,quq)l/ 2=8.84x10°kgm2 57!, f, is the fundamental
frequency and f; = nf, is the overtone frequency at which the response is measured [1,25]. By verifying that
changes in resonant frequency and bandwidth are correlated, such that Af = -AB/2, Equations 1.4 and IL.5
allow determination of whether liquid has a Newtonian response. If the ionic liquid is Newtonian, either the
frequency change (the Kanazawa and Gordon equation) or the bandwidth change can be used to determine the

value of the viscosity-density product.

11.2.2.3 Polymers And Shear Moduli

A QCM is also a useful tool for applying a shear stress and studying the response on the shear modulus to

measure properties of viscoelasticity, phase transition or cross-linking of thin films [26-28].

The viscoelasticity of a polymer can be described by how a polymer deforms in response to an applied stress.
Polymers are defined as a compound made up of a large number of repeating units (monomers) joined together
with covalent bonds creating a long chain [1]. The polymers chain length (molecular weight) relates directly
to the degree of polymerisation. A polymer neither obeys the purely viscous nor the perfect elastic criteria
and as such it is generally termed a viscoelastic material [26]. A viscoelastic material will not deform immedi-

ately when stresses are applied, equally the stress will not respond instantaneously to any imposed deformation.

Elastic behaviour implies a linear relationship between stress and strain with viscous behaviour implying a
relationship between shear stress and the rate of strain. A rigid material behaves elastically, and a fluid or soft
material displays viscous behaviour. A polymer exhibits a combination of these responses due to the chain

structure, hence the term viscoelastic.
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The properties of viscoelastic materials can be described by a complex modulus, where the shear modulus

(measure of elasticity), G is given by Equation IL.6.

G=G +iG" (IL6)

where G’ is the storage modulus (energy storage and release during periodic deformation), i is the V-1 and

G” the loss modulus (dissipation of energy, usually as heat) [1].

A film deposited on a QCM is subjected to shearing motion at the crystal-film interface. If the film is bonded
well to the crystal surface it moves synchronously with the crystal, the top of the film however may experience
some phase lag. If this is the case, elastic energy is stored and dissipated within the film. The crystal’s resonant
frequency and damping will subsequently depend on the film thickness, density and shear elastic properties.
Studies have shown equivalent circuit models which describe how the film properties influence the resonant

frequency and damping, and how they can be interpreted to obtain the film’s shear storage and loss moduli [29].

When using a QCM to characterise a polymer, the polymer experiences a characteristic relaxation time, 7.
If a stress is applied for a time period 75 much shorter than the relaxation time (74 < 7) the polymer chains
do not have enough time to move with respect to each other, hence the polymer behaves as an elastic solid
characterised by a stiffness, y. As temperature increases (viscosity decreases), relaxation time decreases until
(t5 > 7). Atthis point thermal energy permits chains to move with respect to each other allowing the polymer to
behave as a viscous liquid characterised by a viscosity 7. The temperature where 7, ~ 7 can be described as the
point at which the polymer deforms both elastically and viscously; giving rise to viscoelastic behaviour. The
relaxation time is proportional to molecular weight [30]. Many studies have been completed to model surface
loading conditions using the QCM [25, 31, 32]. Measurements of viscoelasticity have also been developed
using shear horizontal acoustic plate mode (SH-APM) devices, Love wave devices and layer-guided SH-APM

devices using the same principles [33,34].

11.2.2.4 Newtonian Liquids

Viscosity is a measure of a fluids resistance to flow and is analogous to internal friction [35]. This friction
is seen when a layer of fluid is forced to move past another layer. The greater the friction, the more force is

needed to create movement (shear) and hence the more viscous the liquid, see Figure 11.4.
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Figure I1.4: Defining viscosity; the measure of internal friction of a fluid. Where F is the force applied, dx is distance

between plates, v; and v, are velocities of the bottom and top plate respectively, and Av is change in velocities.

Shear rate, shear stress and viscosity are defined by Equations I1.7, I.8 and I1.9, where F is force (N), A is area

(m?), o is shear stress (Pa), v is shear rate (s7h), Av is change in velocity (ms™1), Ax is distance between top

and bottom surface and 7 is viscosity (Pa.s).

F
— 1.7
o e (IL7)
Av
=—, I1.8
Y= (I.8)
n=—, (IL9)
Y

For a liquid to be Newtonian, viscosity must remain constant over a range of shear rates or shear rate is

proportional to shear stress for a range of shear rates (see Figure I1.5) [36]. Typical Newtonian fluids are water

and thin oils [35] although no liquids are perfectly Newtonian over all shear rates.

3 2 A

v

N
v

y

Figure 11.5: Newtonian fluids a) Shear stress o is proportional to shear rate y, b) viscosity 7 is independent of shear rate.

If Af # —AB/2 and deviates significantly to that expected, the liquid is deemed non-Newtonian by the QCM
technique [37,38]. It has recently been shown that liquids that are normally deemed Newtonian when measured

on a rotational viscometer operating at much lower shear rates, are deemed non-Newtonian by the response of

an acoustic wave device due to the high shear rates [39].
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For a non-Newtonian liquid, viscosity will vary with shear rate. It is suggested that a non-Newtonian fluid is
made up of a mixture of molecules of various shapes and sizes. At different shear rates the alignment of these
molecules may alter (due to their size, shape and cohesiveness), hence the force needed to maintain motion

may vary accordingly [35].

There are many types of non-Newtonian flow behaviour which have been modelled to show variations in fluid
viscosity in relation to shear rate. These include pseudoplastic, plastic, dilatant, thixotropic and rheopexic [35].
In this study the liquids are simply defined as Newtonian or non-Newtonian based on the QCM or SAW device

response.

In this study, measurements are compared to viscosity measurements taken on a DV-II+ Programmable vis-
cometer (Brookfield, MA, USA) using a cone and plate geometry. Initially, measurements were completed by
increasing the shear rate manually. Later in the study, Rheocalc 3.1 software (Brookfield, USA) was available
to use with the viscometer and allowed the viscometer to record values of shear rate and shear stress in steps
over a range of values. Where necessary the data is fit to the Bingham model, which is a two parameter model

describing the fluid as having a Newtonian response above the Bingham yield stress response (Equation I1.10).

o =0,+pY, (II.10)

where o is shear stress, 0, is yield stress, p is plastic viscosity and y is shear rate.

Due to the liquid being probed at such high frequencies in comparison to a traditional viscometer measurement,

it may be necessary to consider the liquid as a liquid with a viscoelastic response.

This is modelled by considering the liquid to be a Maxwellian liquid which considers the finite reorientation
time of molecules under stress [25] and uses a single relaxation time 7. When the Maxwellian fluid oscillates
with wt < 1 (where w = 2rff), the liquid responds with Newtonian behaviour characterised by the shear vis-
cosity, . When the oscillation rate becomes close to the rate of molecular motion in the liquid, the energy

ceases to dissipate in viscous flow and is instead stored elastically (w7 > 1) [40].
By increasing the frequency, the high force causes the Maxwellian fluid to behave as an amorphous solid. Here,
the shear properties are characterised by the shear modulus i and the relaxation time 7, with the transition from

viscous to elastic behaviour determined by Equation II.11 [40].

: IL11)
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The effect of T becomes much more important with increasing liquid viscosity and as such the frequency of
device used is often a trade off between sensitivity and the maximum measurable viscosity values [40]. When

wt > 1, no apparent movement occurs and the upper limit of detection is reached.

11.2.2.5 Butterworth-Van Dyke Model

Changes in electrical behaviour are caused by variations in the acoustic properties at the surface of the quartz
crystal and can be measured through changes in impedance, admittance spectra or changes in resonant fre-
quency [41]. This behaviour is well studied [42,43] with the electrical characteristics described by a lumped-
element model known as the Butterworth-Van Dyke (BVD) circuit model [1]. This model is widely used for
determining values such as the viscosity-density property where values correspond well to literature values [44]
and simultaneous mass and liquid loading [7]. The model can be shown in Figure II.6. A full description of

the BVD model can be seen in [45].

a) b)

Ly Ly

R1

Liquid Loading

Mass Loading

Figure I1.6: Equivalent electrical circuit diagram for a) unperturbed QCM, b) QCM sensing liquid, mass or both, where
Cy is static capacitance between the electrodes and L, C;, R; are motional contributions due to the elec-
tromechanical coupling from the piezoelectric material. When loaded with liquid an increase in both motional
inductance L, and resistance Ry, is seen. If just mass loading occurs, only an increase in motional inductance
L3, is observed.

11.2.2.6  Compressional Waves

Some studies [46,47] have been completed on compressional waves to model resonator responses to shear
wave and compressional wave generation. These studies have been focused on non-uniform velocity profiles
along the shear direction of the crystal. Acoustic wave devices are generally more vulnerable to compressional
waves when enclosed in a small cell as in the lab-on-a-chip, see Figure II.7. This can however be overcome
by acoustic absorbers/spoilers in the cell to prevent reflection of the acoustic wave [48,49]. It has also been
suggested that compressional waves are reduced by working with plano-plano crystals (flat both sides) rather
than plano-convex (flat one side, curved second side) crystals and it is important to design experiments to avoid
contributions from longitudinal waves which can travel distances much larger than the decay lengths of shear

waves [50].
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Figure I1.7: A QCM showing shear wave motion, with longitudinal wave creating a standing wave (wavelength Ar) setup
due to reflection within a small cell.

II.3  Crystal Surface Morphology

When sensing with acoustic wave devices, surface morphology is critical. Surface roughness can create
unwanted mass effects due to liquid trapped within the cavities. This effect can however be used advanta-
geously by patterning a surface with features of known dimensions, making it possible to derive further prop-
erties [10,51-54]. This section looks into the response of the QCM to rough surfaces, and the techniques used

to separate the viscosity and density from the viscosity-density product using patterned surfaces.

II.3.1 Response To Rough Surfaces - Quartz Crystal Microbalance

It is well known that surface roughening can seriously affect the resonant frequency of a QCM, with 80% of the
observed frequency shift caused by roughness effects [16]. A device with either a randomly textured surface
or a regular pattern traps a quantity of fluid in excess of that viscously entrained by a smooth surface [10].
The liquid trapped in the surface features results in an enhanced frequency change, greater than expected for

viscously entrained fluid alone [55].

The cavities formed by the rough surface trap additional fluid which moves synchronously with the surface
of the crystal due to its vertical constraint. This trapped fluid has a mass effect which causes an additional
frequency change. This additional change in frequency is not only dependent on the properties of the liquid
constrained within the trap, but also on the type of microstructures on the crystal surface. By using a dual
crystal arrangement containing one crystal with a rough surface and a second with a polished surface, it is
possible to determine the viscosity and density values from the viscosity-density product [10]. The surface
structure, dimensions and orientation influence the mass effect greatly which directly influences the accuracy
of the liquid density measurement [56]. It is therefore important to consider the surface structures carefully.
Zhang et al. [56] consider vertical line structures to be optimum when compared to a chess-board structure (see
Figure I1.8) as the vertical line structure is the simplest half closed structure and as such has the biggest volume

of trapped liquid to aid density measurements.

Studies show that even if a standard unpolished QCM is considered for the rough surfaced QCM, the mass
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Figure I1.8: Diagram of vertical line structure (left), and chess-board structure (right).

affect is still seen albeit very small [S6-59]. This is due to the small amount of fluid which is constrained ver-
tically in alignment with the crystalline structure’s X-direction. For this reason development of a QCM with a

randomly rough surface is not viable as a highly sensitive viscosity-density sensor.

If the degree of surface roughness needs to be known, it is suggested that changes in resonant frequency are not
sufficient and a full impedance spectrum analysis is needed [58]. A major concern when looking at roughness
or surface features, is how liquid fills the cavities, specifically how fluids wet into the troughs of a textured
surface. The volume of fluid in the troughs is of high importance [60] and can alter the frequency change
significantly. With thin surface features and low contact angles, the surface is seen to be fully wetted, i.e. no
residual air at the QCM surface. At high contact angles, the wetting effect is less dominant and more residual air
is retained. This volume will vary depending on the wetting properties of the liquid tested, causing variations

in the frequency shift. A model can be used to describe some of these deviations [55].

II.3.2  Separating Viscosity and Density - Patterning Quartz Crystal Microbalance

In this work, the Martin et al. [10] study was closely followed using a dual QCM with one sided liquid contact,
separating viscosity and density from the viscosity-density product. A dual sensor setup is required with micro
structures fabricated on one crystal as shown in Figure I1.9. Frequency change measurements between the two
sensors give access to the separate properties as shown in Equations II.12 and II.13. The equations are derived
from the original Sauerbrey (Equation II.1) and Kanazawa & Gordon (Equation I1.4) equation, allowing for
mass and liquid sensing. A derivation from the Sauerbrey and Kanazawa & Gordon equations to the forms
stated below can be seen in Appendix I. The equivalent electrical circuit model is also described under mass

and/or liquid loading by Martin et al. [7].

The liquid is trapped within the features causing an additional mass effect which causes an additional frequency
change to that observed with the same liquid on a smooth crystal. Liquid below and level with the features
is ’trapped’ and moves with the crystal surface behaving as a mass layer. Liquid above this level has no
constraints and is entrained undergoing a progressive phase lag. The response of liquid entrainment is seen on
both crystals, and hence the additional frequency change seen on the patterned crystal is due to the mass effect.

The crystal essentially weighs the trapped liquid (see Figure I1.10), allowing density to be determined as in
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Quartz substrate SU8-10traps  Trapped liquid

Figure I1.9: Diagram of smooth (left) and patterned (right) quartz crystal microbalance, where Ly is length of trap gap, and
L,, is length of trap width.

Equation II.12.
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where p is liquid density, 7 is liquid viscosity, N is harmonic number, y, is shear modulus of quartz, p, is den-
sity of quartz, Afy is change in frequency of the smooth device, Af; is the change in frequency of the textured

device.

Once density is found viscosity can then be determined using the change in frequency of the smooth device

and density value found from Equation II.12 using Equation II.13:

_ ZnheffN(.quq)O'S(Afs)z
Fs I Afi=Af |

(IL13)

An effective height (h.7r) is considered to account for the design structure of the traps, and allows for the ratio
of trap width to separation length to vary (see Equation II.14). The effective height is determined by working
out the height when the liquid is spread equally across all traps creating an even mass layer (see Figure I1.10).
In this work, the reference crystal is a polished crystal with no mass layer. Ideally the reference crystal should

have been a crystal with a flat SU8-10 mass layer.

hopp = Le h (IL.14
eff = Ly+L, s .14)

where h,yy is effective height, L, is the length of trap gap, L,, is the length of trap width and 4 is the measured

trap height.

A more recent study for simultaneous determination of density and viscosity, uses nanoporous alumina to cre-
ate a rough surface [60]. Full impedance analysis relates frequency and bandwidth measurements to liquid
viscosities. An advantage to this technique is that it does not require a reference crystal. A viscoelastic model
which treats the nanopores as a viscoelastic layer with the exact same properties as quartz is used. As in the

previous work [10] a calibrated volume per unit area for the pores and a combination of the Sauerbrey and



1I. Background and Theory 18

a
) Air
Key
b) D Crystal
é | Penetration depth II\_/IIqUId
— ass
Trapped Liquid
Trapped Liquid - Mass
<—  Shear motion
c) é
L L
d) Air il it .
Ih
e)
I h heff ¢

Figure I1.10: Diagram of a quartz crystal a) mass sensing, b) liquid sensing, c) liquid sensing with initial mass layer, d)
in air with fabricated traps on the surface (can be seen as a uniform mass layer), e) liquid sensing with a
textured device showing trapped liquid acting as an additional mass layer (where /4 is the measured height of
structures, Ly is length of groove, L, is length of separation, and kg is effective height).
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Kanazawa & Gordon equations allow density and viscosity to be derived.

This work extends the study of Martin et al. [10] where traps were fabricated from vertical gold strips (thick-
ness 1.5 um, cavities 5 yum wide) with measurements made of various wetting, low contact angle liquids such
as hexane and butanol. The liquids studied had low viscosities and densities in comparison to measurements
made herein. For more viscous liquids, the penetration depth of the shear wave into the liquid (Equation II.3)
increases significantly. This means the height of the fabricated trap surface needs to be increased for higher
viscosity liquids to successfully constrain the fluid within the cavities. It is well known that viscous fluids do
not easily fill cavities as small as those described by Martin e al. and hence a larger cavity may be needed.
Many studies [1,55,56,61] have characterised responses to wetting characteristics and have suggested a ‘trap-
ping factor’ to describe the level of filling. When working with more viscous liquids it is very difficult to see
if the traps are filling completely. It is most likely they are filling with trapped air which may lead to the need

for a filling factor.

In 1999 separate viscosity and density measurements evolved to use Surface Acoustic Wave (SAW) devices
(see Section II.4). The advantage of the SAW sensor is that it can work at much higher frequencies and as
such have increased sensitivity in relation to the QCM. Similarly to the QCM, a dual delay line is required
containing both a structured and smooth device (see Figure II.11). Studies have been completed on the Shear

Horizontal SAW (SH-SAW) [62] and the Love wave (layer guiding) device [53,54,63].

Interdigital transducer Liquid traps

N2 N\

Reference SAW — 62222227 62222227
[

SAW propagation path

Figure I1.11: Diagram of a dual SH-SAW device, showing placement of fabricated traps on ST-cut quartz.

One application of the dual Love wave SAW device, with one patterned device is to determine liquid composi-
tion for the food and beverage industry. The Love mode confines the acoustic energy to the top sensing surface
giving it the highest sensitivity for acoustic wave devices. The guiding layer also provides added protection for
the interdigital transducers (IDT) against chemically harsh environments. Analysis of the frequency changes of
both the smooth and textured device with a known trapped volume and device sensitivity allows the viscosity

and density values to be separated [63].

Similarly to the QCM, liquid is entrained by the shear wave on the surface of the SAW device which causes a
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phase change response on the smooth crystal. On the structured device some liquid is constrained within the
traps causing mass loading resulting in an additional frequency or phase shift. Again this mass loading is highly
dependant on the dimensions of the liquid traps. Studies have shown a Love mode device operating at 125
MHz with a polymide waveguide layer to have sensitivities of 0.13 ug cm™ Hz~! for Bushmills whisky [63].
This is a significant improvement with a sensitivity over 700 times greater than the QCM. A silicon dioxide
waveguide layer has also been explored and is shown to act as an excellent guiding layer for this technique

with the advantage of being a chemically robust sensor with high sensitivity [53].

1.4 Surface Acoustic Wave Devices

For improved acoustic wave sensitivity, a high frequency device is needed. If the frequency of the QCM is
increased too much it becomes fragile and near impossible to work with. For this reason we investigate the use
of surface acoustic wave (SAW) devices. A SAW device also gives the opportunity for further miniaturisation
of the sensor and fluid sample whilst providing alternative electrical connections. There are many types of
SAW device, here is a short overview of the Shear-Horizontal SAW, Surface-Skimming Bulk Wave (SSBW),
Rayleigh SAW, Acoustic Plate Mode (APM) which includes reverse sensing and Love wave devices, ranging in
frequency from 10 MHz to 10 GHz [1] each with their own advantages. Batch fabrication techniques have seen
many applications investigated for SAW devices due to their ease of production and low cost. Some of these
applications include gas and vapour detection [64,65], thin film polymer characterisation [66], biosensing [67],

liquid identification [68], chemical monitoring [69], and surface cleaning measurements [70].

II.4.1 Surface Acoustic Wave Design

A two port SAW device consists of a piezoelectric substrate with a set of interdigital transducers (IDT) de-
posited on the surface (see Figure I1.13). When the device is probed, the acoustic mode propagation is restricted
to the surface. The IDT consists of inter-locking fingers, the spacing of which determines the frequency of op-
eration. The extent to which the fingers overlap (aperture) determines the electrical impedance [71]. The
simplest finger design uses a single-single finger spacing (such as those shown in II.13). More complex de-
signs can be used to optimise devices for specific applications. Some design modifications considered are in
order to reduce reflections (such as split joined IDTs), consider the harmonic responses (use of a meander line

design), and finger weighting/apodization [2].

The substrate cut and design of the device is chosen to match the wave required for the application, (whether
it is liquid or gas sensing for example) and takes into consideration substrate temperature stability and velocity
of wave. At higher frequencies surface perturbations are increased due to the increased acoustic energy at
the surface of the substrate. There are many advantages to SAW devices [72] some of which include straight
forward fabrication techniques, good repeatability, small size and weight and large frequency range. A SAW

measurement can be made using an oscillator circuit [73] which uses the device as an amplifier feedback
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loop, or a Network analyser. The response of the SAW is determined by the type and speed of the waves
that propagate within the crystal and include bulk longitudinal (compressional waves), bulk transverse (shear
waves), surface (Rayleigh waves) and plate waves (See Figures I1.12 and I1.13). The cut of the crystal is crucial

in designing a specific SAW device.
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Figure I1.12: Representation of waves seen in in solids: bulk longitudinal (compressional) and bulk transverse (shear) wave
viewed from above.

II.4.2 Rayleigh Surface Acoustic Wave

The first confirmation of elastic vibrations in the surface of a solid material was by Lord Rayleigh in 1887 [1],
and hence this propagation became known as the Rayleigh wave. The Rayleigh wave has some surface-normal
displacement (see Figure II.13) and this is seen as an elliptical motion, containing both a compressional and
shear wave component. The Rayleigh wave can not be used to detect liquids as the wave is rapidly damped
by compressional waves. For this reason the Rayleigh wave has found many applications in gas phase sensing

[74,75].

II.4.3  Shear Horizontal Surface Acoustic and Surface Skimming Bulk Wave

The compressional waves produced when using a Rayleigh wave device can be avoided by designing a SAW
device to operate with Shear Horizontal polarization (SH-SAW). This avoids any surface-normal displace-
ment [76], making it useful for liquid sensing applications. The crystals shear mode oscillation entrains the
liquid with an exponential penetration depth similar to that observed on the QCM, creating changes to ob-
served electrical parameters (e.g. phase, frequency, power). From these changes in parameters it is possible to

characterise chemical properties.

The SH-SAW has been used in many applications, some of which include perfume and flavour identifica-
tion [77], detection of enzymes in responses to liquid phase [78, 79], detecting particles in liquids such as

slurry [80] as well as liquid characterisation such as viscosity measurements [39].

The SH-SAW is sensitive to acoustoelectric interaction [81]. This has been studied for natural spring water on
the surface of a SH-SAW which has also been modelled and compared well experimentally [82]. For low ionic
concentration liquids, electric permittivity is negligibly small. However for higher ionic liquid concentrations,
both the conductivity of the ionic solution and the viscous liquid can vary the resonant frequency [18]. These

electroacoustic interactions are expected to be seen and cause particular challenges when testing some of the
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Figure 11.13: Images of a) Shear-Horizontal Surface Acoustic Wave (SH-SAW), b) Rayleigh SAW, c¢) Shear-Horizontal

Acoustic Plate mode (SH-APM) and d) Love wave sensor.
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room temperature ionic liquids due to their chemical composition (discussed further in Section 11.4.6).

11.4.3.1 Surface Skimming Bulk Wave

A Surface Skimming Bulk Wave device (SSBW) has shear horizontal polarisation similar to that of the SH-
SAW. The direction of propagation from the IDT is however at a shallow angle slightly down into the bulk of the
material (see Figure II.14). The SSBW device has been used in many applications including immunosensing
[83] and temperature sensing [84], but is considered the least sensitive due the energy being transferred into

the bulk rather than constrained to the surface.

Interdigital
<— Transducer
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Figure I1.14: Image of Surface Skimming Bulk Wave (SSBW), showing shear horizontal polarisation propogating at a
shallow angle ®, down into the bulk of the crystal.

I1.4.4 Acoustic Plate Mode Devices

The Acoustic Plate Mode device is sensitive to either mass accumulation on the surface, the entrainment of
liquid on the crystal-liquid interface or acoustoelectric coupling between evanescent plate mode electric fields

and the liquid.

The Shear Horizontal APM is well designed for liquid sensing due to the absence of any surface normal dis-
placement, allowing each mode to propagate in contact with the liquid without excessive damping. Energy is
confined to the upper and lower boundary of the substrate and is concentrated within one wavelength of the
surface. Each APM has displacement maxima at the top and bottom surfaces of the crystal (see Figure I1.13)

making it possible to sense on either side of the device.

Plate mode sensitivity is dependent upon the substrate thickness rather than frequency. For mass sensing, an
APM device can have a mass sensitivity of 1.1 ng cm™ Hz~! for low order modes and 0.5 ng cm™2 Hz ~! on
average for higher order modes [73] which makes it a good choice for a microbalance. With suitable surface

chemistry it is also ideal for sensing specific species present in solutions.

When liquid sensing, the viscous loading on the plate modes causes both a change in the propagation velocity
and attenuation of the mode as for the QCM. Due to the high frequency oscillation it is necessary to consider
the viscoelastic response of the liquid such as that described in Section 11.2.2.4. The velocity change occurs
due to the mass loading by the liquid entrainment. The attenuation shift arises from the power dissipation in

the liquid. If the liquid has a Newtonian response, the change in velocity or the change in attenuation of the
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mode is proportional to the square root of the shear viscosity. It is expected that for viscosities greater than
approximately 10 cP, when liquid sensing on a device of frequency 158 MHz, viscoelastic results are observed.
The good sensitivity of these devices have enabled them to be used as microviscometers in the Newtonian
regime (wt < 1) [40]. The SH-APM has been investigated for sensing the viscosity of liquids and has also
been shown experimentally to have a maximum limit of viscosity. A limit of approximately 1000 cP has been
observed for a device operating at a frequency of 18 MHz for glycerol solutions, at which point relaxation

times become important [85].

The nature of the shear wave allows this sensor to operate on either side. The ability to sense on the oppo-
site side to the electrodes has huge advantages which include the added protection of the IDTs to chemicals
(prolonging their expected lifetime) making them excellent sensors for applications in harsh environments.
Building polymer layers onto the surface of the substrate (opposite surface to the sensing side of the substrate)
creates a layer guided SH-APM [86] which makes it possible to increase device sensitivity whilst still being

able to sense on the opposite side to the electrodes [87].

I1.4.5 Love Wave Devices

A Love wave device is created when a guiding layer is added to a SH-SAW or SSBW device. The Love wave
will be supported if the guiding layer has a shear speed less than that of the device substrate [76]. The guiding
layer must be thin compared with the wavelength on a thick substrate to support the Love wave. This idea
was first reported for biosensing in 1992 [88]. Love waves are excellent as both gas and liquid sensors, and
by measuring changes in insertion loss, phase, or both, the viscosity-density product of a liquid can be stud-
ied [76]. Various media for guiding layers have been studied including polyimide layers including SU8 [89],
S1813 [90] and various solutions of polymethylmethacrylate (PMMA) [91]. Polymers have much lower shear
velocities than quartz with high sensitivity although at the expense of large acoustic losses. Materials such as
silicon dioxide (Si0O;), a hard elastic material, have also been extensively studied with great success [92-94]
and present acoustic losses which are considered to be very low [91] . SiO; is resistant to water, most chemicals
and is abrasion resistant [95] which makes it an ideal guiding layer. The thickness of the guiding layer has a
dramatic effect on the response of the wave [93,96] and as such an optimum thickness is required to achieve

the greatest device sensitivity.

Love mode devices have been previously reported as viscosity sensors, and used with a wet cell which traps
the fluid on the propagation path which avoids liquid contacting the IDTs. The Newtonian response of liquids
is measured by the changes in phase and insertion loss. It has been previously shown that only low-viscosity
measurements are possible with high accuracy and resolution, and many more viscous fluids show a non-

Newtonian response at this high frequency [39,97,98].
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Love mode devices have also been studied as liquid density sensors, where the viscosity-density product can
be separated. A dual delay line structure with one smooth and one structured device is needed (similar to that
needed for the QCM see Section 11.3.2) [54, 63,99]. The surface structures are aligned to the propagation path
and are designed to trap an additional volume of liquid, to be treated as an ideal mass. One study has shown
devices (frequency 124.7 MHz) to be sensitive to density changes of 0.36 ug cm™ Hz™! for various whisky-
water solutions [63]. Viscous fluids remain the challenge however, due to high damping and high insertion
losses which make it difficult to record frequency measurements. A clear limit at this frequency is seen for
-2 05

separating viscosity and density using the dual setup at a square root viscosity-density of 4.4 kg m

)

restricting this technique to low viscosity liquids [63].

1I.4.5.1 Guiding Layer Deposition

A guiding layer can be deposited onto the surface of a SAW device using two main techniques, spin processing
and plasma deposition. A polymer such as SUS, S1813 or PMMA is generally spin coated at a certain speed to
achieve a desirable thickness before being heated on a hotplate to harden it by cross-linking. The experimental
work on SAW devices with guiding layers in this thesis, uses a thin film of silicon dioxide for a guiding layer.
This is achieved using a modified vacuum evaporator (Edward 306), containing an R301 RF power supply and
TORUS HV Circular sputter head (Kurt J. Lesker, UK) to produce SiO; guiding layers of various thicknesses.
A QCM thickness monitor within the system determines the thickness of mass deposition. This was considered
the most chemically robust material to use with RTILs it is also well characterised and is the simplest material

to deposit for use to act as a guiding layer.

I1.4.6 Acoustoelectric Interactions

Acoustoelectric interactions are also experienced when liquid sensing with each of the devices. Like the en-
trainment of liquid, ionic involvement decays exponentially with distance from the solid-liquid interface with
an electric decay length of 1/2x. This acoustoelectric interaction can lead to perturbations in plate mode veloc-
ity and attenuation which can be related to the solution conductivity [100]. To eliminate these acoustoelectric
interactions, deposition of a conductive metal layer on the substrate surface moves the electric fields slightly
resulting in the decoupling of ions in solution with no effect on mass sensitivity [100]. Alternatively solutions
can be buffered so that solution conductivity does not vary significantly over measurements [73]. However
these interactions can be very useful in determining electrical conductivity of solutions and further detecting

metal ions in liquids by studying frequency and attenuation changes [101, 102].

11.4.7 Microfluidics - Acoustic Wave Technology

The small size and high sensitivity of acoustic wave technology makes it ideal for use in microfluidic exper-
imental setups. This technology is only just beginning to be explored and is already finding many uses in

chemical and biological areas [103]. Arrays of devices have been studied for distinguishing different liquid
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characteristics, producing a useful system for liquid identification [104, 105]. More commercially, SAW en-
capsulation techniques have been investigated to provide completely disposable chips incorporating a SH-SAW
device with a fluid channel making them ideal for biological studies [106]. SAW devices have also been used
to transport and mix droplets within a lab-on-a-chip setup ready for further characterisation. The SAW device

allows small nano-litre sized volumes of samples to be measured [107].

II.5 Room Temperature Ionic Liquids

Over the past decade, ionic liquids have been developed within many publications as alternative, environmen-
tally friendly solvents [108—111]. The drive for cleaner industrial processes has led to the emergence of ionic
liquids as preferable solvents for a range of reactions previously considered harmful, and show potential appli-
cations in clean synthesis, electrochemistry and liquid crystals. Unfortunately, ionic liquids have yet to prove
their full-scale viability. This is largely due to the fact that almost all of the available research has focussed on
the chemistry rather than the development of physical data. It has however been established that the diversity
of physical properties that are available in ionic liquid solvents give them the potential to be the engineer-
ing solvent of choice. These factors also allow the properties and structure of the solvent to be systematically
changed allowing entire processes to be optimised. This would enable plants to be designed without limitations
imposed by solvent choice. Despite the enormous potential of this designer solvent approach to optimising re-
actions, only a handful of ionic liquids are commonly used in current investigations. One of the major reasons
is the limited physical property data available as a function of chemical composition. This information is time
consuming to collect and requires many expensive measurements requiring decilitre quantities of ionic liquid
whose purity and exact provenance is known. If ionic liquids are to be tailored to each individual application
the physical property database [112] needs to be expanded substantially to include both thermal effects and the
variation with added secondary solvent (either another ionic liquid, water or an organic material). In particu-
lar, the amount of material necessary for a complete physical property analysis to be competitive needs to be
brought down by a factor of 100 or more allowing data collection at a negligible cost [113]. One technique for

characterising RTILs on chip has already been developed for studying solution phase synthesis [114].

II.5.1 Applications and Characteristics

Ionic liquids have been a focal point in green chemistry for the past decade as applications for these mate-
rials are becoming more diverse [111]. Possible applications for RTILs include separation techniques [115],
catalysis [116], organic synthesis [117], pharmaceutical solvents [118], fuels cells [119, 120], solar cells, heat
transfer fluids, lubricants and anti-corrosion coatings [121]. Ionic Liquids are defined as molten salts with a
melting point below 100°C. This report looks at room temperature ionic liquids (RTIL) which are ionic lig-
uids that are liquid at room temperature. They are organic salts, whose cations, substituents, and anions can
be varied virtually at will to change their chemical and physical properties [113]. Changing the design of

the liquid allows a wide variety of physical properties to be made available and therefore materials are being
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designed with specific applications in mind, making them more desirable than traditional organic solvents.
These liquids have many characteristics providing the opportunity to reduce, or even completely eliminate,
hazardous and toxic emissions to the atmosphere, thus addressing health and safety concerns whilst benefiting

the environment [121]. Some of the characteristics of ionic liquids are summarised below:

o Liquid phase temperature range of approx 300°C, giving a wide range of thermal stability. This allows

for large kinetic control of chemical processes.

e No measurable vapour pressure means solvent evaporation is eliminated, reducing the need for respira-

tory protection and exhaust systems.

Non-flammable permits safe use as solvents for exothermic reactions.

Can be used as catalysts.

Capable of influencing highly selective reactions and producing new chemistries.

More recently these characteristics have been challenged [122, 123] due to more intense research and it has
become clear these properties are not seen in all ionic liquids. It has been stated that the only properties you

are guaranteed to see are:
e It is liquid below 100°C.
o It contains ions, and therefore will show ionic conductivity.

Even with just these two properties, some liquids are so viscous at these temperatures that liquid may not fall
within the traditional definition [124]. However, when their properties are known these materials have huge

application potential [125].

More recent studies have looked into molecular simulations and modelling techniques to predict expected lig-
uid properties rather than using experimental studies alone. Models of intra- and inter-molecular structures,
dynamic and transport behaviour [126] and simulated values of density [127] have been firmly established.

However this is relatively new and further properties need to be studied.

The most popular liquids are undoubtedly the di-alkylimidazolium salts, probably due to their ease of synthesis
and attractive physical properties [113]. The number of possible combinations, and the complexity of the
liquids being synthesised, has the disadvantage of being costly. It is for this reason there is little, but growing
literature on this characterisation. By making these processes easier and less costly, the liquids will soon

become more widely available.

II.5.1.1 Room Temperature Ionic Liquids Investigated in this Study

All RTILs used in this project were supplied by a PhD student at the Queen’s University Belfast, Rile Ge

under supervision of Prof. Chris Hardacre. A complete list of the Room Temperature Ionic Liquids used



1I. Background and Theory 28

within this work and their chemical names can be seen in Table II.1. [Cq4mimpyrr][FAP], [C4smim][TFA],
[C4mim][DCA], [Campyrr][DCA], [Comim][SCN], [C4mim][MeSO4], [C4amim][OctSO4] and [N g g s][TFA]
were obtained from Merck (98%). [Comim][EtSO4] was prepared by reacting 1-methylimidazole with diethyl
sulfate according to previously reported procedures [128]. All other ionic liquids were prepared in house using

standard literature methods from the appropriate organic halide salt [129, 130].

Room Temperature
lonic Liquid

Chemical Name

[C,mim][NTf,]
[C,mim][NTf,]
[Cemim][NTf,]
[Csmim][NTf,]
[C1omim][NTT,]
[C,dmim][NTf,]
[Pes61a]INTF]
[C4mpyrr][NTF,]
[C,mim][SCN]
[C4mim][SCN]
[C1omim][SCN]
[C4mpyrr][SCN]
[C,mim][DCA]
[Cmpyrr][DCA]
[C4mpyrr][MeSO,]
[Cimim][MeSO,]
[C4mim][MeSO,]
[C4mim][OctSO,]
[N; 66l [TFA]

1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-butyl-2,3-dimethylimidazolium bis(trifluoromethylsulfonyl)imide
trinexyltetradecylphosphonium bis(trifluoromethylsulfonyl)imide
1-butyl-1-methylpyrrolidium bis(trifluoromethylsulfonyl)imide
1-ethyl-3-methylimidazolium thiocyanate
1-butyl-3-methylimidazolium thiocyanate
1-decyl-3-methylimidazolium thiocyanate
1-butyl-1-methylpyrrolidinium thiocyanate
1-butyl-3-methylimidazolium dicyanamid
1-butyl-1-methylpyrrolidinium dicyanamid
1-butyl-1-methylpyrrolidinium methylsulfate
1,3-dimethylimidazolium methylsulphate
1-butyl-3-methylimidazolium methylsulfate
1-butyl-3-methylimidazolium octylsulfate
Methyl trifluoroacetate

[Cmim][TFA]

[C4mim][AcO]

[Cmim][OTH]
[Comim][EtSO,]
[C,mpyrr][FAP]

1-butyl-3-methylimidazolium trifluoroacetate
1-butyl-3-methylimidazolium acetate
1-butyl-3-methylimidazolium trifluoromethylsulfonyl
1-ethyl-3-methylimidazolium ethylsulfate
1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate

Table II.1: Complete list of Room Temperature Ionic Liquids used within this work.

II.5.2 Technical Challenges

Most ionic liquids are highly hygroscopic and therefore need to be dried under vacuum before use to remove
any water contamination. This is extremely important when measuring values of viscosity where viscosity
varies exponentially with water concentration [131]. For this reason all measurements need to be carried out

in a controlled environment taking into account temperature and humidity.

Ionic liquids can be very corrosive, and as such anything that comes into contact with the liquids must have
a high chemical resistance. The liquids currently under test are not hazardous, but for long term use and
exposure, the testing device and set-up must be chemically robust. For this reason materials are limited to glass,

quartz, sapphire, polytetrafluoroethylene (PTFE) and polyetheretherketones (PEEK). Any adhesive materials
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must be cautiously considered due to possible chemical and physical degradation, contaminating the sample

and environment [110].
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III. EXPERIMENTAL I: QUARTZ CRYSTAL IMPEDANCE ANALY SIS OF ROOM
TEMPERATURE IONIC LIQUIDS

In this chapter the results of a standard small volume impedance analysis technique using a Quartz Crystal Mi-
crobalance (QCM) to characterise Room Temperature Ionic Liquids (RTILs) are presented [1]. This technique
gives access to the square root viscosity-density product, calculated through analysis of changes in the crystal’s
resonant frequency when loaded with a liquid. This is compared to values obtained with traditional viscometer
and densitometer methods. The advantage of this method is that it allows the required volume of liquid to be

reduced significantly.

The Newtonian behaviour of two RTILs with varying concentration, nineteen pure RTILs, and polydimethyl-
siloxane (PDMS) oils (1 - 100,000 cP) which are known to be non-Newtonian at high viscosity at high fre-
quency [2] are also studied by analysing the changes in the impedance spectra of the quartz crystal and fitting

with a Butterworth Van Dyke (BVD) model [3] [4].

The values obtained for the square root of the viscosity-density product using this technique are consistent
with those measured using traditional methods. The third harmonic frequency response has also been studied
and provides improved agreement with the traditionally measured values in comparison to the fundamental

response, with the largest difference of around 10%.

Throughout this study, the RTILs have been supplied by The Queens University Belfast who produced most

liquids ’in-house’. Protocols for their use were also advised along with safe handling.

III.1 Method

A quartz crystal with single sided electrode contact is operated within a standard holder. These holders use
seals made from rubber which is not chemically compatible with RTILs. For this study a device holder was
machined ‘in house’ directly from Polytetrafluoroethylene (PTFE) leaving a 20 mm diameter chamber with a
2.5 mm wide raised lip acting as seal, negating the need for the o-ring. The holder has a screw ring which

clamps around the rim of the device as shown in III.1.

A quartz crystal (Testbourne Ltd, UK) with a 5 MHz resonant frequency, clamped within the holder was used
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Figure III.1: Schematic ’In-house’ machined PTFE Quartz Crystal Microbalance holder.

with a calibrated E5061A network analyser (Agilent, CA) to measure the resonant frequency. Reflected power
measurements are made in which radio frequency energy excites the crystal at a range of different frequencies.
Less power is reflected at resonance thus allowing the resonant frequency to be determined as the minimum of
this plot. The ratio of power reflected to that transmitted is presented on the screen as a reflected power plot

against frequency.

Spectra were recorded for the unloaded (air) and liquid loaded QCM for both the fundamental and third har-
monic resonant frequencies (N = 1, 3) as it has been suggested in the literature that the third harmonic may

provide a more accurate frequency change measurement [5].

The Network analyser allows the storage of this data in comma seperated variable (.csv) ASCII files. The
collected data is imported into LabView™ (National Instruments, CA,USA) and fitted using a Butterworth
Van Dyke (BVD) model described in Section 11.2.2.5. When the crystal is loaded with liquid, the resonance
is rapidly damped causing a frequency decrease and bandwidth increase (as seen in the results section Figure
II1.5). The BVD model allows a load impedance to be extracted as a series combination of a resistance and an

inductance. From the fit (see Figure I11.2), the resonant frequency and bandwidth are obtained [4].

The RTILs are very hygroscopic, and hence uptake water from the atmosphere changing their viscosity rapidly.
It is for this reason that all RTILs are dried under vacuum (1 Torr) in a heated oil bath (60 °C) before use
to minimise water contamination. The liquids were characterised using a DV-1I+ Programmable viscometer
(Brookfield, MA, USA), and a DMA 4500 Density/specific gravity/concentration meter (Anton Parr, Austria,
Europe) immediately prior to use with a QCM requiring a total of 2.0 ml sample liquid. The temperature for
both density and viscosity measurements were controlled with a water bath and were set to 25°C, which was

the room temperature at the time the QCM measurements were made. Measurements for this chapter were
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Figure IT1.2: Labview™ screen shot of a BVD fit for an unloaded quartz crystal, where red represents the raw data and the
thin white line is the fit.

made during an extended visit to the Queens University Belfast where water content measurements could be

recorded using a Cou-Lo Compact Coulometric Karl Fischer titrator (GR Scientific, UK). Measurements of

halide content to ensure the liquids were of suitable purity were also made at Queen’s University Belfast using

chromatography [6] prior to use.

To ensure the QCM and ‘in-house’ manufactured device holder were functioning correctly, concentrations of
water-glycerol mixtures (0% to 90%) were made. Water-glycerol solutions were chosen as a calibrating fluid
as these liquid are known to behave according to the frequency and bandwidth changes predicted by Kanazawa
and Gordon [7]. They are also well known for being hygroscopic at higher concentrations and are considered to
behave in a Newtonian manner within the chosen concentrations. A second series of comparison fluids, PDMS
oils (Aldrich), which are known to be strongly non-Newtonian at high molecular weight were measured cov-

ering viscosities from 1 cP to 100,000 cP.

Table III.1 shows the nineteen Room Temperature Ionic Liquids used in the these experiments. A water immis-
cible ionic liquid [C4mim][NTf>] is diluted to various concentrations with methanol, and a water miscible ionic
liquid [C4mim][OTf] is varied with water to change the viscosity of the liquids. By varying their concentration

with water or methanol viscosity decreases rapidly.

Crystals were cleaned in distilled water and methanol before blow drying with nitrogen prior to each measure-
ment. Cleaning the QCM after testing PDMS oils required an additional cleaning step of rinsing the crystals

with a cleaning agent, 5% v/v Decon90 (Decon Laboratories Limited, UK) with distilled water at 60 °C to
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lonic Liquid - Water Miscible

lonic Liquid - Water Immiscible

[C,mim][SCN]
[C1omIim][SCN]
[C.mim][DCA]

[C,mim][NTH,]
[C,mim][NTH,]
[Cemim][NTH,]

[C4mpyrr][DCA] [Cemim][NTH,]
[C.mim][TFA] [C1omim][NTH,]
[N1ggsl[TFA] [Campyrr][NTf,]
[C,mim][ACO] [Pe6,614][NTT,]
[C4mim][OTH] [Csmpyrr][FAP]

[C,mim][EtSO,]

[C4smim][OctSO,]

[C,mim][MeSO,]

Table II1. 1: Nineteen room temperature ionic liquids investigated, showing liquids to be miscible or immiscible with water.

remove all traces of the oil on the surface, it was sometimes necessary, especially for the highly viscous oils
to gently rub the surface of the crystal with a lens cloth. Crystals were rinsed and dried until the resonant

frequency returned to its original unloaded frequency (within 50 Hz).

Because the liquids are hygroscopic, and water content considerably changes the viscosity of the liquids, all
measurements were made in a two handed zipper-lock glove bag (Z530212-1EA, Sigma-Aldrich, UK) under an
argon atmosphere to reduce the absorption of moisture. A typical measurement time for introducing the liquid
to the cell and taking the resonance spectra for a range of harmonics (N = 1 to 11) was under two minutes. Only
the fundamental and third harmonic are presented herein, a full set of harmonics is available in reference [8].
A sample volume of 40 uL. was needed for the QCM to operate satisfactorily. This sample volume of liquid
results in a film with a thickness of 1270 um covering the sensing region of the crystal which is much greater
than the expected maximum shear wave penetration depth for the most viscous liquid (maximum penetration

depth 7.5 um).

III.2 Results and Discussion

Results were obtained for water-glycerol solutions, two RTILs with varying concentrations and nineteen pure
RTILs. Spectra showing changes in frequency and bandwidth are shown, providing information on the New-
tonian response and the square root viscosity density product of each liquid. Each point is an average of three
QCM measurements each made with new liquid samples, and where appropriate error bars of the minimum

and maximum values obtained are shown.

II1.2.1 Water-Glycerol Results

Figure II1.3 shows the square-root viscosity-density product values obtained from the QCM for water-glycerol
solutions on the fundamental, against those measured using traditional measurements. These measurements

were made to ensure the ‘in-house’ manufactured device holder was functioning correctly, according to the re-



III. Experimental I: Quartz Crystal Impedance Analysis of Room Temperature Ionic Liquids 45

lationship predicted by Kanazawa and Gordon [7]. Excellent agreement is found. Measurements were recorded

for change in bandwidth and change in frequency as shown in III.4 and show that the range of water-glycerol

concentrations measured have strong Newtonian behaviour (defined as Af = —%).

y=0.9421x + 0.3249
6=0.021

90%

)
—_ —
(=] N9
I I

oo
I

QCM (density x Viscosity)”2 (kg m’s'?
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4 6 8 p 1012
non-QCM (density x viscosity) =~ (kg m™s )
Figure II1.3: Comparison of the square root viscosity-density product ( 4/(on)) determined from the quartz crystal operating

on the fundamental resonance and from separate measurements using a viscometer and density meter at 25 °C

for varying concentrations of water-glycerol (v/v).
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Figure I11.4: QCM measurements of various concentrations for varying concentrations of water-glycerol data presented as

change in frequency against change in bandwidth to test for Newtonian response.
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II1.2.2  Power Spectra for Room Temperature Ionic Liquids on a Loaded Quartz Crystal Microbalance

Figure IIL.5 shows a standard quartz crystal power spectra response for an unloaded crystal and the same crystal
then loaded with [Comim][NTf;]. This is a typical result for a QCM; with an unloaded crystal having a strong,
sharp resonant peak, which when loaded becomes broad and damped. From the changes seen in these spectra
it is possible to determine the change in frequency and bandwidth, to calculate the viscosity-density product.
If the change in frequency equals half the change in bandwidth, the liquid is considered Newtonian however if
this is not the case, the liquid is considered non-Newtonian with more non-Newtonian behaviour demonstrated

further from this value.

Frequency (MHz)
4995 5000 5.005 5.010 5015 5.020

T = T

1 /‘

crystal in liquid

Reflected Power (dB)
o

e

crystal in air

-6

Figure II1.5: Quartz crystal power spectra for crystal unloaded and loaded with [Comim][NTf,].

III.2.3 Newtonian Response

It is clear from Figure II1.6(a) and II1.6(b) both the water miscible and water immiscible ionic liquid tested re-
late well to the Kanazawa and Gordon relationship [7]. Both the change in frequency and bandwidth response
varies linearly with the square root viscosity-density product. It is clear this is not the case for the PDMS oils,
which deviate from the linear response significantly for both the change in frequency and bandwidth. This re-
sult is expected because the oils are known to be strongly non-Newtonian at high molecular weights [2]. When
this data is plotted as the change in frequency against change in bandwidth to test for Newtonian behaviour,
see Figure II1.7(a) it is possible to see the PDMS oils deviate considerably from Newtonian behaviour at high
molecular weights, confirming the PDMS oils to be non-Newtonian as expected. At low concentrations (Figure
II1.7(b)) the response of both ionic liquids between the change in frequency and bandwidth lie in agreement
with that expected for Newtonian behaviour, however the higher concentrations lie slightly below this line. It is

unclear if these liquids are slightly non-Newtonian or if this is a degree of error seen with more viscous liquids.
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Figure II1.6: Changes in (a) resonant frequency and (b) bandwidth as a function of viscosity-density product. Data shows
[C4mim][OTf] up to 100% concentration in water (0), [C4mim][NTf;] up to 100% concentration in methanol

(2), and a range of PDMS oils (o).
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Figure III.7: (a) Data presented as change in frequency against change in bandwidth to test for Newtonian response. The
polydimethylsiloxane oils (o) deviate significantly from Newtonian behaviour (Kanazawa and Gordon equa-
tion shown by the dashed line) at high molecular weight, but the [C4mim][OTf] (O0) and [C4mim][NTf>] (a)
remain Newtonian. Also presented with a reduced viscosity density range in (b).
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II1.2.4  Viscosity-Density Dependence on Water Content

Both the fundamental and third harmonic frequency response to liquid loading with various concentrations of
ionic liquids have been studied. Figure I11.8(a) and I11.9(a) show the calculated square root viscosity-density
product from the change in resonant frequency using the Kanazawa and Gordon equation [7] for both the
fundamental, and third harmonic resonances, for varying concentrations of a water miscible ([C4mim][OTf])
and water immiscible ([C4mim][NTf;]) liquid. Figures III.8(b) and II1.9(b) show how the QCM calculated
values vary from those measured with traditional methods. The fundamental values have a best fit line with
an average slope of 0.83, this agreement is improved by measurements made on the third harmonic resonance
(with an average slope of 0.93). The largest error from the averaged measurements on the third harmonic
resonance is around +10%. This is seen with the pure ionic liquids, which when considering their hygroscopic

nature and dependence of viscosity on liquid composition is expected.

II1.2.5 Pure Room Temperature Ionic Liquids on the Fundamental Resonance

To understand what is happening with the higher viscosity liquids, nineteen pure RTILs with minimal water
content have been studied on the fundamental resonance to determine the Newtonian response. See Table I11.2
for a full list of RTILs measured with corresponding traditionally measured properties including water content,

halide content, viscosity and density.

Figures II1.10 and III.11 shows the change in fundamental frequency and bandwidth data for eleven of the
nineteen liquids tested (see Table III1.3). There is a clear correlation between the change in frequency and
change in bandwidth, demonstrating Newtonian behaviour for these liquids. When this change in frequency
is plotted against the square-root viscosity-density product the linear relationship maintains upto a square root

viscosity-density product approximately equal to 18 kg m2s™/2,

Above this threshold, two ionic liquids, [Pe 6, 14][NTf2] and [C4mim][TFA], deviate slightly from the linear
prediction and a further two, [C4mim][OctSO4] and [N g g s][TFA], deviate significantly from the linear pre-
diction. At high viscosities the resonant curves are very broad and difficult to fit accurately. However it was
possible to fit the resonant curve for [C4mim][OctSO4], which was found to satisfy the Newtonian criteria
given by, Af = -A B/2. This would indicate that all ionic liquids tested for which the quartz crystal method was

able to provide accurate results (i.e. up to jor7 ~18 kg m2s/?) were Newtonian.

II1.2.6  Pure Room Temperature Ionic Liquids on the Third Harmonic Resonance

The frequency change response of the third harmonic resonance has been studied to see if the agreement with

traditional measurements can be improved.
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Figure II1.8: (a) Viscosity-density dependence on concentration for the water miscible ionic liquid [C4mim][OTf] deter-

mined by viscometer (O0) and the third harmonic of the quartz crystal (¢). (b) Comparison of the quartz crystal
data from the fundamental (o) and third harmonic (o).
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Figure I11.9: (a) Viscosity-density dependence on concentration for the water immiscible ionic liquid [C4mim][NTf;] de-
termined by viscometer (O0) and the third harmonic of the quartz crystal (¢). (b) Comparison of the quartz
crystal data from the fundamental (o) and third harmonic (¢).
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lonic Liquid Viscosity Densi_tsy H,O Content Halide Content
(cP) (gecm”) (Wt9%) (ppm)
[C,mim][SCN] 23.6 1.118 0.0307 <5
[C;mim][DCA] 28.8 1.059 0.0256 1830
[Csmpyrr][DCA] 36.5 1.013 0.0235 1790
[C,mim][NTf,] 36.5 1.520 0.0100 <5
[C,mim][NTf,] 50.5 1.436 0.0096 <5
[C,mim][OTH] 83.2 1.292 0.0681 <5
[Campyrr][NTT,] 79.3 1.395 0.0010 <5
[Cemim][NTf,] 80.1 1.357 0.0013 <5
[C,mim][EtSO,] 98.4 1.237 0.0279 0
[Cemim][NTf,] 95.0 1.321 0.0032 <5
[C1omim][NTH,] 120.2 1.279 0.0052 <5
[Csmim][AcO] 139.7 1.243 0.0746 <10
[Csmim][MeSO,] 188.0 1.208 0.0067 <5
[Cmpyrr][FAP] 221.0 1.580 0.0132 <100
[Pe.66.14][NTF,] 335.9 1.065 0.0095 <5
[C,mim][TFA] 418.5 1.068 0.0744 <5
[C,mim][OctSO,] 888.6 1.072 0.0113 <7
[Nygsel[TFA] 1708.0 0.966 0.0108 <5
[C1omim][SCN] 683.7 1.011 0.0307 <5

Table 111.2: Measured ionic liquid properties including halide content, water content in mass fractions (wt%), traditionally
measured viscosity and density(at 25 °C).
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Figure I11.10: Fundamental mode data for twelve pure ionic liquids showing the correlation between change in resonant
frequency and change in bandwidth demonstrating Newtonian behaviour.
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Figure III.11: Fundamental mode data for pure ionic liquids showing change in resonant frequency as a function of
viscosity-density product; the data is described by a linear relationship up to +/(on) ~18 kg m? s71/2.

Included in (on)"? (kg m? 5% (o)™ (kg m? 53
lonic liquid Newtonian Test Third Harmonic of Viscometer-Density
Figure * Quartz Crystal Meter
[C,mim][SCN] V (4.5+0.6) 5.1
[C,mim][DCA] V (5.6+0.1) 5.5
[C,mpyrr][DCA] V (5.5+0.1) 6.1
[C,mim][NTf,] V (6.4+0.6) 7.4
[C,mim][NTf,] V (8.2+0.2) 8.5
[C,mim][OTf] V (10.0+0.9) 10.4
[C,mpyrf][NTH,] V (10.120.3) 10.5
[Cemim][NTH,] V (9.8+£0.5) 10.4
[C,mim][EtSO,] V (10.7£0.6) 11.0
[Cemim][NTH,] V (9.6+0.9) 11.2
[C1omim][NTH,] V (10.920.5) 12.4
[C,mim][AcO] X (11.8+0.2) 13.2
[C,mim][MeSO,] X (13.80.8) 15.1
[Cympyrr][FAP] X (15.3£2.1) 18.7
[Pe,6.6,14][NTf;] X (10.6+0.6) 18.9
[C,mim][TFA] X (14.60.1) 21.1
[C,mim][OctSO,] X (10.9+1.1) 30.9
[Nygs0l[TFA] X (15.33.6) 40.6

Table III.3: Comparison of the square root viscosity-density product (4/(o77)) determined from the third harmonic of quartz
crystal and from separate measurements using a viscometer and density meter at 25 °C, where * represents the
liquid is included in Figure III.10 which shows the test for Newtonian behaviour.
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Figure II1.12 shows the correlation of the square root viscosity-density product estimated using the shift in
third harmonic frequency. The linear relationship seen with the fundamental QCM response is repeated here,
with the calculated value for the square root viscosity-density value in good agreement with the value derived
from traditional methods until a clear threshold /oi7 ~18 kg m2s/2. For data points up to this threshold
the data can be fitted by +jong = 0.86 yjonr, (Where o and 7 represent QCM and traditional measurements
respectively) thus indicating around a 10% underestimate by the quartz crystal impedance method compared
to the values obtained by the viscometer and densitometer. This underestimate could be corrected however, by
using a calibrated value for the numerical coefficient in Equation I1.4 rather than the theoretical value from the

Kanazawa and Gordon equation [7].
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Figure III.12: Correlation between density-viscosity product for thirteen pure ionic liquids determined using viscometer
and density meter and by using the change in resonant frequency of the quartz crystal at the third harmonic.
The linear correlation breaks down for the highest viscosity ionic liquids at around +/pn ~18 kg m?2 12,

III.3 Conclusion

It is clear from these results that quartz crystal impedance analysis can be used to determine whether room
temperature ionic liquids and various concentrations of these liquids behave in a Newtonian manner when
subjected to a high frequency oscillation. For liquids which have Newtonian behaviour it is apparent that the

square root viscosity-density product of these liquids can be obtained using this small volume technique. The
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third harmonic response is seen to show better correlation to those obtained with the viscometer and densit-
ometer over the full range of liquids tested. From the nineteen room temperature ionic liquids with minimal
water content tested, the correlated shifts in frequency and bandwidth show twelve liquids to be Newtonian.

A clear limit was seen at ~18 kg m2s!/2

, where a breakdown in the relationship of change in frequency and
square root viscosity density product takes place. It is unclear if liquids with square-root viscosity density prod-

ucts above this had reached the limit of detection for the QCM or if they are showing non-Newtonian behaviour.

This technique has allowed the sample volume to be reduced significantly and Newtonian behaviour to be
determined. The square root viscosity density product value has limited use as a characterisation tool and
often the separate values are needed. This technique could be much more valuable if used with a predictive
modelling technique such as those described by Jacquemin et al. [9] to predict density measurements. This is a
significant advance and would allow the sample size to be reduced from a traditional volume of 1.5 ml to only

40 ul of liquid to obtain values for both viscosity and density separately.
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IV. EXPERIMENTAL II: SEPARATING VISCOSITY AND DENSITY

Following on from chapter III, this chapter looks at using a dual crystal setup to obtain viscosity and density
separately using a sample volume of only 240 uL in comparison to traditional methods which use a total sample
volume of 1.5 ml. This is an extension to work completed by Martin ef al. [1], and utilises a dual QCM setup
with the fabrication of SU8-10 polymer traps onto the sensing area of one QCM with the second operating as
a reference. Martin et al. have previously looked at highly wetting low viscosity liquids with the fabrication of
gold traps on QCMs. This study looks at both water-glycerol mixtures and a range of pure RTILs, which are
considerably more viscous and have considerably lower wettability, on five SU8-10 polymer traps of different

widths.

IV.1 Methodology

To separate the components of viscosity and density from the viscosity-density product of a liquid using small
volume quartz crystal impedance analysis two QCMs were used. Photolithography is used to pattern the surface
of one of the crystals thus forming liquid traps (see Section I1.3.2, Figure I1.9). This creates an additional
frequency response so that when compared to the change in frequency of a reference crystal, viscosity and
density can be separated from the viscosity-density product. This section describes fabrication of the patterned
device using photolithography, and considers both mask design and lithography protocol as well as methods

for imaging the trap profile and experimental procedure.

1V.1.1 Fabrication of Textured Device

The fabrication of a patterned device is achieved in two stages, first a mask is designed and produced with the
desired parameters, followed by a photolithography process for SU8-10 which has been developed based on

the standard SUS protocol [2] for the thickness needed.

IV.1.1.1 Mask Design

The trap structures are formed by photolithography using a photoresist which requires a mask for exposure.
The mask allows only certain areas of a sample to be exposed to UV light causing a chemical change. SUS-10
is a negative photoresist, therefore the areas exposed to UV light remain once the process is complete whilst

the areas left unexposed to UV light are removed.

For this application the design of the mask is critical. It has been well established [3,4] that there are certain



1V. Experimental II: Separating Viscosity and Density 58

limits to the trap dimensions which allow successful determination of viscosity and density from the QCM

measurements.

If the trap dimensions are too large, the liquid trapped within the surface is not sufficiently restricted and will
still experience shearing motion from the entrained liquid on the crystal. As such, the liquid does not behave
as a rigid mass layer and hence does not cause only an additional frequency change. Comparatively, if the trap
dimensions are too small, problems arise with incomplete filling and trapped air results in spurious frequency

shifts.

An experiment was designed to find the optimum trap dimensions to separate viscosity and density measure-
ments RTILs with various viscosity and density values. Ethanol and water-glycerol mixtures were also inves-
tigated as possible calibration liquids. The mask needed to create the structures was produced in AutoCAD®
(Autodesk, USA) and manufactured by JD Photo-Tools (Oldham, UK) on (5 x 5)” soda lime glass. Masks

were produced with five trap designs, the trap dimensions studied are described in Figure IV.1.

20um I S0HM
50pm

30pum 50um

20pm

(Il

100um

75um
100pm
75pum

1
1

Figure IV.1: Exposure mask dimensions for fabrication of the surface traps for the patterned Quartz Crystal Microbalance.

For the most viscous RTIL the depth of the traps needed to be at least 7.3 um to completely contain the en-
trained penetration depth. However, in retrospect, the most viscous liquid tested only needed a trap depth of

2.6 um for the penetration depth to be completely entrained.

IV.1.1.2 SUS-10 Photolithography Protocol

To fabricate the traps on the surface of the QCMs a standard SUS8-10 photolithography lift off process [2] was
utilised with spin speeds adjusted to obtain the required thickness. The protocol for generating structures on

gold surfaces [5] was closely followed.
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Before use, the QCMs were cleaned in 5% v/v Decon90 in water at 80 °C for 20 mins, rinsed with deionised
water and washed in 80 °C deionised water for 20 mins to remove all dust particles. Finally the crystals were
rinsed in ethanol (Sigma-Aldrich, UK) and dried in a jet of Nitrogen to ensure a dry, clean surface for the

photolithography process.

The gold electrodes on the surface of the crystal can cause problems with reflections when exposing the poly-
mer with UV light. To improve patterning on a reflective surface, an antireflective base coat of XHRIC-16

(Brewer Science, MO, USA) was used [6].

SUS8-10 can be very challenging to remove. Omnicoat™ (Micro.Chem, USA) is used as a second base layer
to allow SUS-10 to be removed should it be necessary. It has also been suggested that Omnicoat™ acts as a
support when producing pillars or tall structures [6] and prevents the photoresist layer (SU8-10) mixing with
the antireflective layer. The complete photolithography process is described in Figure IV.2. All spin processes

were completed using a WS-650 spin processor (Laurell®, PA) with a two step spin program.

The samples were aligned and exposed using a MIB4 Mask Aligner (Suss, MicroTech AG, Germany). The
structures are considered tall features which require long exposure time. A filter to reduce the UV intensity of
the mask aligner by approximately half was used to give more control over the exposure time. An exposure
time of 21 seconds, with total energy = 546 mJ/cm? was used to give a patterned polymer of approximate depth

8.5 yum.

The traps are orientation specific and need to be aligned according to the x-flat of the QCM. This ensures the
liquid within the traps experience no shearing motion, making the liquid behave as a rigid mass layer (described

in section 11.3.2).

Once the fabrication is complete the dimensions of the traps were checked using a profilometer and measured
to be 8.4 um with a Dektak (Veeco, USA). Further images were taken with a scanning electron microscope (see
Figures IV.3(a) to IV.3(e)). Some earlier measurements were made using a different method which included
no omnicoat layer, and the addition of a final gold film as described in [7], but this method was refined to give

this protocol offering the most reliable and consistent method.

IV.1.2 Trap Surface Profiles

At the start of this work access to a Xyris 4000 WL (TaiCaan Technologies, Southampton, UK) optical pro-

filometer (courtesy of the EPSRC Engineering Instrument Pool) was available. This allowed the surface struc-
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Clean QCMs

e Heatin5 % v/v Decon90 in deionised water
at 80 °C for 20 mins

e Heat in deionised water at 80 °C for 20 mins
¢ Rinse with Ethanol, blow dry with Nitrogen

g

Spin XHRIC-16 using a 2 step process:

e 500 rpm: 5 secs, acc. 100 rpm
e 3500 rpm: 30 secs, acc. 100 rpm
e Heat on hotplate at 200 °C for 2 mins, cool

naturally

Spin Omnicoat using a 2 step process:

e 500 rpm: 5 secs, acc. 100 rpm
e 3500 rpm: 30 secs, acc. 100 rpm
e Heat on hotplate 100 °C for 2 mins, cool

naturally

Spin SU8-10 using a 2 step process:

e 500 rpm: 10 secs, acc. 250 rpm
e 5000 rpm: 30 secs, acc. 250 rpm
e Pre exposure bake: use a hotplate with 2
step slow ramp process:
65 °C for 1 mins
95 °C for 20 mins

g

UV Exposure with desired mask and filter, 21 secs

g

Post exposure bake:

e Heat on hotplate, 4 step slow ramp process:
65 °C for 10 mins
70 °C for 10 mins
95 °C for 5 mins
110 °C for 20 mins
e Cool naturally
!

Develop with SU8-10 developer (3 mins) and rinse
with IPA

Blow dry with Nitrogen

Figure IV.2: Photolithography process for pattern fabrication onto the surface of a Quartz Crystal Microbalance.
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Figure IV.3: Scanning electron microscope image of (a) Trap design 1 - trap width 10.7 um, separation width 30.4 um,
(b) Trap design 2 - trap width 24.1 um, separation width 34.5 um, (c) Trap design 3 - trap width 43.4 um,
separation width 52.5 yum, (d) Trap design 4 - trap width 70.5 um, separation width 84.0 um, (e) Trap design
5 - trap width 108.0 um, separation width 97.0 um (L is trap width, and L,, is separation width).
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tures to be investigated both before and after an ionic liquid was left on the surface for a long period of time.
Due to the chemical reactivity of RTILs it was unknown whether SU8-10 was a suitable material for trap fab-
rication. The high viscosity of some of the ionic liquids required depths greater than 8.5 ym to ensure the

entrained wave penetration depth was constrained within the structures.

SU8-10 polymer was a good alternative to solid gold traps due to its chemical robustness and the time needed
to deposit a gold film of such a great thickness. To test the resistance to chemical reactivity of the SU8-10
polymer traps a pure RTIL ([Comim][NTf,]) was left on the trap surface for 48 hours. A comparison of pro-
files before and after show no significant damage to the trap surface structures. Figures IV.4(a) and IV.4(b)
show images of a set of traps before and after the RTIL was left on the surface using the optical profilometer.
A single measurement of RTIL made on the QCM takes only a couple of minutes before it is removed from the

surface, so the traps are considered suitable.

All further characterisation and measurements of the traps were made on a Dektak (Veeco, USA.) stylus pro-
filometer which gave a line profile of the surface structures, making it possible to determine the height and

widths of the surface structures.

1V.1.3 Equipment Setup

In order to separate the square root viscosity-density product into single viscosity and density measurements,
a QCM setup arrangement with two standard 1” (2.54 cm) 5 MHz quartz crystals (Tangidyne, NY) were used.
One crystal was patterned over the sensing region with SU-8 10 photoresist (Micro.Chem, USA) using stan-
dard photolithography as described in Section IV.1.1.2. The second crystal was left blank as a reference. The

combination of both frequency changes allows the viscosity and density to be determined.

The resonant frequency changes of both the reference and patterned crystals were recorded on the fundamental
resonant frequency using a E8012 Network Analyser (Agilent, CA) in reflected power mode (see section IIL.1)

using the same QCM clamping system made from PTFE as seen in Figure III.1.

The frequencies of the crystals in both air and liquid were recorded. Measurements of the reference crystal and
the patterned crystal were made directly after one another using the same device holder. Full BVD fitting of
the resonant peaks was not required as the frequency was recorded (described as the frequency point at which
the minimum power is reflected) using the ‘track minimum’ function on the network analyser.

The change in resonant frequencies from both the reference and patterned crystal were analysed in Excel™
(Microsoft, WA) using Equations II.12 and II.13 to obtain separate measurements of viscosity and density from

the viscosity-density product (these are described in more detail in Section I1.3.2).



1V. Experimental II: Separating Viscosity and Density 63

'E -8.3305-

£
= 83310
=

ig

Hei

TaiCaan 0.1998 mm x 0.1998 mm 1000 x 1000
(@

[mm]

£ -8.3485-

Heig

TaiCaan 0.1998 mm x 0.1998 mm 1000 x 1000
(b)

Figure IV.4: Optical profilometer scan (a) before, and (b) after the surface structures are exposed to a Room Temperature
Tonic Liquid ([C¢mim][NTf,]) for 48 hours.
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Five trap designs were investigated, all trap heights were measured to be 8.4 um deep using a Dektak (Veeco,
NY) stylus profilometer. A calibrated Pipetman traditional shaft pipette (Gilson, WI) was used to give a sample
volume of 120 L on each QCM measurement to ensure there was sufficient liquid to fill each trap and allow
for a height of 57 um above their surface (for the largest trap volume). The penetration depth of the most
viscous liquid tested corresponds to around 2.5 um. This method requires a total volume of 240 uL to calculate

a single measurement of viscosity and density.

All measurements were made using an ‘in house’ dry box (see Figure IV.5) with an argon atmosphere to min-
imise water contamination to the ionic liquids. This was created from a heavy duty sand blast cabinet (Machine
Mart Ltd, UK), with PTFE sheet floor, arms length gloves (Dunlop’s, UK) and a gas line. This was an im-
provement on the glove bag used in chapter 3 as it was a more rigid setup allowing for increased movement

inside.

Figure IV.5: ’In-house’ dry box used for separate density viscosity measurements.

Water and ethanol were used to clean the surface of the QCMs after each test (care was taken to avoid damag-
ing the surface of the traps). The traps were rinsed and nitrogen dried until the resonant frequency returned to

its original frequency within ~ 50 Hz.

Various concentrations of water-glycerol mixtures (0 to 85% v/v concentration) and nine pure RTILs (See Table
IV.1) were tested on each of the trap geometries with RTIL densities ranging between 1.013 and 1.519 g/cm?
and viscosities ranging between 22 to 134 cP. In addition, ethanol was investigated as it is highly wetting and so

expected to fully penetrate into the traps. Measurements were repeated at least three times and an average taken.

Measurements were recorded at room temperature and a direct comparison was made to those collected on tra-
ditional equipment including a DV-I1+ (Brookfield, MA) Programmable viscometer (0.5 mL required volume)

and a DMA 4500 (Anton Parr, Germany) Density meter (1.0 mL required volume) measured immediately prior
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RTIL Densitometer measured Viscometer measured

Density g.cm™ (+ 0.0005) Viscosity cP (+ 4%)
[Csmpyrr][DCA] 1.013 34
[C,mim][DCA] 1.059 27
[C,mim][SCN] 1.118 22
[C,mim][EtSO,] 1.238 88
[C,mim][ACQ] 1.248 134
[C1omIim][NTT,] 1.279 118
[Cemim][NTT,] 1.372 66
[Campyrr][NTHF,] 1.395 74
[C,mim][NTf,] 1.519 29

Table 1V.1: Room Temperature Ionic Liquids measured for separation of viscosity and density properties from the viscosity-
density product (raw frequency change values observed on the quartz crystals from these liquids can be found
in Appendix B).

to using the QCM setup.

These two pieces of lab equipment were purchased especially for this project making it possible to carry out
the remaining experiments at Nottingham Trent University rather than at the Queens University Belfast. The

viscometer requires a smaller volume (0.5 ml) than the viscometer previously used (1.0 ml).

IV.2 Results and Discussion

Results are discussed for separating the viscosity and density from the square root viscosity-density product

for each trap size. The addition of a gold film on the surface of the traps has also been explored.

IV.2.1 Varying Trap Size

Figures 1V.6(a), IV.7(a), IV.8(a), IV.9(a) and IV.10(a) show separate density measurements for all trap sizes
considered. Figures IV.6(b), IV.7(b), IV.8(b), IV.9(b) and IV.10(b) show separate viscosity measurements for
each trap size. A geometrical fitting parameter for each trap was implemented in the formula as the ‘experi-
mental effective height’ (see Table IV.2). This parameter is based on the density measurement and is calculated
using ethanol to give y = x (see Figures IV.6(a), IV.7(a), IV.8(a), IV.9(a) and IV.10(a)). The same effective
height is then used to calculate the viscosity. Initially water-glycerol mixtures were used as calibration liquids
although the results demonstrated that these liquids were not penetrating into the smallest traps resulting in
incomplete filling. To avoid this, ethanol was chosen for the calibration liquid because of its good wetting of

SU8-10.
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Trap | Trap Width | Separation Width | Experimental Effective | Theoretical Effective
Design (pm) (pm) Height (nm) Height (um)

1 10.7 30.4 1.68 2.19

2 24.1 34.5 2.22 3.45

3 43.4 52.5 1.85 3.80

4 70.5 84.0 1.53 3.83

5 108.0 97.0 1.44 4.43

Table 1V.2: Measured Quartz Crystal Microbalance trap parameters, with effective height considered as a geometrical fitting
factor (used to calibrate measurements of density to traditionally measured values) and theoretical effective

height.

Density and viscosity results for all liquids were determined using the effective height calculated from the
ethanol density measurement. From the change in frequency of the smooth and textured QCM, and the mea-
sured density from the densitometer, it is possible to calculate the experimental effective height (see Figure
IV.2) using Equation I1.12. The effective height should be the same for all liquids that penetrate into the traps.
This height is then used in Equation II.13 to calculate the viscosity for ethanol using the changes in smooth
and textured frequency measurements. Using this same value, the densities and viscosities of RTILs were
calculated using the frequency changes seen on the smooth and textured QCMs. This same method of calibra-

tion has been used for the water-glycerol solutions although some challenges with liquid penetration were seen.

When looking at the RTIL measurements of viscosity and density on each trap design, a linear relationship
between the QCM derived values and the traditionally measured values is seen. Trap designs 1, 2 and 3 (Fig-
ures 1V.6(a), IV.6(b), IV.7(a), IV.7(b), IV.8(a) and IV.8(b)) show good agreement between the QCM derived
density and viscosity values and those measured traditionally with only small deviances from y = x. Trap 4
(Figure IV.9(a) and IV.9(b)) is in reasonable agreement although more scatter is seen on the density line of
best fit (Figure IV.9(a)), a discontinuity at approximately 1.248 g cm™ is starting to emerge. Above this density
value, all measured liquids contain [NTf,] suggesting further investigation is necessary to determine if this
influences their behaviour. It is clear the largest trap design (Figures IV.10(a) and IV.10(b)) shows the largest
deviance between the expected and derived values, with a significant step seen within the density results at
approximately 1.248 g cm™. It is expected however to see a limit at which the traps no longer act to confine
the liquid as a rigid mass [3] which may have been seen here. Additional calibration of the QCMs with known
liquid densities greater than this may be required to ensure a density to trap dimension limit has not been found.

It would also be possible to use a known RTIL as an alternative calibrating fluid.

For water-glycerol solutions, it is clear there is a problem with the smallest liquid traps (Figures IV.6(a)
and IV.6(b)). The smallest trap design is much larger than the trap dimensions used by Martin et al. [8]
although the liquids described have very low densities and viscosities with good wetting properties. Water-

glycerol solutions are much more viscous, fairly dense and also have much poorer wetting properties. Each of
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Figure IV.6: (a) Density and (b) Viscosity measurements for Trap 1, showing varying concentration of water-glycerol A, 9
pure Room Temperature lonic Liquids o (Shown in Table IV.1), and Ethanol ¢.
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Figure IV.7: (a) Density and (b) Viscosity measurements for Trap 2, showing varying concentration of water-glycerol A, 9
pure Room Temperature Ionic Liquids o (Shown in Table IV.1), and Ethanol ¢.
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Figure IV.8: (a) Density and (b) Viscosity measurements for Trap 3, showing varying concentration of water-glycerol A, 9
pure Room Temperature Ionic Liquids o (Shown in Table IV.1), and Ethanol ¢.
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Figure IV.9: (a) Density and (b) Viscosity measurements for Trap 4, showing varying concentration of water-glycerol A, 9
pure Room Temperature Ionic Liquids o (Shown in Table IV.1), and Ethanol ¢.
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Figure IV.10: (a) Density and (b) Viscosity measurements for Trap 5, showing varying concentration of water-glycerol A,
9 pure Room Temperature Ionic Liquids o (Shown in Table IV.1), and Ethanol ¢.
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these factors could result in incomplete filling retaining some amount of air below the liquid within the trap.
Problems can be seen with the smallest traps, which have independent correlations for both water-glycerol so-
lutions and measured RTILs, suggesting incomplete filling. If this was taking place, it would be expected that
the QCM measured density values would be much lower than those measured with the traditional densitometer
(due to a lower volume of liquid being effectively weighed). This effect is seen in Figure IV.6(a) and IV.6(b)
where density values are half those expected (respectively this then causes a problem with the viscosity values).
The three remaining trap sizes have very good agreement for both density and viscosity values. For the liquids
tested, the closest agreement between QCM derived values and those measured traditionally occurs for trap
dimensions of 30 and 50 ym. Investigation into further trap sizes and ratios around these may further optimise

the agreement.

With problems such as incomplete filling, chemical coatings are often used to improve the wettability of the
surface [6]. However, it is very difficult to add a coating onto the surface of the traps to lower the contact angle.
An over layer of gold was explored to see if it could increase the wettability of the trap surface as water is known
to have a lower contact angle on gold than on SU8-10 [5,9]). The results are shown in Section IV.2.2 and give

a good indication of liquid contact angle, although the differences between gold and SUS8-10 are not significant.

1V.2.2 Addition of a Gold Film onto the Surface of SU8-10

Having completed the experiments on SUS8-10 traps, the addition of a gold layer onto their surface was con-
sidered as it was suggested that it may provide a lower contact angle. This may encourage liquid penetration
into the smallest traps. The contact angle of SU8-10 varies slightly depending on the protocol used for its
fabrication. Here the measurements for contact angle have been made on a flat SU8-10 reference sample and
a second sample of SUS-10 coated with 10 nm of titanium and 100 nm of gold. Various concentrations of
water-glycerol solutions and nine pure RTILs (detailed in Table IV.3) were measured. These measurements
were intended to be indicative, and for this reason the RTIL measurements have not been made under a dry
atmosphere. In consequence the liquids are not considered to be pure with respect to water contamination but
pure in the sense they were not diluted intentionally before measurements. Measurements were made using the
sessile drop method to determine the contact angle formed between the liquid/solid and liquid/vapour interface
(see Figure IV.11) on an 8-bit black and white DSA Mk 10 camera (Kruss, Hamburg, Germany). A pipette was
used to place a sample volume of 3 ul onto the surfaces. Three measurements were made for each liquid on

each surface and the mean plotted on Figure IV.12.

Comparison between the two surfaces show slightly higher contact angles for the gold coating. The difference
is not however sufficiently large and is within experimental error so coating the trap surface was deemed

unnecessary. For RTILs these contact angle measurements are very interesting, and show on average that the
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Liquid (pn)™? (kg m?s™3) Contact Angle, +5°
Viscometer-Density Meter (£5%) SU8-10 Gold Coated SU8-10

Water 1.01 76 86
40% v/v water glycerol 1.92 73 81
50% v/v water glycerol 247 72 77
70% v/v water glycerol 4.37 71 71
80% v/v water glycerol 9.02 70 69
85% v/v water glycerol 13.64 62 64
[C,mim][SCN] 5.06 47 50
[C.mim][DCA] 5.43 30 41
[Csmpyrr][DCA] 5.87 35 37
[Comim][NTT,] 6.69 31 46
[Cemim][NTf,] 9.52 35 44
[Campyrr][NTT] 10.17 26 43
[C,mim][EtSO,] 10.44 38 42
[C1omim][NTH,] 12.26 8 14
[C.mim][ACO] 12.93 29 31

Table 1V.3: Liquids measured using the sessile drop method on an 8-bit black and white DSA Mk 10 camera to give an
estimate of contact angle on SU8-10 and SUS8-10 coated with gold.

Figure IV.11: Contact angle (~ 47°) seen on SU8-10 for [Comim][SCN].
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RTIL samples generally have a much lower contact angle (almost half) than the water-glycerol solutions tested.
This confirms the results seen on the narrowest traps (Figure IV.6(a)) for water-glycerol solutions. Given their
high contact angle it is highly likely the traps were partially filled with air therefore lowering the value seen
on the QCM. PDMS oils may have offered a better range of calibration liquids than water-glycerol mixtures,
although they would have been very challenging to remove from the traps. The calibration could be further

improved by using a range of highly wettable liquids such as methanol, n-propanol and n-butanol.

IV.3 Conclusion

Separate viscosity and density measurements have been made using a dual QCM set-up with SU8-10 fabricated
structures, using a total sample volume of only 240 ul. This has reduced the current volume needed to measure
the viscosity and density separately by a factor of six, and could result in further reduction if smaller diameter
crystals were used. From the trap dimensions investigated, the optimum size has been shown to be either 30 or
50 um, although this may be improved by exploring different sizes and ratios in this range. Further calibration
liquids with higher densities are needed to fully characterise the devices. For the range of liquids tested it
is shown that a gold layer would not reduce the contact angle of the liquids significantly enough to explore
with the smallest trap dimensions. This was however only a problem for the water-glycerol solutions and the
smallest trap dimension worked well for the RTILs. With further optimisation of the trap geometry, the dual
QCM separation technique may offer a viable alternative to larger volume methods. This could potentially
allow new liquids to be added to the RTIL physical property database [10] using smaller (and hence lower

cost) sample volumes.
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V. EXPERIMENTAL III: MICROFLUIDICS: QUARTZ CRYSTAL INTEGRATION

This chapter looks at incorporating a Quartz Crystal Microbalance (QCM) into an enclosed microfluidic device.
By reducing the size of the QCM from a diameter of 1 to 0.538”, the QCM becomes much more desirable
for use ‘on-chip’ and allows measurements of viscosity-density product to be determined with a much smaller
sample volume. The microfluidic system is a sealed environment which reduces the risk of contamination, or
water uptake for hygroscopic liquids such as Room Temperature Ionic Liquids (RTILs). This method reduces
the sample size needed for characterisation from 1.5 ml using a traditional viscosity and density meter to 30
L. This setup has been designed in collaboration with the University of Sheffield and is intended to eventually
form part of an integrated lab-on-a-chip system designed for use with RTILs to investigate many properties
including thermal conductivity, specific heat capacity, water concentration and electrical conductivity. This
chapter looks experimentally at measurements of the square root viscosity-density product for RTILs on 8 and

9 MHz QCM.

V.1 Methodology

The design of the microfluidic glass chip has been carefully considered to allow incorporation of a QCM. The
change in frequency of the QCM enclosed in the system allows determination of the square root viscosity-
density product for small volume liquid characterisation by applying the Kanazawa and Gordon equation [1].
This section includes the design of the microfluidic chip, initial microfluidic flow cell setup, liquid character-
isation and cleaning protocol, QCM design and limitations of the flow cell setup including pressure and flow

rate models and an estimation of the flow cell leakage rate.

V.1.1 Microfluidic Chip and Chip Holder Design

The custom made microfluidic device was designed in collaboration with The University of Sheffield. The
device consists of a glass chip (3 cm by 3 cm by 1 mm) fabricated by Micronit Microfluidics BV (The Nether-
lands). The glass chip design is shown in Figure V.1. The chip consists of an open top circular cell of radius 5
mm with depth 300 um and flow passages to and from the cell formed by wet etching (depth 125 ym), giving

an open top cell volume of 23 uL.

One of the main challenges when working with harsh chemicals such as RTILs is the limited number of chem-
ically resistant materials available which create a good seal against glass. Here, a clamping system similar

to that used in Section III with a specially designed top plate was manufactured from polyether ether ketone
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Figure V.1: Custom made glass chip produced by Micronit Microfluidics BV (The Netherlands) showing placement of the
QCM.

(PEEK) which has excellent chemically resistant properties. The QCM sits on the open top circular glass chip

which is constrained in the base layer of the holder as in Figure V.2, the top plate (see figure V.3) then clamps

onto the QCM outside the sensing region creating a pressure seal. Clamping the PEEK against the QCM and

the glass chip forms a very good seal although a minimal leakage will still occur; this is a designed-in feature of

the chip system. A leakage model has been calculated and described in Section V.1.5.2. The QCM is designed

for one sided connection via spring contacts outside the circular cell as shown in Figure V.4).

Figure V.2: Microfluidic glass chip held in the base layer of the device holder with the spacer layer and quartz crystal
(capillary tubing and headless nuts can also be seen).

To connect to the flow cell standard Upchurch (WA, USA) microfluidic connectors were used, see Table V.1. A
Nemesys syringe pump (Cetoni, Germany) with a gastight syringe (Hamilton, Switzerland) controlled the flow
rate of the system. Flow rates ranged from 0.04 ul/s for highly viscous samples ( 100 cP) to 2 ul/s for cleaning
(discussed further in Section V.1.5.1). The capillary tubing for the inlet (length = 15 cm) and outlet (length =

15 cm) were considered to be longer than necessary due to the chip set-up being in an Octagon 10 incubator
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Figure V.3: Lab-on-a-chip setup showing the top clamping mechanism, with inlet and outlet capillary tubing.
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Figure V.4: Cross-section of the clamping system: containing the glass chip and Quartz Crystal Microbalance, creating an
enclosed microfluidic system.
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(Brinsea, UK) to maintain a steady temperature (25/30 °C, see Figure V.5 for equipment set up), and this could

be reduced to optimise sample size and cell pressure if needed.

Upchurch Connectors (WA, USA) Stock number
PEEK capillary tubing (inner 150pum and outer diameter 360pum) 1572
Headless nuts (outer diameter 360um) F-123Hx
Ferrules (outer diameter 360pum) N-123-03x
2um Filter capsule assembly M-542

Table V.1: Standard UpChurch (WA, USA) microfluidic connections needed with stock numbers.

T

nalyser

Incubtor:
Containing Lab
on a Chip Setup

NN
XN g

Figure V.5: Lab-on-a-chip equipment setup to measure changes in frequency from the quartz crystal microbalance on a
network analyser via the PC.

V.1.2 Microfiuidic Chip Setup

With a microfluidic device setup such as this, it is very important that the glass chip and its surroundings are
clean and put together precisely. Both sides of the glass chip must be cleaned with methanol and lens cloth
tissues removing any dust particles from the surfaces. The glass chip is placed on the base plate of the holder
ensuring the flow inlet and outlet are aligned correctly. The spacer is placed around the chip before adding
the upper plate, the screws are gently tightened avoiding contact with the glass chip. To loosely hold the glass
chip in place, two spare ferrules with nuts are inserted gently into holes that are not used for the inlet and
outlet, this allows for placement of the connections to be double checked for alignment in the case that the
glass chip is not square to the holder. The alignment is then checked by holding the chip setup to the light. The
ferrules may need loosening and adjustments may need to be made to ensure alignment. There is a tolerance of
between 50 and 500 um for the ferrule and the inlet/outlet holes to be truly aligned (see Figure V.6). To make

the connections, a ferrule and tubing is needed. The ferrule needs to be placed onto the end of the capillary
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tubing and, the tubing pushed through until the tip is just visible. An inlet and outlet connection is made, with

a headless nut to hold the ferrule and tubing in place.

—— 360um

150um

Capillary tubing ——— —»

Ferrule > I I

Glass chip —» 500um "7 150pm

Figure V.6: Schematic of microfluidic glass chip with ferrule and capillary tubing to show alignment.

The QCM is placed with the large sensing electrode facing down over the centre of the well in the glass chip.
The capillary tubing is threaded thorough the holes in the upper plate of the holder which is then placed onto
the setup and held in place by tightening the four bolts. The PEEK clamp with electrical contacts is inserted
into the centre aligned with the electrodes of the QCM. Once the PEEK clamp is fully lowered, the final cap is
placed on top. It is essential that the cap is tight and sits flat once secured with four bolts using a torque driver.

An extender tool is used for headless fittings to ensure they are all tight.

A micro filter assembly is fitted to the inlet of the capillary tubing to avoid potential blockages in the tubing
or glass chip. If the filter capsule becomes blocked it is cleaned by sonicating in methanol. A 1/32” tipped
syringe is placed into the filter assembly nut and tightened, ensuring it gently touches the filter disc minimising

any dead volume. The outlet tubing is left open to the atmosphere and placed in a waste container.

To check the setup is correct, the spectrum for the QCM is viewed on the network analyser to ensure a strong,
symmetrical resonant peak. Once this is seen, the setup is left overnight for stresses in the QCM, chip and
holder to equilibriate. The resonant frequency of the crystal in air is then recorded at the desired temperature
and the cell setup initially checked with methanol to ensure it is sealed with minimal leakage; methanol is used

because it is very wetting and reduces the risk of bubbles within the system.

V.1.3 Liquid Characterisation and Cleaning Protocol

The microfluidic device requires a liquid sample volume of 30 ul, a direct non-microfluidic comparison of

measurements has been made using a DVII+ Programmable viscometer (Brookfield, MA), temperature con-
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trolled via a water bath and a DMA4500 Density/specific gravity/concentration meter (Anton Parr, Germany)

which require a combined volume of 1.5 ml.

Preliminary measurements were made with water-glycerol mixtures (0 to 85% v/v) to ensure a response that
agrees with Kanazawa and Gordon [1]. Further measurements were made for varying concentrations of a sin-

gle RTIL miscible with water [Comim][EtSOy4], followed by a number of pure RTILs.

The cleaning protocol varies depending on the RTILs miscibility (see Table V.2). It requires six fluid volume
changes to ensure there is no residue remaining from the sample. This was the volume required which returned
the resonant frequency of the QCM to its original value (to within ~ 50 Hz) after a liquid sample had been
tested. Two QCMs of different frequencies, (8 and 9 MHz) have been tested. Table V.2 shows which RTILs
have been tested on each crystal along with the traditionally measured viscosity and density meter values. The
9 MHz crystal measurements were collected at 25 °C and the 8 MHz crystal measurements recorded at 30 °C,

to work at stable temperatures slightly above room temperature.

()™ (kgm®s™) | (on)” (kgm™*s™) Water
RTILs Measured Viscometer-Density Viscometer-Density Miscible?
Meter at 25°C Meter at 30°C
[C,mim][EtSO,] 10% 1.19 1.08 S
[C,mim][EtSO,] 25% 1.29 1.27 \
[C,mim][EtSO,] 50% 2.55 1.77 S
[C,mim][EtSO,]75% 3.70 2.75 \
[C,mim][EtSO,] 80% X 3.36 S
[C,mim][EtSO,] 85% 4.65 X S
[C,mim][EtSO,] 90% 9.18 5.53 S
[C,mim][EtSO,] 100% 11.19 9.23 V
[C4mim][DCA] 100% 5.64 X v
[C,mim][SCN] 100% 5.24 X \
[Cemim][NT£,] 100% 10.47 8.51 X
[C,omim][NTf2] 100% X 11.05 X
[C,mim][NT£,] 100% X 6.43 X
[C,dmim][NT£,] 100% X 9.23 X
[C4mim][NT£,] 100% X 7.60 X
[Csmim][NT£,] 100% X 9.43 X
[C4mpyrr][NT£,] 100% X 8.84 X
[C4mpyrr][DCA] 100% X 5.36 \

Table V.2: Room temperature ionic liquids measured on the 8 and 9 MHz quartz crystal with measured viscometer and
densitometer values of (viscosity x density)/2.

One potential concern in this system is that the crystal is most sensitive in the centre of the sensing region.
Although the cleaning protocol may have been followed and the frequency of the crystal returned to its original
frequency, a small quantity of residue may still be present at the outer rim of the crystal which is not neces-

sarily detected. These residues could build up over time causing erroneous measurements. For this application
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however, it was found that six fluid volume changes gave repeatable, consistent results, suggesting the cell was

sufficiently clean so this was not cause for concern.

V.1.4 Fabrication of Quartz Crystals

Two polished quartz discs (0.538” diameter) with a thickness related to a fundamental frequency of 8 MHz and
9 MHz were purchased from International Crystal Manufacturing (OK, USA). Wrap around electrodes with
top and bottom diameters of 9 mm and 4.5 mm respectively, were fabricated with 10 nm titanium and 150 nm
gold using an K575X sputter coater (Emitech, Quorom Technologies) to give single sided electrical contact
access. These were fabricated using an acrylic mask with the electrode pattern designed in CorelDRAW®,
The acrylic was cut out using a M-300 laser (Universal Laser System, OH). Resonant frequency changes
of the final QCMs mounted in the chip were monitored by tracking the frequencies of the minimum reflected
power using an ES061A network analyser (Agilent, CA), operating in reflection mode outputting the frequency
changes to a PC controlled via Matlab® (Mathworks, MA). Liquid flow was stopped to allow the frequency
measurements to be recorded without the influence of fluid motion. Frequency measurements were made on
both the fundamental and third harmonic. BVD fitting (see Section I1.2.2.5) was not performed as the frequency
measurements were deemed sufficient. Since the completion of these experiments, QCMs have been sourced
from ICMFG (OK, USA) with smaller electrodes having diameters 0.159” and 0.324” negating the need to

deposit electrodes onto the crystals, making QCMs for any future work more consistent.

V.1.5 Limitations

There are two limitations that should be considered when working with this microfluidic cell setup. The first
is the pressure, and hence flow rate which the system can withstand. This has been modelled in Comsol
Multiphysics® and is determined by the thickness of the quartz crystal. The second is the leakage between the

QCM and the glass chip; the leakage rate has been estimated.

V.1.5.1 Theoretical Maximum Pressure and Flow Rate Calculations

A model of the clamped QCM has been created according to the schematic shown in Figure V.7. This includes

the glass flow chip, the quartz disc and PEEK clamping system.
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PEEK Clamp —» Pressuream

Quartz Disc ——»

Flow Chip ——» Pressurece

Figure V.7: Schematic of the system modelled in Comsol Multiphysics®.

The model has been completed in Comsol Multiphysics® using the 2D axial symmetry; structural mechanics
module in the stress-strain application mode. This module assumes axis symmetry both in load and geometry
and studies the displacement, stresses and strain in an axially symmetric loaded body. The objects are speci-
fied and the subdomains set to the material properties of quartz, glass, and PEEK which include the Young’s

modulus (E), Poisson’s ratio (v) and density (o). The properties included in the simulation are:

1) Quartz: E = 73.1 GPa, v = 0.17, p = 2650 kg/m?3,
2) Glass: E = 73.1 GPa, v = 0.17, p = 2203 kg/m?>,
3) PEEK: E = 2.0 GPa, v = 0.33, p = 7850 kg/m?>.

Boundary conditions are fixed for the top edge of the clamp and the bottom edge of the flow chip as these are
constrained and hence unable to move. A force is applied to the underside of the quartz as a distributed load
with a force which has been determined by the known design tensile stress of quartz (48 MPa [2]). With a
force applied to the crystal, the mesh is refined and the solution is determined. Once solved, post processing
is completed by looking at the surface principal stress and the deformed shape of the quartz disc. The force
applied to the crystal was adjusted and the model updated until a maximum principal stress greater than the
design tensile stress was achieved. It would be at this point experimentally that the crystal would break (see
Figure V.8). A pressure of -2 X 10° N/m? (2 bar) was applied to achieve this maximum stress as in Figure V.9
(actual value at 2 bar = 54 MPa). The solved model shows the weakest point of the setup to be the underside

of the crystal near the clamp.

This model confirms that the QCM is the weakest point in the enclosed system regarding pressure. This is due
to the crystal thickness and the clamping method. Ideally, a thicker crystal is needed to increase the pressure
the set up can withstand. If the flow rates are too high and pressure builds up the device will fail around the
outer rim of the QCM according to the model. This has also been confirmed experimentally (Figure V.10). The
QCM has cracked on several occasions leaving the Miconit glass chip undamaged. This is hugely beneficial as
the quartz crystals are inexpensive (~ £13/crystal, at time of study) and are easily replaceable, whilst the glass

chip is considerably more expensive and must be remade to specification in order to be replaced.
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Figure V.8: The results of a Comsol Multiphysics® model of the clamped QCM, solved for varying force applied to the
underside of the crystal. The plot shows how the maximum principal stress changes with the force applied.
The design tensile stress of quartz is 48 MPa, relating to a pressure applied of 1.8 x 107> N/m? (~ 2 bar).
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Figure V.9: A Comsol model of the principal stress and deformation of the QCM when clamped in the cell setup, showing
the point of weakness in the setup (the red region).
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Figure V.10: A failed Quartz Crystal: the pressure within the lab-on-a-chip device has exceeded the crystal’s limit which

has cracked around its weakest point.

A rough guide to the maximum pressure and flow rate within the cell can be calculated from the Hagen-
Poiseuille equation (Equation V.1) [3].

_1280nL

AP= 20 (V.1)

where AP is the change in pressure in the system (2 x 10° Pa) calculated above, L is length of outlet tubing
(0.3 m), D is inner diameter of the outlet tubing (1.5 x 10™* m), 5 is dynamic viscosity (Pa.s) and, Q is the
volumetric flow rate (m3/s). From the known maximum pressure drop (before the quartz crystal fractures) it
is possible to calculate the volumetric flow rate flowing through a pipe (assuming flow is laminar viscous and

incompressible). A system schematic is shown in Figure V.11 to help identify the necessary parameters.

I:)cell I:)atm
(D
" U/ Q
L

Figure V.11: Schematic of chip system showing relevant parameters, where: P is the pressure in the cell, Py is the

atmospheric pressure, L is length of tubing, D is inner diameter of tubing and Q is volumetric flow rate.

For a liquid with a low viscosity such as methanol (7 = 0.54 cP at 25 °C), a maximum flow rate Q, can be
calculated to be 11.8 uL/s. By reducing the flow rate by approximately 50% to 6 uL/s in the above example, it
is possible to reduce the cell pressure to 1 bar hence reducing the maximum stress in the QCM giving a safety

margin. For a more viscous liquid (e.g. 100 cP), a maximum flow rate of 0.08 uL/s is calculated. For safety,
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a flow rate equal to or less than half the maximum flow rate (0.04 uL/s) has always been used experimentally.
However by decreasing the flow rate of the sample, the time taken for an average measurement is increased
considerably due to the additional cell loading and cleaning time and hence this must be considered when

discussing a high-throughput device.

V.1.5.2 Seal Leakage Rate

When designed, it was known that a contact seal was not optimum, but due to the nature of the liquids being
tested and the need for small volumes it was considered to be a good choice. Since a small amount of leakage
was expected to occur the limitations of the seal were calculated using a model of radial flow in a space of

uniform height, illustrated in Figure V.12. This gives an estimate of the expected leakage rate through the seal.

Meniscus Crys|ta| ‘
(Apu = 0) ¥ l

|

| "
Glass —+—» Qu T

—>

r
Mo g

Figure V.12: Model geometry used to characterise seal leakage rate.

Determination of the velocity and pressure distribution p in the gap is relatively straightforward since the height
of the gap & is small in relation to the radial distance r (hence r > h or % ~ 0) [4]. For a Newtonian liquid with
steady laminar flow in such a system, the equation for radial pressure gradient in terms of leakage volume flow

rate Oy, gap height A, liquid viscosity 7, and radius r, can be expressed as in Equation V.2 [5, 6],

dp _ om0
—_— =, V.2
dr mh3r (V2)
Integration from r| to r, then yields a relation between pressure differential and leakage flow rate in;
mh3(p1 — p2)
Or=——"-—". (V.3)
6nln(ra/r1)

In practice, the gap is not uniform and varies according to the surface undulations in the glass and quartz
surfaces. For polished, optical-quality surfaces such as those involved in this seal, the surface undulations are
expected to be less than 0.1 um. Using this value for the height, and a pressure difference of 1 bar, Equation

V.3 gives a leakage flow rate of 1.5 pL/s for a liquid with 0.1 Pa.s viscosity. For continuous operation over
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one day, if the leaked liquid (total volume, V = 1.296 x 101m?) formed a quarter-circular fillet around the
perimeter of the quartz crystal with diameter d, the total radius of the quarter-circular fillet can be determined

using Pappus’ centroid theorm [7] (see Equation V.4, rearranged to give distance travelled x, in Equation V.5).

V=(u*- iﬂxz)ﬂ'd, (V4)

[ av
YT \rd@d-n (v

This equation takes a cross sectional area of a revolved solid to determine the volume. For this example, the
fillet radius would be about 100 um assuming the liquid wets glass and quartz completely (contact angle of
zero). A fillet of about 100 um would be very visible, in contrast to that seen experimentally (very little liquid
could be detected over similar periods of operation). This suggests that in fact the gap corresponded to a

smaller size than the 0.1 ym assumed above, which is entirely possible.

V.2 Results and Discussion

The results have been separated into two sections. They show the response of the 9 MHz and the 8 MHz QCM
operating on both the fundamental and third harmonic for determination of the square root viscosity-density
product. Water-glycerol mixtures, various concentrations of a diluted RTIL ([Comim][EtSO4]) and a range of

pure RTILs have been investigated.

When obtaining measurements on the QCM, the pressure within the cell needs to be considered. Pressure in
the cell was kept well below the crystals breaking stress. Frequency measurements were made at the same
time relative to that at which the flow of liquid was stopped to minimise changes in pressure and changes
due to increasing viscosities. An average of three measurements was recorded to allow deviations to be seen
which maybe related to pressure. The results obtained were very consistent and as such the pressure effects
were considered negligible in comparison to the frequency shifts obtained for the liquids. If stress effects were
dominant, a crystal orientation which is stress compensated such as SC-Cut, which still behaves as a thickness

shear mode resonator, would have been considered.

V.2.1 9 MHz Quartz Crystal Microbalance

Results for the 9 MHz quartz crystal have all been obtained within an incubator at 25 °C, an average of three
measurements were recorded, with the minimum and maximum values also displayed as error bars on all

figures. The liquids tested are described in Table V.2.
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V.2.1.1 Temperature Characterisation

AT-Cut Quartz crystal resonant properties are considered to be relatively temperature insensitive, however
minimal frequency changes may occur over high temperature changes. To test this response a temperature
characterisation plot is produced (see Figure V.13). The temperature was circulated between 20 °C and 60 °C
and shows a change in frequency of ~50 Hz / °C in air. If the crystal was not kept at a steady temperature
it would be much more difficult to use the frequency response to show the crystal is clean. Here a change
in frequency of ~50 Hz corresponds to a difference in the square root viscosity-density product measurement
of ~0.03 kg m? s'/2. This reinforces the need for working with the chip system in an incubator. The plot
V.13 shows interesting behaviour suggesting that the initial heating may be annealing the crystal or causing

desorption of containments on its surface. Subsequent temperature changes follow a standard hysteresis curve.
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9.0282
9.0280 - Initial Heating

/

9.0278 -

9.0276

9.0274
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9.0272 4 Heating

9.0270 -
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9.0268 -
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Temperature, °C

Figure V.13: A 9MHz Quartz Crystal Microbalance temperature characterisation plot to calculate frequency changes with
temperature in air.

V.2.1.2 Fundamental Response

Figure V.14(a) Shows the change in frequency measurements obtained from the response of the fundamental
resonance for the 9 MHz quartz crystal which have been converted to the square root viscosity-density product
using the Kanazawa and Gordon equation [1]. This plot shows some agreement between the QCM derived
values and the traditionally measured viscosity and density measurements with reasonable linearity. There
is however large scatter around the lower values of viscosity-density product. The reason for this is unclear
although it could be a result of the liquid being constrained to such a small volume above the crystal. This

scatter is seen for both the calibration water-glycerol mixtures and all RTILs tested.
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V.2.1.3 Third Harmonic Response

The response of the 9 MHz QCM operating on the third harmonic shows a definite linear relationship with a
fit of y = 0.852x for all liquids tested with only small deviances from the line of best fit, see Figure V.14(b).
A line of unity is plotted to show expected values and it is clear the QCM is not operating completely to the
expected values of Kanazawa and Gordon [1]. This however, is not a problem as it is behaving linearly and
this small discrepancy can be easily calibrated for by +/jong = 0.852 /o7, where ¢ and T refer to QCM and
traditional viscometer and densitometer measurements respectively. Figures V.14(a) and V.14(b) show that
calculating the square root viscosity-density product from the fundamental response has a closer fit to unity
than the third harmonic. The third harmonic response however has far less deviation from the best fit line,
and with a calibration factor is the resonance of choice for comparison to traditionally measured viscosity and

density values.
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Figure V.14: (a) Fundamental and (b) Third harmonic frequency results for the 9 MHz Quartz Crystal Microbalance for the

(viscosity x density)l/2 of water-glycerol solutions, dilutions of [Comim][EtSO4] and four pure RTILs (see

Table V.2). A unity line is plotted in Figure (a) to demonstrate linearity. In Figure (b) a best fit line for all data

has been plotted (- -), a unity line (-) of y = x is also plotted to demonstrate the expected relationship.
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V.2.2 8 MHz Quartz Crystal Microbalance

The 8 MHz crystal has also been studied in an attempt to reduce the scatter seen on the frequency response
of the 9 MHz crystal. By increasing the thickness of the crystal, the flow rate and hence the pressure which
the crystal will withstand will also be increased slightly. All results for the 8 MHz quartz crystal have been
collected at 30 °C, as an average of three measurements (both the minimum and maximum values are displayed

as error bars on all figures). The liquids tested are described in Table V.2.

V.2.2.1 Fundamental Response

The fundamental response for the 8 MHz quartz crystal (Figure V.15(a)), shows a clear linear response between
the QCM measured square root viscosity-density product and the traditionally measured values which follows
the line of unity expected from the Kanazawa and Gordon equation [1]. There are however, large deviances
over the range of liquids tested, and again as with the response of the 9 MHz crystal, it is unclear why these

fluctuations occur.

V.2.2.2 Third Harmonic Response

Figure V.16 shows the resonant frequency, and insertion loss for the third harmonic over time for varying con-
centrations of RTIL, returning to the original frequency for water after each test. It is clear the third harmonic
frequency response is very repeatable. When the frequency is converted into the square root viscosity-density
product (Figure V.15(b)), the range of liquids tested are all seen to lie on the unity line with minimal deviance in
good agreement. At high square root viscosity-density product (/o7 > 10 kg m2s /%) however, the resonance
is extremely damped and very broad. At this point, it becomes difficult to determine the resonant frequency

accurately and as a result it may represent the limit of detection for the 8 Mz QCM in the system.

It has previously been reported that the third harmonic gives a better measure of agreement for this type of
application [8-10]. The results above agree, and confirm the third harmonic to be in better agreement than
the fundamental response experimentally for both the 8 MHz and 9 MHz QCM in this particular experimental

setup.
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Figure V.15: (a) Fundamental and (b) Third harmonic frequency results for the 8 MHz Quartz Crystal Microbalance for the

(viscosity x density)!/? of water-glycerol solutions, dilutions of [C,mim][EtSO4] and nine pure RTILs (see

Table V.2).
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Figure V.16: A frequency and reflected power time plot showing repeatability for the third overtone resonant frequency of

a 8MHz Quartz Crystal Microbalance, sensing dilutions of [Comim][EtSOy4].

V.3 Conclusion

Using a QCM in a lab-on-a-chip system, it has been shown possible to measure the square root viscosity-density
product of water-glycerol solutions and various room temperature ionic liquids using volumes as low as 30 L.
The microfluidic chip is an enclosed system in which the volume could be further reduced by optimising the
tubing lengths. It is clear the third harmonic frequency response is in better agreement to traditionally measured
viscosity-density for both the 8 MHz and 9 MHz crystal, with the 8 MHz operating on the third harmonic
having optimum agreement. The QCM microfluidic setup offers an excellent alternative to larger volume
techniques and is particularly advantageous when characterising hygroscopic liquids, whereby the viscosity
decreases exponentially with water contamination. These results look promising and show great potential for
this setup being included into a more complex chip design characterising the same volume of liquid using other
techniques. This method could be combined with a simulation study for density such as those described by J.

Jacquemin et al. [11] to allow viscosity to be extracted as a separate value for RTILs.
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VI. EXPERIMENTAL IV: CHARACTERISATION OF ROOM TEMPERATURE IONIC
LIQUIDS USING SURFACE ACOUSTIC WAVE DEVICES

The surface acoustic wave device is well known for its small size and flexibility in shape and design. These de-
vices can be adapted to meet specific criteria. This chapter explores the behaviour of surface acoustic wave de-
vices when sensing room temperature ionic liquids. It looks primarily at the Shear Horizontal-Surface Acoustic
Wave (SH-SAW) device, a SH-SAW device with the addition of a gold film forming a metallised propagation
path and a SH-SAW operating with a silicon dioxide guiding layer. SAW devices have been investigated as
they can function at a much higher frequency with respect to the QCM, thus increasing their sensitivities. Since
their frequency is independent of the thickness of the substrate they are created on, a thicker substrate may be
used to withstand greater pressures. It is expected that the ion content of the ionic liquids may provide some
problems with conductivity which might be overcome with the addition of a metallized area. This study looks
at the devices on a larger volume scale giving preliminary results. Further optimisation could potentially allow
for a SAW device to be used in a lab-on-a-chip set up such as those described in the previous chapters with
a greater throughput. It may also be possible to reduce the sample volume required further by optimising the

device properties.

VI.1 Methodology

The SAW devices required for this work were fabricated in a clean room with a standard S1813 (Micro.Chem,
USA) photo resist protocol. Full fabrication steps are given below including; details of the mask design, the

addition of a gold film on the propagation path and, the deposition of silicon dioxide to act as a guiding layer.

VI.1.1 Fabrication of Surface Acoustic Wave Devices

The fabrication of a surface acoustic wave device is completed by a standard S1813 (Micro.Chem, USA)
photolithography lift-off process. The specific wave required is dependent on the substrate and its crystal ori-
entation. Double sided polished 0.5 mm thickness ST-X cut 3 ” diameter quartz wafers (University Wafer,

USA) were chosen to give a SH-SAW propagating along the x-flat direction (approx. £45 per wafer).

To aid adhesion of the S1813 onto the quartz substrate, the wafers were left overnight soaking in 3% v/v hex-
amethyldisilazane, HMDS (Sigma-Aldrich, UK) and toluene (Sigma-Aldrich, UK). The wafer was rinsed with
isopropanol, IPA (Sigma-Aldrich, UK) and dried in a jet of nitrogen prior to use. The photolithography pro-

cess described in Figure VI.2 was completed using a WS-650 spin processor (Laurell®, PA), and MJB4 Mask
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Aligner (Suss MicroTech AG, Germany). The spin processor speed corresponds to a S1813 layer thickness of

1.5 um and requires a UV exposure time on this machine of 1.6 seconds (total energy = 83 mJ/cm?).

An S1813 developer, Microposit MF-321 (Micro.Chem, UK), diluted to 50% v/v concentration with distilled
water was used. A dilution was needed to allow more control over the rate of development. Development
requires approximately 30 seconds with agitation. S1813 is a positive photoresist, so any resist exposed to
UV is not cross linked in the development stage. The developer was rinsed off with distilled water and dried
in nitrogen. The patterned S1813 is seen in Figure VI.1(b) and VI.1(a). Metal deposition takes place using a
K575X sputter coater. (Emitech, Quorom Technologies). A 10 nm Titanium layer was used to aid adhesion of
the 100 nm gold layer onto the quartz. The exposed S1813 was removed in a bath of acetone using a sonicator.

The wafer was diced with a diamond scribe to form individual SAW devices.

(a) (b)

Figure VI.1: Developed S1813 pattern on quartz showing (a) electrode fingers and (b) equal finger width and spacing (12.5
um).

VI.1.2 Surface Acoustic Wave Device and Mask Design

A standard SAW design was fabricated to operate at ~ 100 MHz with single-single finger spacing on ST cut
quartz. The device consists of an equal finger width and finger spacing of 12.75 um (see Figures VI.1(a) and
VIL.1(b)), finger length of 2.153 mm and aperture of 2 mm. The device consisted of 88 finger pairs, with a
slightly extended electrode pad to ease electrical contact. The IDTs were 7.65 mm apart, giving a large sensing
area for use in the flow cell. The mask was designed to contain multiples of the device to improve the chance
of obtaining the maximum number of devices from a 3” diameter quartz wafer. The mask was produced in
AutoCAD® and manufactured by JD Photo-Tools (Oldham, UK) on (5 x 5)” soda lime glass. The mask design

can be seen in Figure VI.3.
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Figure V1.2: Photolithography protocol for producing surface acoustic wave devices on quartz substrate with S1813 pho-
toresist (Micro.Chem, UK).
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Figure V1.3: Mask design used to produce SH-SAW devices on quartz, used for exposure during the photolithography

process, the mask contains two device designs.
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VI.1.3 Conductivity Challenges

Two methods were tested to overcome the problems due to the conductivity of the liquids. This involved the
addition of a gold film to the propagation path, and secondly the addition of a guiding layer creating a Love

wave device.

VI.1.3.1 Addition of a Gold Film on the Propagation Path

At the time of completing this study, no work had been published with RTIL sensing on SAW devices. However
some studies [1-6] have found increases in attenuation and limited frequency changes when liquid sensing
ionic species using uncoated devices. It was therefore predicted that the ion content may cause a problem with
the device experiencing electro-acoustic interactions [7] causing changes in conductivity to induce frequency
changes. To limit this interaction a reference device can be used with an additional metallised propagation path
to short the electric field. This is more generally used to find the conductivity of the liquid by comparing the
changes in frequency shift for the two devices. Here it was hoped that by screening out the additional frequency
change by use of a metallised path, it would still be possible to relate the change in viscosity-density product
to a phase or insertion loss change without the need for a second device. The electrodes were masked off with
adhesive tape before 10 nm of titanium and 100 nm of gold were deposited onto the propagation path using the
sputter coater. The area of gold was designed to be large enough to cover the area in contact with the sample

liquid. Placement of the gold is shown in Figure VI1.4.

Standard SH-SAW

Metallised propagation path

Flow cell seal o-ring

SH-SAW device with addition of
silicon dioxide guiding layer
Figure VI1.4: Surface Acoustic Wave design from top to bottom: a standard SH-SAW device, device with metallised path,
with placement of the flowcell seal, and with SiO; guiding layer.

N N N N

VI.1.3.2 Surface Acoustic Wave Devices with a Guiding Layer

The devices were fabricated as in Section VI.1.1 and then turned into Love wave devices by the deposition of

a silicon dioxide (SiO») layer. This layer covers the complete surface of the device, leaving just the electrode
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contacts bare, as seen in Figure VI.4. Generally, polymers are used as effective guiding layers [8, 9]. In this
environment however, SiO; was chosen as a guiding layer as it is chemically robust [10, 11] and should with-

stand long exposure to RTILs.

Prior to coating the device was cleaned with ethanol, a tissue lens cloth and dried in a jet of nitrogen to remove
any dust particles and finger prints. To ensure the electrical contacts were not coated with SiO, S1813 pho-
toresist was applied to them using a cotton bud and soft baked on a hotplate at 65 °C for 5 mins. This allows
the contacts to be easily accessed by removing the S1813 with acetone once the deposition is complete.

The SiO; is deposited using a modified vacuum evaporator (Edward 306) containing an R301 RF power supply
and TORUS HV Circular sputter head (Kurt J. Lesker, UK). SAW devices were placed in the evaporator and
the desired amount of SiO; was sputtered onto the devices before they were removed from the vacuum and left
to cool to room temperature. A characterisation plot of the thickness of SiO; layer against change in insertion
loss of the device was needed to optimise its sensitivity. This was achieved by removing the device from the
vacuum after every additional 200 nm of deposition and recording their spectra before depositing another 200
nm. S1813 is removed from the electrode pads and the device spectra is recorded using Transmission (S21)
measurements on a ES061A network analyser (Agilent, CA) using the device holder, insertion loss, phase and
frequency were recorded. The contacts were then coated again with S1813 and the device returned to the vac-

uum for additional SiO, deposition. This was repeated until a characterisation plot was formed (Figure VI.10).

VI.1.4 Equipment Setup

Once the fabrication is completed a single device is placed in the setup shown in Figure VL.5. Again, one
of the challenges was to create a flow cell setup that is chemically resistant. This was achieved by creating
a T-piece insert from PTFE to slide into the device holder (created ‘in house’ from a brass block). A PTFE
encapsulated rubber O-ring (Coniston profiles, UK) was placed between the T-piece and the device. The pieces
were clamped tight to form a seal. PFA tubing of outer diameter 1/8 ” (PFA-T2-030-500, Swagelok, USA) was
used to connect to the cell via theodyne connectors. A tubing to luer connector was manufactured from PTFE
including a PFA tube fitting connector (PFA-220-2-2, Swagelok, USA). Liquids were gently pushed through

the flow cell with 5 ml syringes.

Measurements of insertion loss and phase were made at a given frequency using transmission measurements
on an ES061A network analyser (Agilent, CA) with the device clamped in the holder. A sample volume of 1.5
ml was needed which could be significantly reduced by minimising the tubing length and diameter if needed.
Further volume reduction could also be achieved by reducing the thickness of the o-ring seal hence reducing
the volume of liquid constrained over the device. The volume of liquid constrained above the SAW device in

the current setup is approximately 80 uL. Flow was stopped to collect all spectra. The spectra seen on the net-
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Figure VL5: Surface acoustic wave device flowcell setup, with PTFE insert and teflon tubing making it chemically com-
patible with ionic liquids.

work analyser (see Figure VI.6) were saved as .csv files and later analysed using Matlab® (Mathworks, MA)
to obtain the frequency of the maximum insertion loss and the phase at a chosen frequency. The frequency at
which the phase was recorded was chosen to be a point on the initial resonant peak (f = 97.174 MHz for the

SH-SAW and layer guided SH-SAW, 97.498 MHz for the SH-SAW with metallised path).

2l Log Mag 10.00d8/ Ref =70.00d8

[F1 99 E008E Wiz -46 664 df
) |2 99308950 Mz -54.648 db

Phase $0.00*/ Ref 0.000*
19

5. SE0EEY Wiz~ 1048
2 99.308950 MMz =3.33¢3 *

Figure V1.6: Screen shot of the surface acoustic wave device spectra seen on the network analyser showing insertion loss
(top) and phase (bottom) measurements.

The flow cell was cleaned with water and methanol, flushing the flow cell with approximately 10 ml of liquid
or until the phase measurement returned to its original value to insure no sample was remaining in the cell.
Measurements of phase and insertion loss were made at ambient temperature (25°C) with respect to water to
allow small temperature deviations to be considered. Experiments were carried out on a SH-SAW, SH-SAW
with a metallised propagation path and a SH-SAW device with a silicon dioxide guiding layer of 550 nm (see
Figure VI.4). To optimise the sensitivity of the device with a silicon dioxide guiding layer a characterisation

plot was performed as described in Section VI.1.3.2. All devices were initially calibrated with varying con-
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centrations of water-glycerol mixtures (0 - 90% v/v) to ensure the device was functioning correctly. Various
concentrations (0 - 100% v/v) of [Comim][EtSO4] and a range of RTILs with minimal water content (see Table

VI.1) were then tested.

V1.2 Results

This section is split into three studies looking at the spectral changes in the SH-SAW device, the SH-SAW

device with a metallised path, and the SH-SAW device with a guiding layer of SiO5.

VI.2.1 Surface Acoustic Wave Devices

Figures V1.7(a) and VI.7(b) show the spectra obtained for water-glycerol mixtures and various concentrations
of a room temperature ionic liquid. The spectra are noticeably different depending on which type of liquid is
being tested. The device is detecting a change in insertion loss, frequency, and phase for both water-glycerol
solutions and RTILs with respect to the change in viscosity-density product. These changes are shown in
Figures V1.8(a) and VL.8(b) and clearly show a different relationship between the two liquid types. The rela-
tionship for RTILs is most likely to be affected by the high ion content and conductivity of the liquids. As a
result this device is not capable of characterising the viscosity-density product of RTILs without some form of

coating or metallised path.
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Figure VI.7: SAW Device spectra seen for (a) varying water-glycerol concentrations and (b) varying RTIL

([Comim][EtSO4]) concentrations.
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Figure V1.8: SAW Device with no guiding layer measuring the square root viscosity-density product for water-glycerol
solutions (o), and dilutions of a RTIL [Comim][EtSO4] (2) determined by (a) change in insertion loss mea-
surements and (b) change in phase measurements (Changes are with respect to water, each point is an average
of three measurements).
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VI.2.2 Surface Acoustic Wave Devices with Metallised Path

Figure VI.9 shows the spectra for a SH-SAW device with a metallised path with water, 45% and 70% v/v
water-glycerol and 25% v/v [Comim][EtSO4]. The spectra show the device is not optimised with respect to the
amount of gold deposition. It is however clear the device is capable of sensing water-glycerol samples using
change in phase, frequency and insertion loss measurements. The ionic liquid severely damps the signal to the
extent the frequency change is not truly representative of the change in square root viscosity-density product.
The RTIL shown in this figure is only 25% v/v with water and as such has a low viscosity demonstrating this
effect is not due to the liquid being more viscous and just signal damping. It was suggested that the metallised

path may need grounding to one or both pins. This was investigated although the device responded with similar

results.
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Frequency, MHz

Figure V1.9: SAW Device with a metalised path, spectra produced by water-glycerol solutions, and diluted RTIL
[Comim][EtSO4].
VI.2.3 Surface Acoustic Wave Devices with a Guiding Layer

An initial characterisation plot for the thickness of SiO, required to optimise a layer guided SH-SAW device
sensitivity is given, followed by the results obtained for various concentrations of water-glycerol and RTILs on

a device with a SiO; layer thickness of 550 nm.

VI.2.3.1 Characterisation Plot of Guiding Layer Thickness

When working with a SAW device with a guiding layer, the thickness of the layer is critical [12]. By optimising

the thickness to operate in the range of greatest change in insertion loss per additional layer thickness, the
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sensitivity of the device can be optimised. Figure VI.10 shows a guiding layer thickness versus insertion loss
plot to find the optimum guiding layer thickness for SiO;. The optimum thickness is found to be approximately

550 - 800 nm as this is the region where the greatest change in insertion loss is seen.
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Figure VI.10: Surface acoustic wave device with a SiO; guiding layer showing changes in insertion loss to determine an

optimum guiding layer thickness.
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Figure VI.11: Surface acoustic wave device spectra before and after 550 nm of SiO, deposition.
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VI.2.3.2 Liquid Phase Change and Insertion Loss Measurements

Measurements were obtained on a layer guided SH-SAW device with a SiO, layer of 550 nm acting as a
guiding layer. Figure VI.11 shows unloaded spectra before and after the SiO, was added to the device. The
layer has caused a small increase in insertion loss and smoothed the spectra slightly. From the change in phase
seen for various concentrations of water-glycerol measurements (Figure VI.14(a)) the relationship between the
square-root viscosity density product and the observed change in phase of the device can be determined. From
the observed changes in phase of the device in response to RTILs, the square-root viscosity density products
were calculated. These are shown in Table VI.1 with the corresponding measured viscometer and densitometer

square root viscosity-density products.

P L AT L o
Viscometer-Density Meter at 25°C Layer guided SAW 25°C

Water-glycerol 45% 2.15

Water-glycerol 55% 2.78

Water-glycerol 60% 3.20

Water-glycerol 65% 3.73 Calibration fluids

Water-glycerol 70% 4.65

Water-glycerol 85% 9.13

Water-glycerol 90% 12.76

[C,mim][EtSO,] 25% 1.14 1.20
[C,mim][EtSO,] 50% 2.08 2.44
[C,mim][EtSO,]75% 4.80 5.54
[C,mim][EtSO,] 90% 5.23 5.58
[C,mim][EtSO,] 100% 9.07 8.74
[C;mim][MeSO,] 100% 10.21 10.18
[C,mim][ACO] 100% 13.16 10.49"
[Csmpyrr][DCA] 100% 5.78 5.88
[C,mim][SCN] 100% 494 5.29
[C,mim][TFA] 100% 9.42 8.68"

[Pe 6.6.1]INTF,] 100% 17.04 3.34"
[C1omim][NTf,] 100% 13.87 6.15"

Table VI.1: Various concentrations (% v/v) of water-glycerol and RTILs tested on the SH-SAW device with a SiO;, guiding
layer, showing viscometer and densitometer measured square root viscosity-density product values, where *

signifies the possibility of non-Newtonian behaviour as seen in Figure VI.15.

Changes in spectra for some of the ionic liquids can be seen in Figure VI.12 and show the ionic liquids behaving
alike. A significant change in insertion loss and frequency can be seen with increasing viscosity. Phase spectra
are shown in Figure VI.13 and show a clear change with viscosity. Phase changes were analysed at a frequency
of 97.174 MHz. Phase changes with respect to water have a clear relationship with the square root viscosity-
density product of the liquids with the exception of four liquids is shown in Figure VI.14(a). Changes in

insertion loss also follow a similar pattern, with the majority of the liquids demonstrating good correlation
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and two liquids deviating significantly as shown in Figure VI.14(b). It is possible that the liquids which do
not follow the same correlation are showing non-Newtonian behaviour at this high frequency of oscillation
resulting in the SAW device not sensing them correctly. It is also possible the device has reached its limit of

detection. The liquids are very viscous and it may also be possible that the device is too heavily loaded.
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Figure VI.12: Network analyser insertion loss spectra for the SiO, layer guided surface acoustic wave device for several

ionic liquids.
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Figure VI.13: Network analyser phase spectra for the SiO, layer guided surface acoustic wave device for water, 65% v/v

water-glycerol, and pure [Comim][EtSOq4].
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Figure VI.14: Surface acoustic wave device with a SiO; guiding layer showing changes in (a) phase and (b) insertion loss
with response to varying square root viscosity-density product for water-glycerol solutions (o), a diluted
RTIL (&), and eight pure RTILs (¢). Line of best fit and standard deviation shown only for water-glycerol

solutions.
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VI.2.3.2.1 Newtonian response

To determine if the liquids are behaving in a non-Newtonian manner or if the limit of detection has been

reached, a plot of change in phase against change in insertion loss has been produced (see Figure VI.15).

60
O Water-glycerol solutions

S A Diluted RTIL
207 o Ppure RTILs
g R
2 407 y=57841x +1.8652 o TACO
5 6=10.120 [Camim][ACO]
=
éﬂ 30 1 [C;mim][TFA]
E &
2
g 20 [C\omim][NTE]
(=)
.8
0]
2 10 - F?_'
<
@) @ A [Ps.6,6.14][NTH]

0 I T T T T

0 2 4 6 8 10

Change in Insertion Loss with respect to water, dB

Figure VI.15: Surface acoustic wave device with a SiO;, guiding layer showing changes in phase and insertion loss to
evaluate Newtonian behaviour (see Table VI.1 for RTILs tested). Line of best fit and standard deviation

calculated from water-glycerol solutions.

This plot shows water-glycerol concentrations, various concentrations of RTILs, and some pure RTILs follow-
ing a simple trend, showing the liquids with Newtonian behaviour. The graphs also show some disagreement
with pure RTILs ([C1omim][NTf,], [Ps 6,6,14][NTf2], [C4mim][ACO] and [C4mim][TFA]) and it may be possi-
ble these are demonstrating non-Newtonian behaviour with the change in insertion loss and change in phase not
following the same relationship. Three of these liquids are more viscous than the most viscous water-glycerol
solution used, and it is unclear if these liquids are above the detection limit such as those described in Sections

I11.2.3 and V.2.2. Here, the limit of detection is found to be +/(pn) ~13 kg m?2 s7/2.

The results for the RTILs seen here agree with those in the static pool measurements on the QCM described in
Section II1.2.3 for three of the four liquids. [C;omim][NTf,] is the last successful point described as Newtonian
for the QCM. This particular liquid is also seen in Section V.2.2 on the 8 MHz microfluidic chip and deviates
slightly from the expected square root viscosity-density product value, suggesting this liquid may be slightly
non-Newtonian.

Shear rate against shear stress plots for some of the liquids were completed on the viscometer with Rheocalc
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3.1 software (Brookfield, USA) over an appropriate range for each liquid to understand this behaviour more
clearly. The measurements were fitted to a Bingham model [13] and agree with the data collected on the
SAW device. The measurements made show [C4smim][ACO] to be slightly non-newtonian, [C4mim][TFA]
and [C;omim][NTf;] to be non-newtonian, and [Ps 6 614][NTf2] to be very non-newtonian. [Comim][EtSO4],
[Comim][SCN], [C4mpyrr][DCA], and [C;mim][MeSQOy4] are clearly Newtonian from the shear rate versus
shear stress plots (see Appendix C). Table VI.2 summarises the Newtonian response of the measured samples
using the QCM, layer guided SAW device and rotational viscometer. Discrepancies between the responses is

most likely due to the high shear rates experienced by liquids on acoustic wave devices.

Newtonian Response

Liquid -
QCM SAW Viscometer

[C4mim][ACO] X X o
[CA4mim][TFA] X X X
[C,omim][NT5] S X 0
[P(),e,o, 14][NTH] X X X
[C,mim][EtSO,] \ \ \
[C,mim][SCN] \ \ \
[C4mpyrr][DCA] \ \ S
\ S

[C,mim][MeSO,] -

Table V1.2: Comparison of Newtonian response seen for the QCM and layer guided SAW device. Where x is non-

Newtonian response, o is slight Non-Newtonian response, v/ is Newtonian response and — is not tested.

V1.3 Conclusion

It is clear from the results that some form of coating or a layer guided device is needed to be able to sense
room temperature ionic liquids on a surface acoustic wave device. The layer guided SH-SAW shows great
potential, with a clear relationship between change in phase and insertion loss with respect to the square-root
viscosity density product. This relationship breaks down at +/(on) 13 kg m s/2. Above this limit no
calibration liquids were measured, and as such it may be possible the limit of detection has been found. A
few ionic liquids were tested above this limit and show non-Newtonian behaviour, agreeing with the traditional
viscometer rheology plots for these liquids. Further Newtonian calibration liquids need to be measured to fully
understand this limit. Although this setup has not decreased the sample volume required for characterisation, it
has shown the layer guided SH-SAW device is capable of measuring these liquids. Miniaturisation of the device
would make it possible to measure smaller volumes and gives potential for integration into future lab-on-a-chip

environments for measurements on ionic liquids.
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VII. SUMMARY AND FURTHER WORK

VII.1 Summary

The experimental work within this thesis has been presented in four separate experimental studies using small
volume measurement techniques for characterising liquids. These techniques have been applied to Room Tem-
perature Ionic Liquids with great success. The primary challenges in this project were the limited availability
of liquids to test and the high viscosities of liquids, both of which have been overcome. It is very clear in each
study that there is a maximum viscosity limit to both the quartz crystal microbalance (QCM) and layer guided
surface acoustic wave devices used for measuring the viscosity-density product. At high viscosities it is unclear
if the devices are fully loaded, and hence too damped to provide sufficient measurements, or if a breakdown
in Newtonian behaviour is being observed. An alternate approach to over come this limit is to characterise the
liquids at slightly higher temperatures, thus reducing liquid viscosity values to within the regime of the sensor.
Both the QCM and the Love wave device have provided excellent measurements of viscosity-density values.
It is clear that the acoustic wave device is the limiting factor within each study as it also sets the limiting flow
rate for the lab-on-a-chip measurements (due to the thin crystal and clamping technique used). By integrating a
SAW device instead of the QCM in the lab-on-a-chip setup, maximum flow rates may potentially be increased,
as the frequency and sensitivity of the device is independent of crystal thickness. Discussions of alternative

clamping mechanisms for the QCM may also increase the limit.

In collaboration with colleagues from Queen’s University Belfast and The University of Sheffield, this exper-
imental work has led to four peer reviewed publications [1-4]. Work has been presented at six international
conferences with both oral and poster presentations, leading to three conference proceeding publications [5-7].

These conferences provided excellent opportunities to discuss work in progress and stimulate ideas.

This study contributes significantly to a future aim of having a fully operational, lab-on-a-chip set-up to char-
acterise various properties of RTILs on a single microfluidic device. With further development, this project still
has much scope and if successful, will rapidly increase the known data available on room temperature ionic

liquids. Millions of liquids are yet to be characterised and as such are yet to fulfil their potential.
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VII.2 Further Work

This work has provided the basis for at least three more studies: Further integration of characterisation tech-
niques onto a single chip set up; further development of surface acoustic wave devices including optimisation
and miniaturisation with the possibility of reverse sensing, where sensing takes place on the opposite side of
the device to the IDTs; measurements of electrical conductivity using dual acoustic sensors. Each of these is

discussed briefly in the following sections.

VIL.2.1 A Laboratory-on-a-Chip System with Integrated Quartz Crystal Microbalance

One goal of this project was to overcome the technical challenges involved with a quartz crystal microbalance
in a microfluidic setup. This has been achieved, and has proved very successful. An obvious next step would
be to integrate this onto a single microfluidic device with many other liquid characterisation techniques such
as those being developed in collaboration with other institutions. This is currently being discussed and devel-
oped with The University of Sheffield and The Queens University Belfast. This work remains focused around
expanding the liquid property database [8] for RTILs. The QCM could however be an excellent technique for

sensing the viscosity-density product of other less complex liquids in small volumes on chip.

Near completion of this project, an integrated chip design was produced in collaboration with The University
of Sheffield and The Queens University Belfast. This has been manufactured by Micronit Microfluidics BV
(The Netherlands) but unfortunately contained slight fractures in the glass. At the time of writing of this thesis

a second chip is in production and will be ready for testing in June 2010.

The proposed integrated chip has two possible designs as shown in Figure VII.1 and VIIL.2. These vary in sam-
ple volume required. Both chips are designed to make measurements of halide concentration (electrochemical),
thermal conductivity (1D conduction - steady state), specific heat capacity (1D conduction - transient), water
concentration (Karl Fischer reaction - electric conduction), viscosity (using capillary viscometry (chip 1) or a
dual acoustic wave sensor set up (chip 2) allowing density to also be determined) and the possibility of electri-

cal conductivity using the open top cell (electric conduction).

The integrated glass chip needs a complex holder to allow all measurements to be made online (this is currently
being developed). The glass chip is designed with open top cells to allow measurements to be decided by the
user. This also gives flexibility for further developing the surface acoustic wave device. The open top cells
require a large volume of liquid in relation to that needed for the remaining liquid characterisation techniques,
and for this reason a ‘jumper’ has been included to bypass this cell if the measurements are not required thus
conserving liquid volume. The estimated theoretical sample volume needed to make all measurements de-
scribed for the first design is 45 ul, and for the second cell design 75 ul, although this may be adjusted in

practice. The time needed to complete all measurements is estimated at 25 minutes per sample (this includes
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Figure VII.1: Design 1 of the integrated lab-on-a-chip for measurements of Room Temperature Ionic Liquids, where halide
concentration, thermal conductivity, specific heat capacity, water concentration, viscosity-density product via
acoustic wave device, and viscosity through capillary action can be measured.
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Figure VII.2: Design 2 of the integrated lab-on-a-chip for measurements of Room Temperature Ionic Liquids, where halide
concentration, thermal conductivity, specific heat capacity, water concentration, viscosity-density product via
acoustic wave device, and an additional open top cell for possible measurements of electrical conductivity or
separate viscosity-density measurements via a dual acoustic wave device.
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loading, and 10 minutes adjustment time for automated temperature control) however this theoretical estimate

may change with viscosity.

This will be a very valuable system if these measurements can work with high repeatability and precision. This
will rapidly advance the rate at which RTILs are characterised, and if their properties are well known, hopefully

stimulate possible applications.

VII.2.2 Volume Reduction: Surface Acoustic Wave Devices

Sensing RTILs on surface acoustic waves was only attempted very briefly in this work. There is a much larger
area to be explored to optimise their use with RTILs and potentially within a microfluidic setup. With the
inspiration and main motivation of this project related to reducing sample volumes needed for characterisation,
further sample reduction could be explored with further miniaturisation of the SH-SAW with a SiO; guiding
layer to characterise the viscosity-density product. This project looks only at large volume sensing with the
SAW, ideally a reverse sensing Acoustic Plate Mode (possibly layer guided) device. This gives a new method
for electrical connection within the microfluidic setup, and is robust in terms of chemical resistance as the ionic
liquid would never contact the electrodes. This could potentially allow future lab-on-a-chip designs to contain

smaller open top cells, reducing volume with simpler electrical connections.

VII.2.3 Conductivity

This project has required that the challenges of acoustoelectric interactions be overcome for sensing the
viscosity-density product measurements on surface acoustic wave devices. These interactions could be used to
our advantage in a dual device setup to look at the changes in conductivity of the samples. This would require
a reference SAW device and a SAW with a metallised propagation path. The difference between spectra should
relate well to the conductivity of the liquids [9, 10]. Again these could be included into the integrated chip,

with a miniaturised dual SAW device.
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APPENDIX



A. DERIVATION OF SEPARATE VISCOSITY AND DENSITY MEASUREMENTS

In this appendix, a derivation of separate viscosity and density measurements from the Sauerbrey [1] and
Kanazawa and Gordon [2] equation for a dual QCM set up is given following the approach outlined in Figure

IL.10.

In the following, A f; is change in frequency of smooth crystal, Af; is change in frequency of textured crystal, p
is density of liquid, 7 is viscosity of liquid, &,y is effective height of trap surface, f, is frequency of unloaded
smooth crystal, y, is shear modulus of quartz, p, is density of quartz, AM is change in mass, and A is area of

the quartz crystal.

Begin with the Sauerbrey equation for a uniform mass film,

22 AM
Af=-—2lo AM (A1)
VHgPg A
ie.
Af =-CsAm (A2)
where Am is change in mass per unit area and C; equals,
2 2
Cs = Jo (A.3)
VHqPq
For a liquid above a smooth flat surface the Kanazawa and Gordon equation gives,
1/2 12
Af 1 (fn\"? _( fopm \
— == =—|——- (A.4)
Jo Zg\ 7 TTHgPq
ie.
1 [pn
Af=—= . |—C AS
=3\ (A5)

The response of a crystal with trapped liquid can be equated to a mass like layer of liquid of density p, with
effective thickness, h. sy, plus a liquid response across the entire surface (Figure 11.10),
1
Af,:—Cs,Oheff—E £ Cs (A.6)

T jo
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The liquid response in Equation A.6 is then assumed to be the same as the measured response due to the same

liquid in contact with a crystal with a smooth flat surface, A f;, (Figure I1.10),

Afr = =Csphesr + Afs (A7)
Re-arranging gives the density,
(Afs—Af)
= (A.8)
P Csheff

Thus measuring the two frequency shifts Af; and Af; and knowing the factor Cy and texture constant fy¢r

allows the density to be extracted. Equation A.8 can also be written as,

_ VHqPq
2f, 02 hef f

(Afs=Af) (A.9)

(As in Equation 11.12)

To obtain a formula for the viscosity, start with the Kanazawa and Gordon equation,

1
3 2
Afs=—f; (—np ) (A.10)
THgPq
i.e.
A= (A.11)
TTHqPq

Substituting for density then gives,

0S5 )Af - Af)

2f5hesy
Af?= : A.12
/5 THiape (A.12)
ie.
Jonl VlgPq(Afs = Afr)
Aff =T (A.13)
TTHqPq=lef
Afimtap 2hess = forl NHgPg(Dfs = AL (A.14)
Re-arranging gives the viscosity,
_ 2Afs277 VHgPqhess (A15)

fo(Afs - Aft)
(As in Equation I1.13)
In the limit of .y = 0.5um, Equations A.9 and A.15 are the same as those derived by Martin et al. [3] for the

case of equal mark-space ratio texture (i.e. Ly = L,,).
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B. RAW DATA FOR SEPARATE VISCOSITY AND DENSITY MEASUREMENTS

Raw frequency change data, for separate viscosity and density measurements seen in Chapter I'V.
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Liquid Reference| Trap 1l | Densitometer measured | Viscometer measured
Afs, Hz Aft, Hz density g/cm® viscosity, cP
Dist. Water 727 5505 0.998 1.0
Dist. Water 770 5845 0.998 1.0
Dist. Water 802 5905 0.998 1.0
40% wg 1451 6366 1.100 3.4
40% wg 1451 6066 1.100 34
40% wg 1461 6376 1.100 34
40% wg 1415 6404 1.100 34
55% wg 2108 6992 1.140 6.1
55% wg 2087 7037 1.140 6.1
55% wg 2083 7082 1.140 6.1
65% wg 2808 8037 1.166 12.1
65% wg 2670 8104 1.166 12.1
65% wg 2794 8135 1.166 12.1
65% wg 2659 8225 1.166 121
70% wg 3141 8829 1.180 16.2
70% wg 3312 8890 1.180 16.2
70% wg 3441 8750 1.180 16.2
70% wg 3230 8945 1.180 16.2
85% wg 6563 12611 1.215 67.5
85% wg 6509 12920 1.215 67.5
85% wg 6744 12940 1.215 67.5
90% wg 10060 16410 1.230 1514
90% wg 9328 16015 1.230 151.4
90% wg 9673 15818 1.230 151.4
Ethanol 686 8252 0.786 11
Ethanol 796 8174 0.786 11
Ethanol 728 8278 0.786 11
[C,mim][SCN] 3656 14008 1.118 22.9
[C,mim][SCN] 3818 14161 1.118 22.9
[C,mim][SCN] 3572 13851 1.118 22.9
[C,mim][DCA] 3898 14235 1.059 27.8
[C,mim][DCA] 3884 13972 1.059 27.8
[C,mim][DCA] 3952 14246 1.059 27.8
[C,mim][NTf,] 5016 18943 1.519 29.1
[C,mim][NTf,] 5016 18913 1.519 29.1
[Comim][NTf,] 4939 19052 1.519 20.1
[C4mpyrr][DCA] 4268 13284 1.013 34.0
[C,mpyrr][DCA] | 4174 13397 1.013 34.0
[C4mpyrr][DCA] 4155 13446 1.013 34.0
[Cemim][NTf,] 6873 20069 1.372 66.1
[Cemim][NTf,] 7103 19559 1.372 66.1
[Cemim][NTf,] 6919 19762 1.372 66.1
[C4mpyrr][NTf,] 7424 20559 1.395 74.1
[C4mpyrr][NTT,] 7336 20104 1.395 74.1
[Campyrr][NTf,] 7229 20231 1.395 74.1
[C,mim][EtSO,] 7905 19298 1.238 88.2
[C,mim][EtSO,] 7641 19067 1.238 88.2
[C,mim][EtSO,] 7313 18858 1.238 88.2
[C1omim][NTf,] 8471 20967 1.279 117.6
[C1omim][NTf,] 8748 21013 1.279 117.6
[Comim][NTH,] 8515 20914 1.279 117.6
[C,mim][ACO] 8981 20383 1.248 133.9
[C,mim][ACQ] 8513 20730 1.248 133.9
[C,mim][ACO] 9184 21110 1.248 133.9

Figure B.1: Trap 1: raw frequency data for separate frequency and density measurements, where Afs and Af; are change in
frequency of the smooth (reference), and patterned QCM respectively.
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Liqui Reference| Trap2 | Densitometer measured | Viscometer measured
iquid Afs, Hz Aft, Hz density g/cm3 viscosity, cP
Dist. Water 727 12375 0.998 1.0
Dist. Water 771 12164 0.998 1.0
Dist. Water 734 12458 0.998 1.0
Dist. Water 770 12648 0.998 1.0
Dist. Water 802 12713 0.998 1.0
40% wg 1451 14124 1.100 3.4
40% wg 1461 14120 1.100 34
55% wg 2108 15162 1.140 6.1
55% wg 2087 14681 1.140 6.1
55% wg 2083 15279 1.140 6.1
65% wg 2808 16355 1.166 121
65% wg 2670 16268 1.166 121
65% wg 2794 16353 1.166 121
65% wg 2659 16264 1.166 121
70% wg 3141 17039 1.180 16.2
70% wg 3312 17078 1.180 16.2
70% wg 3230 17126 1.180 16.2
85% wg 6563 21000 1.215 67.5
85% wg 6509 21212 1.215 67.5
85% wg 6744 21264 1.215 67.5
90% wg 10060 24450 1.230 151.4
90% wg 9328 24040 1.230 151.4
90% wg 9673 24015 1.230 151.4
Ethanol 686 10518 0.786 11
Ethanol 796 10423 0.786 11
Ethanol 728 10524 0.786 11
[C,mim][SCN] 3572 17168 1.118 229
[C,mim][SCN] 3611 17071 1.118 22.9
[C,mim][SCN] 3575 17233 1.118 22.9
[C,mim][DCA] 3898 16832 1.059 27.8
[C,mim][DCA] 3884 16711 1.059 278
[C,mim][DCA] 3952 16942 1.059 278
[Comim][NTf,] 5016 23995 1.519 29.1
[C,mim][NTH,] 5016 23572 1.519 29.1
[C,mim][NTf,] 4939 23986 1.519 29.1
[C,mpyrr][DCA] | 4268 16582 1.013 34.0
[C,mpyrr][DCA] | 4174 16646 1.013 34.0
[C,mpyrr][DCA] | 4155 16574 1.013 34.0
[Cemim][NTH,] 6873 24454 1.372 66.1
[Cemim][NTH,] 7103 24014 1.372 66.1
[Cemim][NTH,] 6919 23847 1.372 66.1
[C.mpyrf][NTF,] | 7424 25219 1.395 74.1
[Campyrr][NTf,] 7336 24139 1.395 74.1
[Cympyrr][NTH,] 7229 24481 1.395 74.1
[C,mim][EtSO,] | 7470 23061 1.238 88.2
[C,mim][EtSO,] 7905 23347 1.238 88.2
[C,mim][EtSO,] | 7641 22513 1.238 88.2
[C,mim][EtSO,] | 7313 22677 1.238 88.2
[C1omim][NTH,] 8471 24710 1.279 117.6
[C1omim][NTH,] 8748 24832 1.279 117.6
[C1omim][NTH,] 8515 24665 1.279 117.6
[C;mim][ACO] 8981 24376 1.248 133.9
[C,mim][ACO] 8513 25398 1.248 133.9
[C,mim][ACO] 9184 24741 1.248 133.9

Figure B.2: Trap 2: raw frequency data for separate frequency and density measurements, where Afs and Af; are change in
frequency of the smooth (reference), and patterned QCM respectively.
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Liquid Reference | Trap 3 | Densitometer measured [ Viscometer measured
qul Afs, Hz Aft, Hz density g/cm3 viscosity, cP
Dist. Water 727 10788 0.998 1.0
Dist. Water 771 10967 0.998 1.0
Dist. Water 734 10960 0.998 1.0
Dist. Water 770 10978 0.998 1.0
Dist. Water 802 10977 0.998 1.0
40% wg 1451 12461 1.100 3.4
40% wg 1451 12545 1.100 3.4
40% wg 1461 12496 1.100 34
40% wg 1415 12570 1.100 34
55% wg 2108 13577 1.140 6.1
55% wg 2087 13478 1.140 6.1
55% wg 2083 13466 1.140 6.1
65% wg 2808 14465 1.166 121
65% wg 2670 14689 1.166 121
65% wg 2794 14463 1.166 121
65% wg 2659 14545 1.166 121
70% wg 3141 15221 1.180 16.2
70% wg 3312 15420 1.180 16.2
70% wg 3441 15302 1.180 16.2
70% wg 3230 15270 1.180 16.2
85% wg 6563 19030 1.215 67.5
85% wg 6509 19018 1.215 67.5
85% wg 6744 19018 1.215 67.5
90% wg 9359 21840 1.230 151.4
90% wg 9328 22153 1.230 151.4
90% wg 9673 21956 1.230 151.4
Ethanol 686 9047 0.789 11
Ethanol 796 8949 0.786 11
Ethanol 728 8992 0.786 11
[C,mim][SCN] 3656 14938 1.118 229
[C,mim][SCN] 3818 14743 1.118 229
[C,mim][SCN] 3778 15035 1.118 229
[C,mim][DCA] 3898 14734 1.059 27.8
[C;mim][DCA] 3884 14782 1.059 27.8
[C,mim][DCA] 3952 14734 1.059 27.8
[C,mim][NTf,] 5016 21173 1.519 29.1
[Comim][NTf,] 5016 20972 1.519 29.1
[Comim][NTf,] 4939 21130 1.519 29.1
[C,mpyrr][DCA] 4268 14227 1.013 34.0
[C,mpyrr][DCA] 4174 14223 1.013 34.0
[C,mpyrr][DCA] 4155 14544 1.013 34.0
[Cemim][NTf,] 6873 21979 1.372 66.1
[Cemim][NTf,] 7103 21997 1.372 66.1
[Cemim][NTf,] 6919 21721 1.372 66.1
[Cympyrr][NTH,] 7424 22782 1.395 74.1
[Cympyrr][NTH,] 7336 22489 1.395 74.1
[Campyrr][NTS,] 7229 22193 1.395 74.1
[C,mim][EtSO,] 7470 20256 1.238 88.2
[C,mim][EtSO,] 7641 20272 1.238 88.2
[C,mim][EtSO,] 7313 20270 1.238 88.2
[C1omim][NTf,] 8471 22424 1.279 117.6
[C1omim][NTf,] 8748 22373 1.279 117.6
[C1omim][NTS,] 8515 22370 1.279 117.6
[C,mim][ACO] 8981 22575 1.248 133.9
[C.mim][ACO] 8513 21696 1.248 133.9
[C,mim][ACO] 9184 22557 1.248 133.9

Figure B.3: Trap 3: raw frequency data for separate frequency and density measurements, where Afs and Af; are change in
frequency of the smooth (reference), and patterned QCM respectively.
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Liquid Reference| Trap4 | Densitometer measured | Viscometer measured
qul Afs, Hz Aft, Hz density g/cm3 viscosity, cP
Dist. Water 727 8558 0.998 1.0
Dist. Water 770.1 8333 0.998 1.0
Dist. Water 734 8759 0.998 1.0
Dist. Water 770 8806 0.998 1.0
Dist. Water 802 8826 0.998 1.0
40% wg 1451 10144 1.100 3.4
40% wg 1451 10084 1.100 3.4
55% wg 2108 10978 1.140 6.1
55% wg 2087 10985 1.140 6.1
55% wg 2083 10945 1.140 6.1
65% wg 2808 11851 1.166 121
65% wg 2670 11940 1.166 12.1
65% wg 2794 11989 1.166 12.1
65% wg 2659 11914 1.166 12.1
70% wg 3141 12488 1.180 16.2
70% wg 3312 12528 1.180 16.2
70% wg 3441 12585 1.180 16.2
70% wg 3230 12516 1.180 16.2
85% wg 6563 16179 1.215 67.5
85% wg 6509 15994 1.215 67.5
85% wg 6744 16044 1.215 67.5
90% wg 9359 18946 1.230 151.4
90% wg 9328 18959 1.230 151.4
90% wg 9673 18888 1.230 151.4
Ethanol 686 7438 0.786 11
Ethanol 796 7692 0.786 11
Ethanol 728 7582 0.786 11
[C,mim][SCN] 3656 12265 1.118 22.9
[C,mim][SCN] 3818 12022 1.118 22.9
[C,mim][SCN] 3777 12054 1.118 22.9
[C,mim][DCA] 3898 12038 1.059 27.8
[C4smim][DCA] 3884 12215 1.059 27.8
[C4ymim][DCA] 3952 12291 1.059 27.8
[C,mim][NTf,] 5016 17976 1.519 29.1
[C,mim][NTf,] 5016 18136 1.519 29.1
[C,mim][NTH,] 4939 18079 1.519 29.1
[C,mpyrr][DCA] | 4268 12157 1.013 34.0
[C,mpyrf][DCA] | 4174 12113 1.013 34.0
[C,mpyrr][DCA] | 4155 12043 1.013 34.0
[Cemim][NTH,] 6985 19069 1.372 66.1
[Cemim][NTH,] 7103 18794 1.372 66.1
[Cemim][NTF,] 6919 18592 1.372 66.1
[Campyrf][NTF,] | 7424 19570 1.395 74.1
[Campyrr][NTH,] 7336 19197 1.395 74.1
[Campyrf][NTF,] [ 7229 19010 1.395 74.1
[C,mim][EtSO,] 7641 17353 1.238 88.2
[C,mim][EtSO,] | 7313 17086 1.238 88.2
[C1omim][NTH,] 8471 19574 1.279 117.6
[C1omim][NTH,] 8748 19653 1.279 117.6
[C1omim][NTH,] 8515 19599 1.279 117.6
[C,mim][ACO] 8981 19370 1.248 133.9
[C4mim][ACO] 8513 19262 1.248 133.9
[C,mim][ACO] 9184 19491 1.248 133.9

Figure B.4: Trap 4: raw frequency data for separate frequency and density measurements, where Afs and Af; are change in
frequency of the smooth (reference), and patterned QCM respectively.
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Liquid Reference| Trap5 | Densitometer measured | Viscometer measured
Afs, Hz Aft, Hz density g/cm® viscosity, cP
Dist. Water 727 7990 0.998 1.0
Dist. Water 770.1 8010 0.998 1.0
Dist. Water 734 7843 0.998 1.0
Dist. Water 770 8022 0.998 1.0
Dist. Water 802 8054 0.998 1.0
40% wg 1451 9150 1.100 3.4
40% wg 1451 9036 1.100 3.4
40% wg 1461 9061 1.100 3.4
55% wg 2108 9818 1.140 6.1
55% wg 2087 9819 1.140 6.1
55% wg 2083 9954 1.140 6.1
65% wg 2808 10830 1.166 12.1
65% wg 2670 10713 1.166 121
65% wg 2794 10772 1.166 12.1
65% wg 2659 10719 1.166 121
70% wg 3141 11331 1.180 16.2
70% wg 3312 11431 1.180 16.2
70% wg 3441 11242 1.180 16.2
70% wg 3230 11183 1.180 16.2
85% wg 6563 14612 1.215 67.5
85% wg 6509 14897 1.215 67.5
85% wg 6744 14902 1.215 67.5
90% wg 9359 17449 1.230 151.4
90% wg 9328 16864 1.230 1514
90% wg 9673 17604 1.230 1514
Ethanol 686 6487 0.786 11
Ethanol 796 7293 0.786 11
Ethanol 728 7644 0.786 11
[C,mim][SCN] 3656 10987 1.118 22.9
[C,mim][SCN] 3818 11279 1.118 22.9
[C,mim][SCN] 3777 11155 1.118 22.9
[C,mim][DCA] 3898 11033 1.059 27.8
[C,mim][DCA] 3884 11129 1.059 278
[C,mim][DCA] 3952 10958 1.059 27.8
[C,mim][NTf,] 5016 17901 1.519 29.1
[C,mim][NTf,] 5016 18069 1.519 29.1
[C,mim][NTf,] 4939 17819 1.519 29.1
[Csmpyrr][DCA] 4268 10736 1.013 34.0
[C,mpyr][DCA] | 4174 10835 1.013 34.0
[C,mpyrr][DCA] 4155 11028 1.013 34.0
[Cemim][NTT,] 6873 18926 1.372 66.1
[Cemim][NTH,] 7103 18422 1.372 66.1
[Cemim][NTT,] 6919 18586 1.372 66.1
[C4mpyrr][NTT,] 7424 19100 1.395 74.1
[Cmpyrr][NTH,] | 7336 18814 1.395 74.1
[Campyrr][NTf,] 7229 18779 1.395 74.1
[C,mim][EtSO,] 7470 16274 1.238 88.2
[C,mim][EtSO,] 7905 16015 1.238 88.2
[C,mim][EtSO,] 7641 16045 1.238 88.2
[C,mim][EtSO,] 7313 15669 1.238 88.2
[C1omim][NTf,] 8471 19104 1.279 117.6
[C1omim][NTH,] 8748 19127 1.279 117.6
[C1omim][NTH,] 8515 18857 1.279 117.6
[C,mim][ACQ] 8981 18452 1.248 133.9
[C,;mim][ACOQ] 8513 18291 1.248 133.9
[C,mim][ACO] 9184 18281 1.248 133.9

Figure B.5: Trap 5: raw frequency data for separate frequency and density measurements, where Af; and Af; are change in
frequency of the smooth (reference), and patterned QCM respectively.



C. VISCOMETER PLOTS

Viscometer plots for some water-glycerol concentrations, various concentrations of an ionic liquid and some

pure liquid RTILs are measured below at 25 °C:
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Abstract: SU-8 is a technologically important photoresist used extensively for the
fabrication of microfluidics and MEMS, allowing high aspect ratio structures to be
produced. In this work we report the use of SU-8 as a Love wave sensor guiding layer
which allows the possibility of integrating a guiding layer with flow cell during fabrication.
Devices were fabricated on ST-cut quartz substrates with a single-single finger design such
that a surface skimming bulk wave (SSBW) at 97.4 MHz was excited. SU-8 polymer layers
were successively built up by spin coating and spectra recorded at each stage; showing a
frequency decrease with increasing guiding layer thickness. The insertion loss and
frequency dependence as a function of guiding layer thickness was investigated over the
first Love wave mode. Mass loading sensitivity of the resultant Love wave devices was
investigated by deposition of multiple gold layers. Liquid sensing using these devices was
also demonstrated; water-glycerol mixtures were used to demonstrate sensing of density-
viscosity and the physical adsorption and removal of protein was also assessed using
albumin and fibrinogen as model proteins.

Keywords: Love wave, SU-8, SU-8 guiding layer, SH-SAW

1. Introduction

Surface acoustic wave (SAW) devices are widely used in sensing applications with a number of
variants being used in many research fields [1, 2]. One of the simplest types of SAW device uses a
Rayleigh wave, which propagates with an elliptical particle displacement through the substrate parallel
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to the direction of the wave. The energy of the wave is not confined to the surface, although the
amplitude of the wave decays into the depth of the substrate. These types of sensors cannot be used in
liquids due to the direction of mechanical displacement allowing dampening of the wave to occur.
Shear horizontally polarized SAWs (SH-SAW), propagating with a particle displacement
perpendicular to the wave motion, can be used in liquids but similarly are not confined to the surface
of the substrate. Love waves may be propagated when an overlayer is added on the surface of a SH-
SAW or surface skimming bulk wave (SSBW) device. Such a wave will be supported if the guiding
layer material has a shear speed less than that of the substrate [3]. An enhancement in device
sensitivity can therefore be achieved, with Love waves offering one of the highest mass sensitivities.
Love wave sensors have been used for a variety of applications including the detection of biological
analytes [4, 5] liquid properties [6, 7] and evaporation kinetics [8].

Due to their ability to be used in an aqueous environment and their sensitivity, Love wave sensors
are often used as biosensors. Different guiding layer materials have been reported such as
polymethylmethacrylate (PMMA) [9, 10] positive photoresists [11] SiO, [12] and multi-layer
polymer/SiO; structures [13]. Although silica guiding layers display low acoustic losses in the MHz
range their fabrication by deposition techniques is lengthy, and thick layers (~6 um) are required to
support a Love wave if quartz substrates are used due to the materials’ similar acoustic velocities [14].
Thin polymer layers (~2 um) will support a Love wave and can be spun on relatively easily. PMMA
based devices exhibit lower sensitivities compared to silica, possibly due to the high internal losses
occurring in the guiding layer.

One of the disadvantages of using Love wave devices is that the interdigital transducers (IDTs) are
on the same side as the sensing surface. The operation of such devices in liquids can result in electrical
short circuits. Harsh liquids may even damage the IDTs. For these reasons the guiding layer is often
extended across the whole face of the device to avoid the use of complicated o-rings and sealed units.
The use of different materials to protect the IDTs has been reported — specifically SU-8, an epoxy
based negative photo resist [15]. SU-8 was used only as a protective layer to cover the IDTs whilst
silicon dioxide was deposited as a guiding layer material between the IDTs. These devices were made
in a multistage process, wherein silicon dioxide was grown by chemical vapour deposition, patterned
between the IDTs by photolithography, with SU-8 being applied in a later process. SU-8 is spun on to
a desired thickness and soft baked to remove solvent. Reactive sites within the SU-8 polymer are
created during UV irradiation, which, upon heating cross-link to form a strong, hard, chemically inert
surface resilient to acids, bases and solvents. [16] By using SU-8 as a guiding layer covering the IDTs
any complicated and time consuming deposition of silicon dioxide wave guide layers would be
reduced to a simple spin-on process. Devices would be sensitive, durable and chemically resistant.

Here we present use of SU-8 as a Love wave guiding layer material. SU-8 is assessed in terms of
the thickness required to support a Love wave, with the first mode being examined. Frequency and
insertion loss of the devices were monitored with increasing guiding layer thickness. The sensitivities
of devices with different thickness SU-8 guiding layers were assessed by gold deposition, and liquid
sensing was demonstrated using water-glycerol mixtures and protein adsorption studies.
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2. Experimental Section

Love wave devices were fabricated on ST-cut quartz with propagation orthogonal to the crystal
direction. The IDTs consisted of sputtered gold (80 nm, Emitech) over titanium (10 nm, Emitech) as
an adhesive layer, deposited using an Emitech K757X sputter coater. A single-single finger design was
used. Finger widths and spacings were 12.8 pum, with each IDT being 4.5 mm in length, with an
aperture of 4 mm and IDT centre-centre distance of 12 mm. SU-8 is a negative photoresist requiring a
multistage process to form a semi-rigid layer. Parameters were defined such that the polymer was spin
coated onto a device to achieve a desired thickness, soft-baked to remove solvent before UV exposure
and hard-baking to allow cross linking to take place. Once hard-baked SU-8 has the advantage over
other polymers often used as a guiding layer material being mechanically reliable and almost
completely chemically inert. The thickness of each layer was determined by stylus and optical
profilometry, being measured at 0.56 um. The SU-8 guiding layers were successively built up using
SU-8-10 (Microposit) diluted in 1-methoxy-2-propanol acetate (Aldrich, 98+%). These were spun to
achieve a single layer thickness of 0.56 um (verified using a Veeco Dektak 6M stylus profiler and an
optical Veeco Dektak 3 surface analysis system.) Each layer added was prebaked at 55 °C 10 min,
cooled to room temperature and exposed to UV using a Mega LV202E UV exposure unit, before being
postbaked at 55 °C 10 mins and 95 °C 5 mins. Multiple 30 nm gold layers were used as a model for
rigid mass, being sputtered on the centre of the Love wave propagation path up to 450 nm using an
Emitech K575X fitted with a film thickness monitor. A mask was used to define a small area of 8 mm”
onto which the gold was sputtered. Device spectra were recorded using an Agilent ES061A network
analyser. Glycerol/water mixtures were pumped over the sensor using a Watson Marlow peristaltic
pump. Glycerol (Sigma 98%) was diluted with distilled deionised water. Protein flow experiments
were conducted with solutions being continually flown over the sensor surface at I ml min by syringe
pumps (Razel R100-EC). Protein solutions were prepared immediately prior to use at a concentration
of 1 mg ml™ in phosphate buffered saline (PBS, Sigma, tablets) using bovine serum albumin (Sigma,
fraction V, lyophilized powder) and bovine fibrinogen (Sigma, type I-S, lyophilized powder)
Temperature stability of 24 + 0.1 °C was achieved using an Octagon 10 incubator. The Love wave
device was used as the feedback element in an oscillator circuit consisting of cascaded amplifiers
(Minicircuits ZFL-500LN), a 50 MHz high pass filter and 150 MHz low pass filter (Minicircuits BHP-
50 and BPL-150), a power splitter (M/A com T1000) and a frequency counter (Agilent 53132A)
interfaced to a microcomputer.

3. Results and Discussion

Signal characteristics of devices were recorded during the build up of successive layers of SU-8
photoresist. As the guiding layer thickness increases it is expected that the acoustic wave will
gradually move from propagating entirely in the quartz as a surface skimming bulk wave (SSBW) to
being confined at the surface of the substrate or travelling within the guiding layer as a Love wave. As
this happens the velocity of the wave will decrease and so it is expected that a decrease in resonant
frequency will also occur. The additional mass loading caused by the guiding layer will also contribute
to a drop in frequency. Trends in frequency and amplitude of the signal over the first mode are shown
in Figure 1. The signal attenuation initially decreased with increasing guiding layer thickness, reaching
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a minimum of -15 dB at ~1 pm (z = 0.02). An increase in the amplitude of the signal demonstrates that
more of the acoustic energy is located near the surface of the device which is consistent with previous
reports using quartz substrates [11]. Additional layers of SU-8 gave rise to a gradual decrease in
insertion loss due to the dampening of the overlayer, although it is well known that higher order modes
can be observed with increasing thickness [3, 11].
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Figure 1. Signal characteristics covering the first mode of an SU-8 guiding layer
Love wave device. Frequency (closed triangles) and insertion loss (open squares)
shown as a function of guiding layer thickness and dimensionless parameter z = d/Apr.

The mass sensitivity of devices with a range of guiding layer thicknesses chosen to cover the first
mode has been investigated. For acoustic wave sensors without a guiding layer it usual to assume that
the frequency change resulting from the addition of rigid mass is directly related to a change in phase
velocity and hence a Sauerbrey type relation exists. For guided waves there may be significant
dispersion and the frequency dependence of rigid mass loading onto a Love wave device may not be
directly proportional [3, 17]. However if upon the addition of mass the change in guiding layer
thickness is infinitesimal such that the operating point is not moved significantly down the dispersion
curve, as in our experiments, then a Sauerbrey type proportionality may be observed [18]. If this is
assumed then the mass loading effects of metalized layers on top of a guiding layer provide a simple
route to defining the sensitivity of Love wave devices. All devices showed a linear relationship
between frequency change as a function of increasing mass of gold, as shown in Figure 2.
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Figure 2. Relationship between mass loading and frequency of a SSBW device (open diamonds), and

Love wave devices having guiding layers 1.12 um thick (closed triangles) and 2.24 pm (closed

circles).

A greater change in frequency was observed when depositing gold layers on all SU-8 devices

compared to an uncoated device. The linear regions of the signal change was used to calculate the

sensitivity of the devices in terms of a frequency change observed for mass loading of gold per unit

area, Figure 3. From Figure 1 it would be expected that the most sensitive region would be where

small changes in guiding layer thickness cause the largest changes in frequency, i.e. the middle of the

mode. Indeed a sharp maximum in sensitivity was measured at ~350 Hz/ng/mm’ at a guiding layer

thickness of ~2 pm (z = 0.04), Figure 3. This corresponds well with the experimental dispersion curve

data (Figure 1), relating to a point where the maximum frequency changes are observed with

increasing guiding layer thickness.
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To demonstrate the use of SU-8 Love wave devices in liquid sensing, flow experiments were
conducted to compare an SSBW device to a Love wave device with a 2 um thick SU-8 guiding layer.
Devices were clamped such that glycerol-water mixtures could be in contact with their sensing surface.
Liquid was injected into the flow cell using a peristaltic pump with the flow direction perpendicular to
the acoustic wave propagation; after the liquid was introduced the pump was halted until the next
concentration was introduced. A stable signal was achieved oscillating in water, changing the liquid
for 30% and 50% glycerol solutions before washing again with water, Figure 4.

The propagating acoustic waves’ amplitude is attenuated by the liquid overlayer such that it decays
with a penetration depth ¢ =./n, /(af,p,) , where p; and 7, are the liquid density and viscosity

respectively. For non-guided acoustic waves the Kanazawa and Gordon relationship [19] between
frequency change and square root of the density-viscosity product is assumed to hold. For Love wave
devices this may not be assumed due to the considerations discussed previously for mass loading.
However, again, if the operating point of the sensor is not moved significantly down the dispersion
curve then proportionality between the square root of the density-viscosity product and the change in
frequency may be observed.
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Figure 4. Liquid sensing of an SSBW device (dotted red line) and a Love wave
device with an SU-8 guiding layer (solid black line), using water-glycerol mixtures.
Arrows indicate points when liquid in contact with the sensor was exchanged.

As the device is oscillated in more viscous liquids the operating frequency will decrease, shown by
the stepwise drops in frequency in Figure 4 as the glycerol fraction was increased. Both the devices
tested returned to their original oscillating frequency when water is replaced over the sensors,
indicating that no residual glycerol remained or any changes occurred to the sensor surfaces. The Love
wave device shows a much higher sensitivity compared to the SSBW device, giving frequency shift
more than 4 fold and 12 fold greater than the SSBW device for 30% and 50% glycerol solutions
respectively (relative to water).
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Initial spikes in frequency were observed due to the peristaltic pumping motion of the liquid when
flushed over the crystal (causing pressure waves). Thermal drifting is often a problem during liquid
sensing, wherein even small changes in temperature alter the viscosity of the media and effect the
sensor itself. However, the SU-8 Love wave device showed good stability when in contact with water-
glycerol mixtures, with only slight frequency drift of ~11 Hz min™'. The greater stability of SU-8
compared to PMMA when in contact with water has previously been reported [20]. As SU-8 is highly
chemically inert [16], it is anticipated that such devices will be stable under most chemical conditions.
This may be particularly useful when measuring properties of corrosive or easily contaminated liquids
such as ionic liquids.

To demonstrate the use of SU-8 Love wave devices for the detection of biomolecules, the
adsorption of two serum proteins was examined. Bovine serum albumin (BSA) is a small globular
protein and fibrinogen is a much larger rod-like protein, both found in high abundance in serum and
are often used as model proteins in adsorption studies.[21] PBS was flown over a Love wave device
having a 2 um thick SU-8 guiding layer before the inlet of protein solution. Frequency shifts observed
suggest that both albumin and fibrinogen adsorb onto the SU-8 surface upon injection over the sensor
(Figure 5, point a). Following adsorption any loosely adhered or unbound protein was removed during
a PBS rinse (figure 5, point b) which is shown by a slight upward shift in frequency. Albumin
adsorption gave rise to a much lower change in frequency (~370 Hz) compared to fibrinogen
(~1330 Hz) which is expected due to its smaller mass and differences in surface chemistry. Fibrinogen
was also found to adsorb at a faster rate. These observed trends in adsorption compare well with those
previously reported for these two proteins, bearing in mind the wettability of SU-8 being neither
highly hydrophilic nor hydrophobic (water contact angle 80° [22]). A more detailed discussion of
protein adsorption profiles and how this relates to protein-surface interactions can be found elsewhere
[21].
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Figure 5. Protein detection using an SU-8 Love wave device. Arrows indicate points when solutions
over sensors were exchanged, a) protein solution injected, prior to a) and at b) PBS solutions injected.
Adsorption of albumin (black line) and fibrinogen (red line) was detected.
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Conclusions

A negative epoxy-based photoresist, SU-8, was investigated as a Love wave guiding layer material.
Signal characteristics were investigated in terms of guiding layer thickness. Observed trends in
frequency and insertion loss were as expected for quartz Love wave devices. Frequency decreased
with increasing guiding layer thickness, whilst insertion loss reached a minimum of ~-15 dB. Such low
insertion losses are not common for these devices and may relate to the acoustic properties of SU-8.
Sensitivity was assessed by the deposition of gold layers between the IDTs, showing a linear response
in terms of frequency for all devices tested. A maximum sensitivity was achieved with a guiding layer
thickness of ~2 pum (z = 0.04). Liquid sensing was also tested using water-glycerol mixtures,
demonstrating the enhanced sensitivity of the Love wave device over an SSBW. Acoustic wave
sensors are often used to assess viscosity-density of liquids although are often limited to those
chemicals which will not damage the guiding layer The excellent stability of the devices when in
contact with liquid highlights the applicability of SU-8 Love wave devices for sensing chemicals
which may corrode/ dissolve/ swell or otherwise distort other polymers used as guiding layers.. The
chemical stability of hard-baked SU-8 has been used by others to protect IDTs whilst another material
is used as a wave guide. Protein adsorption experiments show the applicability of these sensors to
detect biomolecules, showing a comparably larger frequency shift for fibrinogen adsorption than
albumin and also a faster rate of adsorption for fibrinogen as expected. Here we have demonstrated the
ease of fabrication and effectiveness of SU-8 based Love wave devices.
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Quartz crystal impedance analysis has been developed as a
technique to assess whether room-temperature ionic liquids
are Newtonian fluids and as a small-volume method for
determining the values of their viscosity—density product,
pn. Changes in the impedance spectrum of a 5-MHz funda-
mental frequency quartz crystal induced by a water-miscible
room-temperature ionic liquid, 1-butyl-3-methylimiclazo-
lium trifluoromethylsulfonate ([Cymim][OTf]), were mea-
sured. From coupled frequency shift and bandwidth changes
as the concentration was varied from O to 100% ionic liquid,
it was determined that this liquid provided a Newtonian
response. A second water-immiscible ionic liquid, 1-butyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)imide
[C4mim][NTf,], with concentration varied using methanol,
was tested and also found to provide a Newtonian response.
In both cases, the values of the square root of the viscosity—
density product deduced from the small-volume quartz
crystal technique were consistent with those measured using
a viscometer and density meter. The third harmonic of the
crystal was found to provide the closest agreement between
the two measurement methods; the pure ionic liquids had
the largest difference of ~10%. In addition, 18 pure ionic
liquids were tested, and for 11 of these, good-quality
frequency shift and bandwidth data were obtained; these 12
all had a Newtonian response. The frequency shift of the
third harmonic was found to vary linearly with square root
of viscosity—density product of the pure ionic liquids up to
avalue of /(o) ~ 18 kg m 2 s /2, but with a slope 10%
smaller than that predicted by the Kanazawa and Gordon
equation. It is envisaged that the quartz crystal technique
could be used in a high-throughput microfluidic system for
characterizing ionic liquids.

Over the past decade, the drive toward cleaner industrial
processes has led to the development of ionic liquids as alternative,
environmentally friendly, solvents.? Ionic liquids provide good
solvation with a range of compounds, have low volatility, are
nonflammable, have a wide liquid range with temperature, and
have tunable physical properties and a wide electrochemical
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window.>* They comprise solely ions that are liquid at room
temperature and can be considered designer solvents with over
1 million simple ionic liquids alone. Their use with a range of
reactions, such as Heck and Suzuki cross-coupling, hydrogena-
tions, oxidations, Friedel—Crafts, Diels—Alder, and polymerization
is favored because of the control of selectivity that can be achieved
and the ease of recyclability of the catalysts.>™ Ionic liquids have
the potential for a wide range of applications including catalysis,>
organic synthesis,® electrochemistry,”!” separations and extrac-
tions, % liquid crystals,”*® and analytical solvents and coat-
ings.'® However, the data on their physical properties as a function
of chemical composition are limited, and extending the range of
known data is difficult due to the expense and difficulty of
producing large volumes of pure liquids for characterization.
Acoustic wave microsensors, such as the quartz crystal
microbalance (QCM), are widely used for studying the properties
of small-volume samples of liquids, the attachment of mass from
the liquid phase and in situ determination of the properties of
surface coatings, such as electrodeposited polymers, during the
deposition process.'”'* A QCM operates by creating a high-
frequency, typically 5 MHz, shear mode oscillation of the surface.
When operated in a liquid environment, this surface oscillation
entrains liquid and creates an oscillation, which for a Newtonian
liquid decays within a penetration depth of the interface 6 = (17/

(1) Earle, M. J.; Seddon, K. R. Pure Appl. Chem. 2000, 72, 1391-1398.

(2) Andrade, C. K. Z.; Alves, L. M. Curr. Org. Chem. 2005, 9, 195-218.

(3) Koel, M. Crit. Rev. Anal. Chem. 2005, 35, 177-192.

(4) Wasserscheid, P.; Welton, T. lonic liquids in synthesis, 2nd ed.; Wiley VCH:
Weinheim, 2007.

(5) Sheldon, R. Chem. Commun. 2001, (23), 2399-2407.

(6) Gordon, C. M. Appl. Catal. 2001, A222, 101-117.

(7) Dupont, J.; de Souza, R. F.; Suarez, P. A. Z. Chem. Rev. 2002, 102, 3667—

3691.

(8) Cave, G. W. V.; Raston, C. L; Scott, J. L. Chem. Commun. 2001, (21),
2159-2169.

(9) Chen, P.Y,; Lin, Y. F.; Sun, . W. J. Electrochem. Soc. 1999, 146, 3290—
3294.

(10) Endres, F. Chem. Phys. Chem. 2002, 3, 144.

(11) Wei, G. T,; Yang, Z. S.; Chen, C. J. Anal. Chim. Acta 2003, 488, 183-192.

(12) Zhao, H.;Xia, S. Q.; Ma, P. S. J. Chem. Technol. Biotechnol. 2005, 80, 1089—
1096.

(13) Bowlas, C. J.; Bruce, D. W.; Seddon, K. R. Chem. Commun. 1996, (14),
1625-1626.

(14) Abdallah, D. J.; Robertson, A.; Hsu, H. F.; Weiss, R. G. J. Am. Chem. Soc.
2000, 122, 3053-3062.

(15) Bradley, A. E.; Hardacre, C.; Holbrey, J. D.; Johnston, S.; McMath, S. E. J.;
Nieuwenhuyzen, M. Chem. Mater. 2002, 14, 629-635.

(16) Qin, W. D.; Wei, H. P.; Li, S. F. Y. J. Chromatogr., A 2003, 985, 447-454.
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Table 1. Halide Content, Water Content in Mass Fractions, Viscosity, and Density of lonic Liquids Measured Using
a Viscometer and Density Meter in This Study (at 25 °C)

ionic liquid viscosity (cP) density (g cm™?) [H20] (wt %) [halide] (ppm)
[Camim][SCN] 23.6 1.118 0.0307 <5
[C4mim][DCA] 28.8 1.059 0.0256 1830
[C4mpyrr][DCA] 36.5 1.013 0.0235 1790
[Comim] [NTH,] 36.5 1.520 0.0100 <5
[Camim] [NTf,] 50.5 1.436 0.0096 <5
[C4mim][OTH] 83.2 1.292 0.0681 <5
[C4mpyrr] [NTf,] 79.3 1.395 0.0010 <5
[Cemim] [NTf] 80.1 1.357 0.0013 <5
[Comim] [EtSO4] 98.4 1.237 0.0279 -a
[Csmim] [NTH,] 95.0 1.321 0.0032 <5
[C1omim] [NT¥.] 120.2 1.279 0.0052 <5
[C4mim][AcO] 139.7 1.243 0.0746 <10
[C4mim][MeSO4] 188.0 1.208 0.0067 <5
[C4mpyrr] [FAP] 221.0 1.580 0.0132 <100
[Ps, 6, 6, 14] [NTE] 335.9 1.065 0.0095 <5
[Camim][TFA] 4185 1.068 0.0744 <5
[C4mim] [OctSO4] 888.6 1.072 0.0113 <7
[N1,5 8, s [TFA] 1708 0.966 0.0108 <5
[C1omim][SCN] 683.7 1.011 0.0307 <5

@ Halide-free preparation. [C,mim]* = l-alkyl-3-methyl imidazolium; [Cyqmpyrr] = 1-butyl-1-methylpyrrolidinium; [Nygss]* = methyl, triocyt-
lammonium; [Psg614]" = trihexyl, tetradecylphosphonium; [SCN]~ = thiocyanate; [DCA]~ = dicyanamide; [NTf,] ~ = bis{ (trifluoromethyl) sulfonyl}imide;
[OTf]~ = trifluoromethanesulfonate; [AcO]~ = acetate; [MeSO4]~ = methylsulfate; [FAP]~ = trifluorotris(perfluoroethyl) phosphate; [TFA] ™ =
trifluoroacetate; [OctSO4]~ = octylsulfate.

7fip) /2 where p and 7 are the density and viscosity of the liquid
and f; is the resonant frequency.?’ In impedance analysis, both
the resonant frequency and bandwidth, B, of the crystal are
measured and are functions of the liquid properties. Bandwidth
is a measure of the loss of energy and of the damping of the shear
mode oscillation of the liquid close to the solid—liquid interface,
and so some authors prefer to define a dissipation D = B/f; (also
equal to @ '). When the liquid is Newtonian, a frequency
decrease, Af, and a bandwidth increase, AB, occur in proportion
to the square root of the viscosity—density product,

@

Af_ _l(fsnp)w
o Z

T

AB_ 2 (fsnp)w
fo Z\ 7w
where the specific acoustic impedance of quartz is Z, = (uqpq)/? =
8.84 x 10 ° kg m 257!, £, is the fundamental frequency and £, = nf,
is the overtone frequency at which the response is measured.?!??
Thus, by verifying that changes in resonant frequency and bandwidth
are correlated, such that Af= —AB/2, eq 1 allows a determination
of whether an ionic liquid has a Newtonian response. If the ionic
liquid is Newtonian, either the frequency change (the Kanazawa and
Gordon equation) or the bandwidth change can be used to determine
the value of the viscosity—density product and from knowledge of
the density, the viscosity can be deduced.

In this work, concentrations of a water-miscible room-
temperature ionic liquid, 1-butyl-3-methylimidazolium trifluo-
romethylsulfonate, [C;mim][OTf], and a water-immiscible room
temperature ionic liquid, 1-butyl-3-methylimidazolium bis (trif-
luoromethanesulfonyl)imide, [Csmim][NTf,], are shown to be
Newtonian according to impedance spectra for a 5-MHz quartz
crystal for concentrations from pure to 100% water or methanol,
respectively. Results for the density—viscosity values obtained
using the small-volume impedance spectra method are shown
to be consistent with those obtained using a viscometer. Finally,
data for 18 pure ionic liquids are presented, with Newtonian

behavior being confirmed for 12 of these and the validity of a
linear relationship between frequency shift and square root of
viscosity—density product being confirmed up to a limit of
V(on) ~ 18 kg m™2 s7V/2,

EXPERIMENTAL SECTION

Tonic Liquids. 1-Butyl-1-methylpyrrolidinium trifluorotris(per-
fluoroethyl) phosphate ([C;mpyrr][FAP]), 1-butyl-3-methylimida-
zolium trifluoroacetate ([C;mim][TFA]), 1-butyl-3-methylimida-
zolium dicyanamide ([C;mim][DCA]), 1-butyl-1-methylpyr-
rolidinium dicyanamide ([C;mpyrr][DCA]), 1-ethyl-3-methylimi-
dazolium thiocyanate ([Comim][SCN]), 1-butyl-3-methylimidazo-
lium methylsulfate ([C;mim][MeSO,]), 1-butyl-3-methylimidazolium
octylsulfate ([Cymim][OctSO4]), and methyl-trioctylammonium trif-
luoroacetate ([Nyggsl[TFA]) were obtained from Merck (98%).
1-Ethyl-3-methylimidazolium ethyl sulfate ([Comim][EtSO,]) was
prepared by reacting 1-methylimidazole with diethyl sulfate according
to previously reported procedures.?* All other ionic liquids were
prepared in-house using standard literature methods from the
appropriate organic halide salt.?*?> The halide content of each ionic
liquid was measured by using suppressed ion chromatography?® and
the characterization of each ionic liquid used is shown in Table 1.

(17) Martin, S. J.; Granstaff, V. E.; Frye, G. C. Anal. Chem. 1991, 63, 2272—
2281.

(18) Bandey, H. L; Hillman, A. R.; Brown, M. J.; Martin, S. J. Faraday Discuss.
1997, 107, 105-121.

(19) Bruckenstein, S.; Shay, M. Electrochim. Acta 1985, 30, 1295-1300.

(20) Kanazawa, K. K.; Gordon, J. G. Anal. Chim. Acta 1985, 175, 99-105.

(21) Bandey, H. L; Martin, S. J.; Cernosek, R. W.; Hillman, A. R. Anal. Chem.
1999, 71, 2205-2214.

(22) Ballantine D. S.; White, R. M.; Martin, S. J.; Ricco, A. J.; Zellers, E. T,;
Frye, G. C.; Wohltjen, H. Acoustic Wave Sensors: Theory, Design, & Physico-
Chemical Applications; Academic Press: San Diego, 1997.

(23) Bonhote, P.; Dias, A. P.; Papageorgiou, N.; Kalyanasundram, K.; Gritzel,
M. Inorg. Chem. 1996, 5, 1168-1178.

(24) Earle, M. J.; Katdare, S. P.; Seddon, K. R. Org. Lett. 2004, 6, 707-710.

(25) Xu, W.; Wang, L. M.; Nieman, R. A.; Angell, C. A. J. Phys. Chem. B 2003,
107, 11749-11756.
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Figure 1. Quartz crystal power spectra for an unloaded crystal and
one immersed in [Comim][NTf].

Impedance Spectra. Polished quartz crystals having a funda-
mental frequency of 5 MHz and diameter of 25 mm (Testbourne
Ltd. 149211-1) were used, with the frequency spectra being collected
using an Agilent Technologies E5061A Network Analyzer. Resonance
spectra were recorded for crystals in air and in liquid at 25 °C and
fitted to a Butterworth van Dyke (BVD) model using a LabView
program; exemplar data for the reflected power are shown in Figure
1 for an unloaded and a crystal immersed in an ionic liquid
([Comim][NTHf;]). The BVD model allows a load impedance to be
extracted as a series combination of a resistance and an inductance
and from the best fit the resonant frequency and bandwidth are
obtained.?” A brief review of this model and the procedure we used
for fitting data to the resonance spectra for reflected power is reported
in Roach et al.?” Spectra were obtained for the fundamental frequency
and four higher overtones. Above the third harmonic, the frequency
shift could be identified, but the BVD program was unable to fit
accurately enough to determine the bandwidth. Previous work
comparing resonant frequency shifts of various harmonics while
testing the shear compliance of thin films has suggested the third
harmonic produces a more accurate frequency change in response
to mass/liquid loading.?® The test cell for holding the crystals was
machined directly from PTFE leaving a 20-mm-diameter chamber
and 2.5-mm-wide raised lip acting as an O-ring seal and requiring
only 40 uL of test volume of liquid for satisfactory operation. To
reduce the absorption of moisture, the equipment was set up inside
a glovebag under argon. Crystals were cleaned in distilled water and
then methanol and blown dry using nitrogen prior to each measure-
ment. A typical measurement time for introducing the liquid to the
cell and taking the resonance spectra for the full range of harmonics
was under 2 min.

Viscometer and Density Data. Measurements of viscosity
and density were made using a Brookfield DV-II+ programmable
viscometer, and a DMA 4500 density/specific gravity/concentra-
tion meter; these methods require 1.5 and 0.5 mL of liquid,
respectively. Before use, all the ionic liquids were dried using a
heated oil bath at 60 °C while subjected to a vacuum (1 Torr)
and left overnight to facilitate maximum water removal; water

(26) Villagran, C.; Deetlefs, M.; Pitner, W. R.; Hardacre, C. Anal. Chem. 2004,
76, 2118-2123.

(27) Roach, P. A.; McHale, G.; Evans, C. R,; Shirtcliffe, N. J.; Newton, M. L.
Langmuir 2007, 23, 9823-9830.

(28) Johannsmann, D. J. Appl. Phys. 2001, 89, 6356-6364.
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content of the ionic liquid was measured using a Karl Fischer
titrator. A series of poly (dimethylsiloxane) (PDMS) oils (Aldrich)
covering viscosities from 1 to 100 000 cP were used to give a
comparison fluid that is known to deviate from a Newtonian
behavior at high molecular weight. The temperature for both
density and viscosity measurements could be controlled using a
water bath and were set to 25 °C, which was the value recorded
at the time the QCM measurements were made Table 2.

RESULTS AND DISCUSSION

Determination of Newtonian Liquid Behavior. The change
in bandwidth or change in frequency of the QCM allows the
viscosity—density product of the liquid under test to be calculated
using the linear relationships given by eq 1 provided the liquid is
a Newtonian fluid. To test this linearity, Figure 2a shows the
change in fundamental frequency and Figure 2b the corresponding
change in bandwidth as a function of square root of the
density—viscosity product obtained using the viscometer and
density meter for a range of concentrations of two ionic liquids
(water-miscible [C;mim][OTf] diluted in water, squares, and water-
immiscible [C;mim][NTf,] diluted in methanol, triangles). These
data suggest that the QCM could be used to determine the square
root of the viscosity—density product of an ionic liquid directly
from small-volume samples. However, a linear response in Figure
2a or Figure 2b does not directly confirm that the liquid is
Newtonian and, hence, that eq 1 can be applied.

Figure 3 presents the data for the various concentrations of ionic
liquids as a change in fundamental frequency against change in
bandwidth. The frequency shift and bandwidth increase data are well-
described by a linear relationship. To illustrate typical results for a
non-Newtonian liquid, Figure 2 and Figure 3 also present data for a
range of poly(dimethylsiloxane) oils (circles), which are known to
deviate significantly from Newtonian behavior at higher molecular
weight; this deviation can be clearly observed above a change in
frequency of 3 kHz corresponding to a viscosity of 10 cP. For the
ionic liquids, the majority of data in Figure 3 follow the solid line
with a slope of 0.5, which is the prediction for a Newtonian liquid;
the inset confirms this for concentrations up to 90%. At concentrations
of ionic liquid above 90%, there is a small deviation with a slightly
larger bandwidth than predicted for a given frequency shift. This is
probably due to the increased difficulty in accurately fitting the
resonant curves for the bandwidth for the pure ionic liquids with
high viscosity (high damping), making the identification of the
resonant frequency more reliable than the determination of the
bandwidth. In addition, although the samples were measured in a
glovebag, the high hygroscopicity of the ionic liquids and the high
sensitivity of viscosity on the water content for the pure ionic liquids®
may also contribute to the slight variance observed.

Third Harmonic Data for Viscosity-Density Product. The
frequency change can be converted to square root of viscosity —density
product using the Kanazawa and Gordon equation (eq 1). Figure
4 shows the square root of the density—viscosity product plotted
as a function of concentration of the water-miscible [C;mim][OTf]
using the QCM frequency shift measured at the third harmonic
(diamonds) and the corresponding product calculated from the
independent viscometer and density meter measurements (squares).

(29) Seddon, K. R;; Stark, A.; Torres, M. J. Pure Appl. Chem. 2000, 72, 2275—
2287.
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Table 2. Comparison of the (p7)"'? Determined from the Third Harmonic of Quartz Crystal and from Separate
Measurements Using a Viscometer and Density Meter at 25 °C

included in Figure
ionic liquid 6a (Newtonian test)
[Comim] [SCN]
[Csmim][DCA]
[Cympyrr] [DCA]
[Comim] [NTf,]
[C4mim] [Nsz]
[C4mim][OTH]
[C4mpyrr][NTE,]
[Comim] [NTf,]
[Comim] [EtSO4]
[Csmim] [NTf,]
[C1omim] [NTf]
[Csmim][AcO]
[C4smim][MeSO4]
[Cympyrr] [FAP]
[Ps6,6,14] [NTf]
[Csmim][TFA]
[C4mim][OctSO4]
[N1sss] [TFA]

[slalalala il AC RSN NN NN

(Pﬂ)l/z (kg e S—1/2) third
harmonic of quartz crystal

(pﬂ)l/z (kg m72 S*I/Z)
viscometer-density meter (+1%)

45+0.6 5.1
5.6%0.1 5.5
5.5%0.1 6.1
6.4 0.6 7.4
82+0.2 8.5
10.0 £ 0.9 10.4
10.1+0.3 10.5
9.8£0.5 104
10.7 £ 0.6 11.0
9.6+0.9 11.2
10.9 £ 0.5 12.4
11.8+0.2 13.2
13.8+0.8 15.1
1563+2.1 18.7
10.6 £ 0.6 18.9
14.6 £ 0.1 211
109+ 1.1 30.9
153 +£3.6 40.6

The inset in Figure 4shows the corresponding square root of
the density—viscosity product for the QCM and non-QCM tech-
niques; the straight line is a best fit with a slope of 0.96. The inset
also provides a comparison of the density—viscosity product calcu-
lated from the third harmonic (diamonds) and from the fundamental
(circles) of the quartz crystal. Both the fundamental and the third
harmonic data agree within experimental error with the non-QCM
measurements at lower viscosities, but at the highest viscosity, the
data from the fundamental mode slightly underestimate the
viscosity—density product. In contrast, the third harmonic data
remain in agreement with viscometer and density meter data over
the full concentration range up to pure ionic liquid. We found that
the third harmonic gave better agreement with the non-QCM
measurements than all the other harmonics measured. The data for
the water-immiscible ionic liquid [Cymim][NT¥,] also resulted in the
same conclusions with the third harmonic data providing a low-
volume sample measurement of density—viscosity product consistent
with the results using the larger volumes in the viscometer and
density meter; the data are shown in Figure 5. In both cases, the
largest error from repeated measurements (~ +10%) occurs for the
pure liquids, which given the hygroscopic nature of these room-
temperature ionic liquids and sensitive dependence on liquid com-
position of the viscosity, is not surprising.

(@
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Pure Ionic Liquids. A set of 18 pure ionic liquids was tested
using both the small-volume quartz crystal impedance technique
and the large-volume viscometer. Figure 6a shows a linear
correlation between changes in resonant frequency, Af, and
bandwidth, AB, for 11 of the ionic liquids for which reliable fits
of the bandwidth were obtained at the fundamental frequency (the
first 11 ionic liquids in Table 1); replicate measurements have been
included. All of these ionic liquids are reasonably described by
the test for Newtonian behavior, Af, = —AB/2, although the best
fit to the data gives a gradient of 0.439 (solid line). Figure 6b shows
the change in resonant frequency as a function of the square root
of viscosity—density product measured using the viscometer and
density meter for all 18 ionic liquids. There is a clear threshold
at around v/ (on7) ~ 18.7 kg m~2 s~ /2 after which two ionic liquids,
[Pg 66,14 [INTf2] and [C;mim][TFA], deviate slightly from the linear
prediction and a further two, [Csmim][OctSO4] and [Ny ggs] [TFA],
deviate significantly from the linear prediction. At these high levels
of viscosity where resonant curves are very broad and difficult to
fit accurately, however, it was possible to fit the full resonant curve
for one of these, [Cymim][OctSOy], and it did satisfy the Newto-
nian criteria given by, A, = —AB/2. This would indicate that all
ionic liquids tested for which the quartz crystal method was able
to provide accurate results (i.e., up to +/(o) ~ 18 kg m 2 s /%)
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Figure 2. Changes in (a) resonant frequency and (b) bandwidth, as a function of viscosity—density product. Data show [C4mim][OTf] up to
100% concentration in water (squares), [C4mim][NTf2] up to 100% concentration in methanol (triangles), and a range of poly(dimethylsiloxane)

oils (circles).

Analytical Chemistry, Vol. 80, No. 15, August 1, 2008 5809



D. Publications

150

Change in frequency (kHz)

0 T T T
0 5 10 15
Change in bandwidth (kHz)

Figure 3. Data presented as change in frequency against change
in bandwidth to test for Newtonian response. The poly(dimethylsi-
loxane) oils (circles) deviate significantly from Newtonian behavior
(Kanazawa and Gordon equation shown by the solid line) at high
molecular weight, but the [C4mim][OTf] (squares) and [Csmim][NTf2]
(triangles) remain Newtonian. The inset shows ionic liquids up to a
concentration of 90%.

12

<12
To
g
8 2" <t
~10 =< % o
< 2 S8 °
B z
b o 2
g g 6
s 8 s ®
= *
o z 47
— 2
2] 2 2
@ ] =
o
2 g o : : : : :
> 8 0 2 4 6 8 10 12
R
é" non-QCM (density x viscosity)”2 (kg m?s1?)
a2 -}
3
=, ] 8
' 9
8 g
0 T T T T
0 20 40 60 80 100

Concentration of [C,mim][OTf] (% weight - water)

Figure 4. Density—viscosity dependence on concentration for the
water-miscible ionic liquid [Csmim][OTf] determined by viscometer
(squares) and the third harmonic of the quartz crystal (diamonds).
Inset shows comparison of the quartz crystal data from the funda-
mental (circles) and third harmonic (diamonds); solid line is a best fit
with slope of 0.96.

were Newtonian. Figure 7 shows the correlation of the square
root of viscosity—density product estimated using the third
harmonic frequency shift of the quartz crystal with the data from
the viscometer and density meter for the 16 pure ionic liquids
satisfying the linear prediction or having a slight deviation from
the linear prediction; Table 1 gives the average values measured
for all 18 liquids measured. For data points up to +/(oy) =~ 18 kg
m 2 s~ 1/2 the data can be fitted by v/(07) acxt = 0.92+/ (01 viscometers
thus indicating around a 10% underestimate by the quartz crystal
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Figure 5. Density—viscosity dependence on concentration for the
water-immiscible ionic liquid [C4smim][NTf,] determined by viscometer
(squares) and the third harmonic of the quartz crystal (diamonds).
Inset shows comparison of the quartz crystal data from the funda-
mental (circles) and third harmonic (diamonds).

impedance method compared to the viscometer. However, in a
high-throughput application of the technique, such an underes-
timate could be corrected by using a calibrated value for the
numerical coefficient in eq 1 rather than the theoretical value from
the Kanazawa and Gordon equation.

Clearly the product of the density and viscosity only has limited
application and usually the individual values are required, for
example, in process design. Recently, predictive modeling of
density data based on molar volume calculations of the constituent
ions has been reported by a number of groups.**=** Jacquemin et
al. showed using >2000 data points that the density could be
predicted with an uncertainty of 0.48% as a function of tempera-
ture.® This level of predictability may be used in conjunction with
the QCM-derived value for the py and therefore provide a
predicted viscosity for a given ionic liquid. This is a significant
advance given that conventional measurements of » requires >1.5
mL of ionic liquid whereas by this method the sample size may
be reduced to 40 uL.

The measurements reported herein are in good agreement
with previously reported data on the effect of shear rate on
viscosity for ionic liquids. Seddon et al. studied the viscosity of
[C,mim][BF,] (n = 4 to n = 12) and [C,mim][PFs] # =4 to n
= 12) ionic liquids and found that for all except [Ciomim][BF,]
the viscosity for independent of shear rate was indicative of
Newtonian behavior.*® While for [Cimim] [BF,] above 65 °C this
was also true, below this temperature non-Newtonian behavior
was observed due to the phase transition from the isotropic liquid
phase into the liquid crystalline region. Non-Newtonian behavior
has also been reported for benzyl-functionalized imidazolium-based

(30) Kim,Y.S.; Choi, W.Y.; Jang, J. H.; Yoo, K-P.; Lee, C. S. Fluid Phase Equilib.
2005, 228, 439-445.

(31) Kim,Y.S,;Jang,J. H; Lim, D. B.; Kang, J. W.; Lee, C. S. Fluid Phase Equilib.
2007, 256, 70-74.

(32) Gardas, R. L.; Coutinho, J. A. P. Fluid Phase Equilib. 2008, 263, 26-32.

(33) Ye, C,; Shreeve, J. M. J. Phys. Chem. A 2007, 111, 1456-1461.

(34) Jacquemin, J.; Ge, R; Nancarrow, P.; Rooney, D. W.; Gomes, M. F. C;
Padua, A. A. H.; Hardacre, C. J. Chem. Eng. Data 2008, 53, 716-726.

(35) Seddon, K. R; Stark, A.; Torres, M. J. Clean Solvents 2002, 819, 34-49.
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Figure 6. Fundamental mode data for 19 pure ionic liquids. (a) Correlation between change in resonant frequency and change in bandwidth
demonstrating Newtonian behavior, (b) change in resonant frequency as a function of viscosity—density product. The data are described by a
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Figure 7. Correlation between density—viscosity product for 17 pure
ionic liquids determined using viscometer and density meter and by
using the change in resonant frequency of the quartz crystal at the
third harmonic. The solid line has a slope of unity. The linear
correlation breaks down for the highest viscosity ionic liquids at around
V(on) ~ 18 kgm 25 12,

ionic liquids by Kulkarni et al. as well as a number of
[C1omim][CF3COO0], [Cyymim][NTf,], and [C;smim][SCN].3¢ In-
terestingly, this is not found in the QCM data where
[Cyomim] [NTH,] fits the linear trend of eq 1. Although, the addition
of solutes to ionic liquids has been shown to result in non-
Newtonian behavior, this has predominantly been for ionic liquids
containing functionalized cations, for example, where strong
hydrogen bonding can occur between the solute and ionic
liquid.*"%° Li et al. showed that the plastic and then Newtonian
behavior was observed as the shear rate increased for mixtures
of [MesNC,H,OH][Zn,Cls] and ethanol.>® Herein, where the ionic
liquid—water interaction may be considered as weaker, only
Newtonian behavior was observed. Recent calculations have
shown that non-Newtonian behavior may be expected for many

(36) Kulkarni, P. S.; Branco, L. C.; Crespo, J. G.; Nunes, M. C.; Raymundo, A.;
Afonso, C. A. M. Chem.:Eur. J. 2007, 13, 8478-8488.

(37 Guo, Z.; Xu, X. B. Green Chem. 2006, 8, 54-62.

(38) Chagnes, A.; Tougui, A.; Carre, B.; Ranganathan, N.; Lemordant, D. J. Sol.
Chem. 2004, 33, 247-255.

(39) Li, Q. M.; Wu, G. Z;; Liu, Y. D; Luo, Y. S. Appl. Rheol. 2006, 16, 334-339.

ionic liquids, even those thought as showing Newtonian behavior
on the macroscale, if the ionic liquid is confined in microchannels,
for example.*® The QCM technique coupled with microchannel
devices will enable this prediction to be studied in detail and is
the subject of an ongoing study.

CONCLUSION

In this article, we have shown that quartz crystal impedance
analysis can be used to determine whether mixtures of a water-
miscible and a water-immiscible ionic liquid with water and
methanol, respectively, have Newtonian responses when subject
to a high-frequency oscillation. For ionic liquids with a Newtonian
response, it has been shown that viscosity—density products can
be determined from small-volume samples without the need for
calibration liquids. The results also demonstrate that the third
harmonic of the crystal resonance provides the greatest consis-
tency over the full range of concentrations with results obtained
using a viscometer and density meter. Data obtained for 12 pure
ionic liquids were found to show Newtonian responses with
correlated shifts in quartz crystal frequency and bandwidth. The
change in frequency for pure ionic liquids was directly proportional
to the square root of the viscosity—density product for values up
to 18 kg m~? s~ /2. The ability of the quartz crystal method to
determine viscosity—density products of ionic liquids should allow
the development of high-throughput measurements of physical
properties for ionic liquids. A natural extension of this work is to
higher frequency acoustic wave devices, such as shear horizontally
polarized surface acoustic wave and acoustic plate mode devices,*"*?
which can be used with smaller volumes of liquid and which can
be integrated into microfluidic devices.
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A microfluidic device designed for electrochemical studies
on a microliter scale has been utilized for the examination
of impurity levels in ionic liquids (ILs). Halide impurities
are common following IL synthesis, and this study dem-
onstrates the ability to quantify low concentrations of
halide in a range of ILs to levels of ~5 ppm, even in ILs
not currently measurable using other methods such as
ion chromatography. To validate the mixer device, the
electrochemistry of ferrocene was also examined and
compared with spectroscopic and bulk electrochemistry
measurements. An automated “sample preparation, de-
livery, and calibration” method was developed, and the
chip successfully used for linear sweep, cyclic voltamme-
try (under both quiescent and steady-state flowing condi-
tions), square wave voltammetry, and differential pulse
voltammetry. An effective method of electrochemically
cleaning the electrodes is also presented.

In the past decade, the use of ionic liquids (ILs) as alternative
solvents and media for a wide range of applications has expanded
significantly in both academia, as well as in industry.!™® The
importance of impurities in ILs has been recognized by many
researchers in this area with water, halide, and metal impurities
from the synthesis of the ILs being the most prevalent. These
affect both physical and chemical properties of the media, for
example, drastically increasing viscosity® and thermal conductiv-
ity,” while also poisoning catalytic reactions.® Additionally, Jac-
quemin et al. have quantified the effect of halide and water content
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on the density of a wide range of ILs as a function of pressure
and temperature, highlighting the importance of being able to
measure their concentration accurately.*° It should be noted that
typical commercial samples contain between 10 and 1000 ppm of
halide from their synthesis.** The purity strongly determines their
cost because of the loss of IL during multistage purification.
With respect to halide content, although commonly used, the
technique of using the “silver nitrate” is only qualitative and is
insufficient to examine ILs for many applications.'> However, a
number of other methods have been demonstrated for the
quantification of halide in ILs, although it is important to note that
many have only been investigated for halide in water-miscible ILs
with few studies aimed at more hydrophobic ILs, such as those
based on tetraalkylphosphonium cations or trispentafluoroethyl-
trifluorophosphate ([FAP]") anions. These techniques include
Volhard (silver nitrate) and chloride-selective electrodes,®'
spectrophotometry using fluorescent indicators,* ion chromatog-
raphy (IC),">~ ICP-MS,? capillary zone electrophoresis,?! XPS,?*
and electrochemistry.”® IC has been demonstrated to be a
versatile technique for the determination of halides in both
hydrophobic and hydrophilic ILs. For example, Villagran et al.
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Padua, A. A. H,; Hardacre, C. J. Chem. Eng. Data 2008, 53, 716-726.

(10) Jacquemin, J.; Nancarrow, P.; Rooney, D. W.; Costa Gomes, M. F.; Husson,
P.; Majer, V.; Padua, A. A. H.; Hardacre, C. J. Chem. Eng. Data 2008, 53,
2133-2143.

(11) Electrodeposition from Ionic Liquids, Endres, F., MacFarlane, D., Abbott,
A., Eds.; Wiley-VCH Verlag: Weinheim, 2008.

(12) Hilgers, C.; Wasserscheid, P. In Tonic Liquids in Synthesis; Wasserscheid,
P., Welton, T., Eds.; Wiley-VCH Verlag: Weinheim, 2007.

(13) Mateus, N. N. M.; Branco, L. C.; Lourenco, N. M. T.; Afonso, C. A. M.
Green Chem. 2003, 5, 347-352.

(14) Anthony, J. L.; Maginn, E. J.; Brennecke, J. F. J. Phys. Chem. B 2001, 105,
10942-10949.

(15) Billard, I; Moutiers, G.; Labet, A.; El Azzi, A.; Gaillard, C.; Mariet, C.;
Lutzenkirchen, K. Inorg. Chem. 2003, 42, 1726-1733.

(16) Anderson, J. L.; Ding, J.; Welton, T.; Armstrong, D. W. J. Am. Chem. Soc.
2002, 124, 14247-14254.

(17) Villagran, C.; Deetlefs, M.; Pitner, W. R.; Hardacre, C. Anal. Chem. 2004,
76, 2118-2123.

(18) Hao, F.; Haddad, P. R.; Ruther, T. Chromatographia 2008, 67, 495-498.

(19) Stepnowski, P.; Markowska, A. Aust. J. Chem. 2008, 61, 409-413.

(20) McCamley, K.; Warner, N. A.; Lamoureux, M. M.; Scammells, P. J.; Singer,
R. D. Green Chem. 2004, 6, 341-344.

(21) Berthier, D.; Varenne, A.; Gareil, P.; Digne, M.; Lienemann, C.-P.; Magna,
L.; Olivier-Bourbigou, H. Analyst 2004, 129, 1257-1261.

(22) Silvester, D. S.; Broder, T. L.; Aldous, L.; Hardacre, C.; Crossley, A;
Compton, R. G. Analyst 2007, 132, 196-198.

10.1021/ac802406k CCC: $40.75 [0 2009 American Chemical Society
Published on Web 01/22/2009



D. Publications

153

for the Det

tion of Halide in ILs

Table 1. Comparison of the Commonly Used Techni

approximate mass
method of IL needed/g”

Volhard 0.3
Spectrophotometric n/a

ca. 400
ca. 300

Chloride selective electrode 0.1

Ion chromatography 0.1 4-8

ICP-MS 0.1 ca. 0.01

Capillary zone electrophoresis 0.2 ca. 5

Macro-scale Electrochemistry 1.0 2-30

Microscale Electrochemistry <0.05 5—-17

LOQ/ppm*

ca. 20 for water miscible samples

comments reference

IL must be water miscible 6
IL must not quench 13
fluorescence
Reported for water and 6
ethanol miscible IL samples.
Note for ethanol soluble
samples minimum values of
1000 ppm have been
reported
IL must dissolve in a 16
minimum of 40% acetonitrile
+60% H,0; Long retentions
times are found for highly
polarizable anions such as
[NTf,]~, [FAP]™ in general
limiting turnaround of
samples
Low LOQ was found for water 19
soluble IL but problems
were encountered for water
immiscible ILs due to low
solubility.
Water miscible and 20
immiscible ILs studied.
The viscosity of the IL to be 23
analyzed limits the detection
limit but high viscosity
materials can be diluted with
molecular solvents.
this work

@ Mass of IL used determines the LOQ of the techniques where the sample needs to be diluted. The LOQ values shown in the table are for the

mass of IL summarized.

showed that limits of quantification (LOQ) of <8 ppm were
possible for both 1-butyl-3-methyl imidazolium hexafluorophophate
([Csmim] [PFg]) and tetrafluoroborate ([Cymim][BF,]) ILs.'®
However, for ILs containing large polarizable anions, such as
bis{ (trifluoromethanesulfonyl)imide} ([NTf,]") the analysis
time can be long and relatively large amounts of IL (~ 100
ul) are needed. In addition, the samples must have a significant
solubility in water-organic solvent mixtures as they cannot be
analyzed without dilution.

Spectrophotometry and electrochemical techniques such as
linear sweep (LSV), square wave (SWV), and cathodic stripping
voltammetry have been used to quantify the chloride concentration
in both water miscible and water immiscible ILs. Both methods
can be scaled down to chip level, although limits of quantification
below 400 ppm have not been achieved by spectrophotometry.®
For electrochemical techniques good sensitivity has been reported
for both LSV and SWV in [C;mim][PFs], [Cymim][BF,], and
[C4mim] [NT,], with levels of quantification ranging between
7 and 30 ppm, the value being dependent upon the viscosity of
the IL.2® Cathodic stripping voltammetry was shown to be
capable of detecting sub parts per million levels of halide, with
limits of quantification reported to be ~0.3 ppm for
[Cymim] [PF¢], [C;mim][BF,], and [C,mim][NTH£].? In general,
the electrochemistry techniques employed to date require a
significant volume of IL (at least ~1000 uL) for each sample,
and multiple samples are required to produce calibration
curves. In addition, each sample takes a significant amount of
time to measure, including electrode preparation, multiple
sample preparation, cleaning and reassembly of set up, and

the measurement. The techniques used, to date, for ILs and
the LOQ/mass used in each with limitations are summarized
in Table 1. It should be noted that all methods currently used
routinely require a calibration curve; therefore, preparation times
for the analysis of the IL samples can vary significantly depending
on the dilutions required and the number of data points on the
calibration curve.

This paper examines the use of a microfluidic device incor-
porating a mixer and electrochemical cell to provide an automated
voltammetric method of determination of halide content in ILs
using a small volume of IL. A number of considerations are
required to be taken into account and assessed prior to imple-
mentation of the technology. Because of the small area of the
electrodes, the limits of detection and quantification need to be
examined in detail. Moreover, the issue of measurement repro-
ducibility is important with both electrode cleanliness and sample
to sample contamination, important considerations for assembled
devices. Most polycrystalline electrodes require either periodic
resurfacing or pretreatment to maintain optimal and reproducible
behavior.?® For the device used herein, platinum is used as the
electrode material which is commonly used for both macro- and

(23) Xiao, L.; Johnson, K. E. J. Electrochem. Soc. 2003, 150, E307—E311.

(24) Villagran, C.; Banks, C. E.; Hardacre, C.; Compton, R. G. Anal. Chem. 2004,
76, 1998-2003.

(25) Sun, H,; Yu, L; Jin, X;; Hu, X.; Wang, D.; Chen, G. Z. Electrochem. Commun.
2005, 7, 685-691.

(26) Swain, G. M. In Handbook of Electrochemistry, Zoski, C. G., Ed.; Elsevier:
Amsterdam, 2007.
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microscale electrochemistry.?” However, it is also prone to oxide
formation and the adsorption of foreign species; thus, reproducible
electrode handling is required to generate a reproducible re-
sponse. As well as physical resurfacing by the use of abrasive
materials, electrochemical cleaning is a method of surface
regeneration. Typically, for platinum, this takes the form of
deliberate oxide formation at oxidative potentials followed by oxide
dissolution at reductive potentials to yield a regenerated Pt
surface.? However, this requires the original introduction of a
potential oxide forming compound, such as water. Therefore, while
this method is favored for aqueous studies, its use in ideally
anhydrous or non-aqueous electrochemical studies is limited. An
alternative mechanism is the generation of gas bubbles, or the
generation of chemically reactive reagents to clean the electrode
surface. This issue has been addressed in detail in this paper.

Because of their high viscosity and low diffusivity compared
with commonly employed molecular solvents, few studies have
examined the use of microchannel devices with ILs. For example,
de Mello et al. use electric current through IL in a microchannel
to provide heating and, thereby, temperature control on a
microfluidic device.?® Chen et al. examined the mixing of a
fluorescent dye in IL streams in a chain of special microchannel
elements.® However, to date microchannel devices incorporating
electrochemical cells and their use for analytical purposes have
not been examined.

The preparation of known concentrations for calibration
purposes in this work used an automated procedure employing
syringes, syringe drives, and a mixer device. The precision of the
mixture composition produced by the device is demonstrated in
the paper. A further aspect of accurate measurement of a particular
sample solution is deposition of a pure aliquot of that sample in
the volume of the measurement cell. In order for pre-existing
sample liquid not to contaminate the deposited sample adequate
volume flushing of the supply path with the new sample liquid
must be achieved.

EXPERIMENTAL SECTION

Materials and Synthesis. 1-Butyl-3-methylimidazolium chlo-
ride ([Cymim]Cl), 1-butyl-1-methylpyrrolidinium chloride
([CymPyrr]Cl), 1-butyl-3-methylimidazolium bis{ (trifluoromethyl)-
sulfonyl}imide ([Cymim][NTf]), 1-butyl-3-methylimidazolium
trifluoromethanesulfonate ([Cymim][OTf]), and 1-butyl-3-me-
thylimidazolium tetrafluoroborate ([C;mim][BF,]) were pre-
pared in house using standard literature methods.?3! ILs
based on the trispentafluoroethyltrifluorophosphate ([FAP]")
anion were obtained from Merck. Trihexyltetradecylphospho-
nium bis{ (trifluoromethyl) sulfonyl}imide ([Pgss14] [NTf,]) was
prepared from [Pgss14] Cl supplied by Cytec. The halide content
of ILs was determined using suppressed ion chromatography
(IC),'® with the exception of the [Pgg14]" and [FAP]~ based
ILs which cannot currently be measured using IC. The water

(27) Manica, D. P.; Mitsumori, Y.; Ewing, A. G. Anal. Chem. 2003, 75, 4572—
4577.

(28) de Mello, A. J.; Habgood, M.; Lancaster, N. L.; Welton, T.; Wootton, R. C. R.
Lab Chip 2004, 4, 417-419.

(29) Earle, M. ].; Katdare, S. P.; Seddon, K. R. Org. Lett. 2004, 6, 707-710.

(30) Bonhote, P.; Dias, A. P.; Papageorgiou, N.; Kalyanasundaram, K.; Griitzel,
M. Inorg. Chem. 1996, 35, 1168-1178.

(31) Suarez, P. A. Z.; Einloft, S.; Dullius, J. E. L.; de Souza, R. F.; Dupont, J.
J. Chim. Phys. 1998, 95, 1626-1639.
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content was determined by volumetric Karl Fischer titration
using a Mettler Toledo DL31 titrator. All ILs were found to
have halide concentrations below the detection limit of sup-
pressed ion chromatography (ca. 5 ppm). All ILs were dried
under high vacuum at 70 °C prior to use, until the resulting IL
contained a residual water content of <0.01 wt %. The ILs were
stored in a Nofilled glovebox where all solutions were prepared
and the reservoirs were loaded.

Instrumentation. All experiments and automated syringe
loading were carried out in an air-conditioned room (temperature
20+ 1 °C).

Macro-scale electrochemical determination of chloride content
was carried out in glass cells using 2 g of IL, and performed with
a three-electrode arrangement with a platinum (1.6 mm diameter)
working electrode and two platinum wires as counter and pseudo-
reference electrodes. The cell and electrolyte were purged with
argon prior to use. The Pt electrode was polished successively
with 5, 1, and 0.01 zm alumina slurries on lapping pads.

Both macro-scale and on chip determination of the chloride
concentration by cyclic voltammetry (CV) as well as phenol
passivation and cleaning experiments were recorded with a PC
controlled potentiostat/galvanostat EG&G Model 273A, using the
EG&G EChem software. All other experiments were recorded
with a PC controlled Autolab #AUTIII potentiostat, using Eco
Chemie GPES 4.9.

Details of the Microfluidic Device. The apparatus for the
automated sample preparation and delivery used Nemesys syringe
drives (Cetoni) with 250 uL Gastight syringes (Hamilton) to
control flow through a network constructed from two glass chips
supplied by Micronit Microfluidics and interconnecting capillary
tubing and fittings (Upchurch). The maximum injection rate for
each syringe within the system was 0.1 uL s™! based upon
specified pressure tolerances for the syringes. The first glass
chip contained an 18 element tear-drop mixer®>* supplied off
the shelf (Micronit TD18), and the second chip was designed in
house and included the electrochemical cell used in the experi-
ments. Figure 1a shows a diagram of the flow network. The two
syringes A and B supply the mixer to create a prescribed uniform
mixture for the electrochemical cell. For example with syringe A
filled with a known ferrocene and IL mixture and syringe B with
a pure IL, a ferrocene solution of concentration anywhere in the
range from zero to that of the syringe A solution can be supplied
to the electrochemical cell. The additional syringe, C, is filled with
an IL with high chloride concentration for use as an electrode
cleaning agent. The volume flow rates from syringes A and B
determine the concentration emerging from the mixer once steady
conditions are reached and, again depending on the flow rates
set, either flow from the mixer or from Syringe C can be sent to
the electrochemical cell. Thus, under computer control of the
three syringes considerable flexibility in the sequence of flow is
available. Figure 1b shows the two chips clamped in holders
facilitating the flow and electrical connections. The flow connec-
tions were made using Nanoport fittings and ferrules, PEEK

(32) Chen, Z.; Bown, M.; O’Sullivan, B.; MacInnes, J. M.; Allen, R. W. K.; Mulder,
M.; Blom, M.; van't Oever, R. Microfluid. Nanofluid. 2008, in press.

(33) Priestman, G. H.; Maclnnes, J. M.; Tippetts, J. R.; Allen, R. W. K. Fluidic
oscillators for measurement, mixing and monitoring in micro reactors.
Proceedings of the 7th World Congress of Chemical Engineering, Glasgow,
UK., July 10—14, 2005.
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(a) Syringes Mixer Electrochemical
A cell
B -
Cc
H 1 Potentiostat

®)  Mixer chip

Electrochemical Cell

Figure 1. (a) Diagram of experimental apparatus. The two syringes
A and B supply the mixer to form prescribed mixture to the
electrochemical cell. Syringe C is used in the experiments to supply
high concentration chloride solution to the cell for cleaning. (b) Mixer
chip and electrochemical cell arrangement showing the chip holders,
capillary flow connections between the two chips and the “T” junction
fitting. The three input streams come in from the top of the photograph
(two into the mixer chip and one into the T fitting). The outlet capillary
from the electrochemical cell goes out the right-hand side of the
photograph (not visible) and the electrical connection for the working,
pseudo-reference, and counter electrodes are included in the wire
bundles exiting to the right.

MicroTee fitting and 150 um internal diameter PEEK capillary
tubing (Upchurch). Electrical connections were made using
standard spring pins (RS). The mixer is expected to produce
uniformity at is outlet of less than 0.1% standard deviation in
composition relative to the average for the conditions of opera-
tion.>* The electrochemical cell cavity encloses 260 nL volume
and is formed by wet etching 75 um into one glass layer and
depositing a 100 nm thick platinum pattern on a second to form
the cell electrodes and electrical connections. When the layers
are bonded together the cell is completed, with etched passages
250 um wide (and 75 um deep) leading flow to and from the cell.
The electrodes overlap the edges of the cell as indicated in Figure
1a such that the contact area with fluid in the cell is 0.0033 cm?
for the working electrode and 0.0015 cm? each for the pseudo-
reference and counter electrodes. The holes leading from the
chip channel passages up to the capillary connections in both
the mixer and the electrochemical chips are powder-blasted,
and these holes have volumes 1.1 and 0.3 uL, respectively.

(34) Maclnnes, J. M.; Vikhansky, A.; Allen, R. W. K. Chem. Eng. Sci. 2007, 62,
2718-27217.

When switching from one stream or mixture to the next it is
necessary to clear out the existing solution so the desired
composition is present in pure form in the electrochemical cell.
Achieving this requires passing a sufficient volume along the path
leading from the point of introduction of the new solution (the
junction leading into the mixer in this case) through to the outlet
of the cell. The larger this path volume, the more solution volume
must flow to produce a given level of purity. Thus, the internal
volume (capillary tubing and chip passages including connection
holes, channels, and the electrochemical cell itself) between the
mixer junction and cell outlet is an important parameter. This path
volume is estimated to be 3.8 uL.

Two things are crucial to ensure pure deposition in the cell
can be achieved. First, unused streams must be retracted from
the junctions through which the desired solution flows. Otherwise
diffusion of material from the unused streams into the stream that
is being deposited will mean contamination of the solution used
to flush the path volume. While eventually the unused streams at
a junction will be cleared by the diffusion this will take an
impractically long time and large amount of sample solution to
achieve good sample purity in the cell. Efficient clearing, therefore,
requires an initial rapid retraction of all unused streams back away
from the junctions so the desired solution may pass uncontaminated.

Second, when the syringe drives are stopped mechanical
relaxation occurs (in the drive mechanism, syringes, and liquid)
which produces a brief continuation of flow from all syringes. The
materials associated with this flow has an uncontrolled composi-
tion and must not reach the electrochemical cell. It may be
possible to compensate to a large degree for the relaxation by
retraction of the syringes to minimize the leaked solution volume.
Herein, the experiments were conducted such that the path
volume between junction and electrochemical cell was sufficiently
large for the uncontrolled mixture not to reach the cell. For the
flow rates, and hence pressure changes, used in the experiments
the relaxation flow is estimated to expel up to 100 nL from each
syringe supply. Thus up to a total of 300 nL may leak from the
three solutions. Approximately twice that volume of the passage
may be affected since the core of the flow travels further than
the average (by exactly twice in a capillary passage, see, e.g., ref
35). With the downstream passage volume being 1 xL for the T
junction and 3.5 uL for the mixer junction, the electrochemical
measurement cell should be protected from the uncontrolled
mixture produced during relaxation.

RESULTS AND DISCUSSION

Validation of the Injection Protocol and Mixer Chip to
Accurately Prepare Known Mixtures. Although the effective-
ness of the low Reynolds number mixer chip has previously been
demonstrated,®***% the combination of an automated injection
system plus mixer chip (Figure 1a,b) had not been validated to
produce known concentrations of samples inside a subsequent
chip. The protocol used was, therefore, tested using ferrocene
(Fc) solutions measured using UV—vis absorption spectroscopy.
A concentrated sample of ferrocene (50 mM, ca. 15000 ppm) was
prepared in methanol (MeOH) and loaded into syringe A, while

(35) Maclnnes, J. M.; Du, X; Allen, R. W. K. Phys. Fluids 2003, 15, 1992-2005.
(36) Maclnnes, J. M.; Chen, Z.; Allen, R. W. K. Chem. Eng. Sci. 2005, 60, 3453—
3467.
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Figure 2. Comparison of the UV—vis absorbance of solutions of
ferrocene prepared on-chip (440 nm(O) (R? = 0.998) and 325 nm
(2) (R? = 0.997)) and off-chip (440 nm (<) (R? = 0.999) and 325 nm
(O) (R? = 0.999)), as a function of the ferrocene concentration. The
concentrations were set using the control program and made by
mixing a Fc solution (50 mM Fc in methanol) with pure methanol within
the mixer chip.

pure MeOH was loaded into syringe B. Consecutively, eight
mixing ratios were then used to prepare 1000 L samples for off
chip analysis, after passing through the entire system, and after
discarding the first ca. 100 uL.

Figure 2 compares the UV—vis absorption as a function of
concentration prepared on chip, as well as off chip, using
micropipettes. Ferrocene is known to possess two absorption
peaks in methanol, corresponding to 325 and 440 nm,*” and both
methods gave consistent data with linear plots of excellent fit
demonstrating the reliability of the mixing and injection methodol-
ogy under steady flow conditions.

ILs have a much higher viscosity, in general, than molecular
solvent and therefore the mixing of ILs was validated within the
microfluidic device using stop-flow and the electrochemistry cell.
Eleven samples were prepared by mixing a 50 mM solution of
ferrocene in [C;mim][NTf,] in syringe A with pure
[C4ymim][NTf,] in syringe B, and the concentrations measured
using CV.

Figure 3 displays the correlation between both the peak area
and the peak current of the Fc oxidation peak versus the Fc
concentration expected from the mixing chip. In both cases a good
linear fit between 0—50 mM was obtained demonstrating that
efficient and predictable mixing was achievable with the high
viscosity media. Figure 4 shows the effect of scan rate on the peak
area and peak current using a 50 mM solution of Fc in
[C4ymim][NTf,] over 5 to 300 mV s~%. In each case an ideal
linear response was observed.

By increasing mass transfer, the size of the current response
at the electrode can be increased. As such, steady-state voltam-
metry is a desirable technique for low concentrations of analyte.
CVs were carried out for injection ratios for syringe A containing
50 mM solution of ferrocene in [Cymim][NTf,]: syringe B
containing pure [Cymim][NTf,] of 1:0, 0.3:0.7, and 0.1:0.9

(37) Lagunas, M. C; Pitner, W. R;; van den Berg, J. A.; Seddon, K. R. ACS Symp.
Ser. 2003, 856, 421-438; ITonic Liquids As Green Solvents: Progress And
Prospects.
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Figure 3. Calibration plots for the CV of Fc solutions, generated by
mixing various volume ratios of a 50 mM solution of Fc in
[C4mim][NTf,] with pure [Csmim][NTf,] within the mixer chip, displaying
peak area vs predicted Fc concentration (¢, A2 = 0.999) and peak
current vs predicted Fc concentration (O, R = 0.999).
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Figure 4. Plots for a 50 mM solution of Fc in [Csmim][NTf],
displaying (a) peak current vs the square root of the scan rate (R? =
0.992) and (b) peak area vs the inverse of the scan rate (R? = 0.989).

(Figure 5a). Under all conditions used, steady state current
response was observed with a linear current response with Fc
concentration. Therefore, steady state voltammetry can be carried
out using this apparatus, including automated mixing of sample,
while only consuming IL on the ul-scale. Figure 5b also includes
the peak current values and peak area values for the three injection
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(b) Comparison plots for “steady-state” peak current (¢, R? = 0.998),
quiescent state peak currents (a, R? = 0.999) and quiescent state
peak areas (O, A2 = 0.999) at each Fc concentration.

ratios when scanned under quiescent conditions. From the
definition that sensitivity is the current response divided by
concentration, it is observed that peak area is still a more sensitive
means of concentration determination than peak current. However,
steady-state voltammetry offers an improvement over quiescent
peak current measurement.

Electrochemical Quantification of Halide Content by CV:
Comparison between Microfluidic Device and Conventional
Macro-Electrode Setup. Villagran et al. reported that linear
sweep voltammetry at a glassy carbon (GC) macro-electrode can
be used to quantify chloride content in ILs using chloride oxidation
with a limit of quantification at the parts per million level.?* For
example, a limit of quantification of 4.2 ppm was found for
[Cymim] [NTf,] using this methodology. This procedure was
repeated in an electrochemical cell using a Pt macro-scale
working electrode and two Pt wires as counter and quasi-
reference electrodes to mirror the setup in the microfluidic
electrochemical cell. Ten solutions of [Cymim][NTf,] with
chloride contents between 49 ppm to 1400 ppm were prepared
by adding chloride in the form of [C;mim]Cl. The voltammetry
observed was consistent with that previously reported for
[Cymim]Cl at Pt in [C;mim][NTf,].>® Linear correlations were
observed between peak current and chloride content at scan

(38) Aldous, L.; Silvester, D. S,; Villagran, C.; Pitner, W. R.; Compton, R. G.;
Lagunas, M. C.; Hardacre, C. New J. Chem. 2006, 30, 1576-1583.

rates of both 5mV s ! and 100 mV s~! (Figure 6). The scans at
5 mV s~ were observed to be more reproducible but took
approximately 260 s to complete, while scans at 100 mV s™!
took about 13 s and gave greater current response but poorer
signal-to-noise ratios at lower Cl~ concentrations, that is, at 100
mV sL

The same solutions were also analyzed by linear sweep
voltammetry on chip. It should be noted that for these experiments
a single syringe and syringe pump was used, and the mixer chip
was bypassed. A strong correlation between current and chloride
content was also observed over all concentrations on the microf-
luidic device. Panels b and d of Figure 6 display the linear sweep
scans for all chloride contents at 100 mV s™! and the correlation
between peak current at 5 mV s~ and 100 mV s~! with added
chloride content, respectively. The improvement in the linear
correlation upon moving from the macro- to the microscale
setup is attributed to the fixed position of the electrodes within
the cell. In the macro-electrode more variability of the distances
between the working, counter, and reference electrodes is
possible and, therefore, the microfluidic device presents a clear
improvement for repeated analytical work. In addition, the
macro-electrode experiments typically used at least 15000 uL
for a ten-point calibration with [Cymim] [NTf,], compared with
about 1000 uL (sample + chloride-spiked sample) on the
microfluidic device showing the benefit of moving to the small
scale.

Flushing of the Microfluidic Device. To investigate a large
number of samples while minimizing the volume used, it is
necessary to be able to flush out the preceding sample with the
next sample. To evaluate the efficiency in flushing out the old
sample, the number of volume changes required to completely
remove a sample from the electrochemical cell was examined.
Volume changes were delivered incrementally, six path volume
changes at a time, with the flow stopped between increments to
allow a CV scan to be made. While this is not ideal since
mechanical relaxation causes the retracted unused streams to flow
into the path volume, it was a convenient way to collect data. Three
concentration samples of Fc solution in [Cymim][NTf,], 66 mM
(~12500 ppm), 26.4 mM (~5000 ppm), and 6.6 mM (~1250
ppm), were introduced into the cell, and CV was used to
measure the concentration of Fc as a function of the number
of path volume changes of pure [C;mim][NTf,] injected as the
washing solvent. Although a significant drop is observed,
beyond 12 volume changes the Fc concentration appears to
have reached a plateau value dependent on initial concentration
as can be seen by plotting the data on semilog axes, Figure 7.
The decay in contamination concentration is expected to be more
rapid than exponential for this convection-diffusion process while
the plateau tendency of the results shows a far slower than
exponential decay. The likely cause is the incremental delivery
which, because of the relaxation effect, allows deposition of some
Fc solution into the path volume downstream of the mixer inlet
junction following each increment.

Electrode Fouling and Regeneration Techniques. Because
of the fixed nature of the electrochemical cell within the microf-
luidic device, it is not possible to clean the electrodes by
mechanical means and, therefore, chemical cleaning is necessary.
To investigate the efficiency of such cleaning, the electrodes were
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[Csmim][NTf,] with 6, 12, 18 and 24 volume changes of pure
[Csmim][NTf,], based upon peak oxidation current.

deliberately passivated using phenol oxidation and polymeriza-
tion.** Recently, Villagran et al. demonstrated that in
[Comim] [NTf,] using a GC electrode, phenol displays a single
oxidation peak, and bulk oxidation leads to the formation of
polymerization product.®® After injecting a 15 mM solution of
phenol in [Cymim][NTf,], three consecutive CVs showed
initially a large oxidation peak at about +1.75 V versus Pt
followed by no clear oxidation peaks in the second and third
scans (Figure 8a). Similarly, on injecting a 15 mM solution of
ferrocene in [C;mim][NTf,] after passivation, no significant
oxidation features were observed (Figure 8b). The fact that the
passivation was not removed after flushing indicates that the
electrode surface was fouled by a strongly adsorbed layer.

(39) Villagran, C.; Aldous, L.; Lagunas, M. C.; Compton, R. G.; Hardacre, C. J.
Electroanal. Chem. 2006, 588, 27-31.
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line). (b) Overlay of ferrocene scans before (solid line) and after
(dashed line) electrode passivation by phenol oxidation.

Alternating the polarity of platinum electrodes has the potential
to desorb some adsorbed compounds, especially charged com-
pounds.?® Cleaning of this type was evaluated by rapidly scanning
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Figure 9. (a) CV of a 15 mM solution of [Csmim]Cl in [Csmim][NTf,],
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between +0.5 and —0.5 V, holding at each vertex for 3 s, while
flowing pure [C;mim][NTf,] at 5 «L. min~'. However, a quies-
cent scan of a 15 mM solution of ferrocene in [Cymim] [NTf,]
before and after cleaning showed only a marginal improvement
in the response. In contrast, chemical cleaning via the genera-
tion of gas bubbles and a reactive chemical species, in this case
chlorine, showed significant improvement. An 11.5 mM solution
of [Cymim]Cl in [Cymim][NTf,] was introduced into the cell
and the potential held at +2 V for 60 s, to generate Cl,. Prior
to this treatment, no chloride oxidation was observed because
of the phenolic passivation; however, following sustained
oxidation of the chloride to chlorine, scans of the chloride
solution demonstrated gradually increasing oxidation peaks,
reaching half the expected size after 7 treatments and produc-
ing chloride oxidation peaks consistent with that observed prior
to phenol oxidation after 12 treatments (Figure 9). Careful
control of the potential was also required as electrolysis at
potentials of >+2.2 V, that is, beyond the oxidative window of
[C4mim] [NT,], was found to result in an overall decrease in
the chloride oxidation peak because of passivation by oxidative
decomposition of the IL, an effect that was only reversed by
further chlorine generation at +2 V. Figure 9 indicates the effect
of cleaning the electrode by showing CV scans of ferrocene at
various stages of cleaning.

Optimization of Electrode Regeneration. On measuring the
chloride content in the ILs using the microfluidic device, at high
chloride concentrations there was sufficient generation of Cl, to
clean the electrodes resulting in excellent reproducibility

between samples. Therefore, no secondary cleaning was
necessary. However, at lower chloride concentrations, typically
below values of 40 ppm, the reproducibility decreased and
additional surface regeneration in the form of Cl, generation
was required. To produce sufficiently clean electrodes, a
minimum chloride concentration of 400 ppm was required with
the time taken for the treatment dependent on the concentra-
tion and the IL used. In general, it was found that four 15 min
Cl, pretreatments generated using a 400 ppm Cl~ solution with
flushing the chip with a fresh 400 ppm solution between each
treatment was adequate to give reproducible results. This was
achieved using a single syringe operation filled with the 400
ppm CI~ IL solution.

While a 60 min long pretreatment step between samples using
400 ppm chloride solutions proved excellent for small batches of
samples, the time required for the cleaning significantly reduced
the turnover of samples possible. Much shorter treatment times
were possible by increasing the concentration of chloride in
[C4ymim] [NTf,]. Following fouling of the electrodes, the oxida-
tive peak current of 40 ppm chloride was measured to probe
electrode cleanliness. Using a 5 min treatment with either 2000
and 4000 ppm chloride did not result in reproducible oxidation
currents (vs the established 60 min cleaning with 400 ppm Cl1°),
indicating that a consistent electrode surface was not being
achieved. In contrast, chlorine generation for 5 min using a
8000 ppm chloride solution resulted in a peak area within ~25%
of that observed after the 60 min cleaning method. Further-
more, extending the cleaning time to 10 min resulted in a peak
area ~5% of the ideal value. It should be noted that, although
the cleaning protocol can be significantly speeded up by the
use of solutions containing higher chloride content, more IL
is used in flushing the chloride solution from the electrochemi-
cal cell to reach acceptable purity prior to analysis of the next
sample.

Quantification of Chloride Using Square Wave (SWV) and
Differential Pulse (DPV) Voltammetry. While both square wave
(SWV) and differential pulse (DPV) gradually scan through ranges
of potentials in a manner similar to linear sweep voltammetry,
both techniques also subtract background current. This typically
leads to improved signal-to-noise ratios and results in more
sensitive and reproducible data. This was demonstrated in the
quantification of halide in ILs by Villagran et al. Therein, while
LSV and SWV measurements of chloride content in
[Cymim][NTf,] gave limits of detection (LOD) of 4.2 and 4.3
ppm, respectively, SWV gave a significantly lower limit of
quantification (LOQ) of 6.8 ppm relative to 25.6 ppm from linear
sweep voltammetry.>®

Halide contents between 5 and 40 ppm were investigated using
SWV and DPV in [C;mim] [NTf,], [Cymim][OTf], [C;mim][BF,],
[CsmPyrr][NTE], [P666,14] [NT£;], and [CsmPyrr][FAP]. A stan-
dard procedure was followed, whereby syringe A was loaded
with a solution of 40 ppm of the chloride salt of the IL cation
dissolved in the target IL, while syringe B was loaded with the
pure IL. Syringe C was loaded with a 400 ppm “cleaning”
solution of the chloride salt dissolved in the IL to be measured.
Samples were then mixed at various concentrations using the
automated mixer, and scans recorded using SWV and DPV,
with 60 min cleaning (by Cl; generation) performed between
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[CamPyrr][NTf,] (A, A2 = 0.992), [Pegs 14][NTT,] diluted with 20 wt %
acetonitrile (W, A2 = 0.991) and (b) [C,mPyrr][FAP] (O, R? = 0.981).

the different scans/samples. In the case of [Pggs14] [NTE], it
was dissolved in acetonitrile at a weight ratio of 4:1 IL/
acetontrile to decrease the viscosity of the IL and thus improve
the peak current with respect to the background current. In
the case of [C;mPyrr][FAP], an 8000 ppm chloride cleaning
solution was used over 10 min.

Figure 10 and Figure 11 show the peak current and peak area
dependencies with respect to the concentration of added chloride
in the six ILs tested. Using the criteria of signal-to-noise ratio as
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Table 2. LOD and LOQ for Chloride Determined for a
Range of ILs Using SWV and DPV

method IL LOD/ppm LOQ/ppm
SWvV [C4mim] [NTH,] 5.7 7.3
[Cymim][BF,] 3.6 5.6
DPV [CymPyrr] [NTf,] 6.2 8.9
[CymPyrr] [FAP] 52 5.7
[C4mim][OTH] 5.0 5.2
[Cymim][BF,] 5.2 5.5
[Pegs,14] INTE,] 8.5 16.7

¢ Diluted with 20 wt % acetonitrile.

limit of detection (LOD)*° and the lowest value in the linear region
as the limit of quantification (LOQ), the LOD and LOQ of each
IL using SWV and DPV were determined and are summarized in
Table 2. The LOD and LOQ of the present technique were found
to be unexpectedly low considering the small size of the electrodes
and the small amount of sample used. With the exception of the
tetraalkyl phosphonium based IL with LOQ values of <10 ppm,
values observed were comparable to those found using the macro-
scale electrochemical cell.* For [Pggs,14] [NTF,] higher LOQ/LOD
values were observed, as expected, because of the higher
viscosity and concomitantly smaller signal.

Benefit of the Technique. Table 1 summarizes the limitations
associated with a range of halide detection techniques used in IL
analysis. Both the Volhard and spectrophotometric techniques
suffer from extremely high LOQ values, while also contaminating
the sample with the necessary reagents. Although ion chroma-
tography is a versatile technique for analyzing halide content in
ILs, the sample commonly must be diluted with water or a
combination of water and a water miscible solvent. This can result
in problems where the IL does not dissolve to a sufficient extent,
for example, [Pess14] [NTE:] or [C;mPyrr][FAP], or where the
IL may decompose on dissolution. Villagran et al. highlighted
that [Cymim][BF,], when dissolved in a H,O/acetonitrile
mixture, decomposes rapidly with the generation of fluorine
observed by IC.'” In addition, for highly polarizable anions such
as [NTf;]~ or [PFs]~, extended sample runs are required to
elute the IL anion even using a gradient elution system with
high concentrations of base.'” Capillary zone electrophoresis
has a wider IL range than IC enabling both water miscible and
immiscible samples to be studied, but dilution of the sample
was still necessary. In this case methanol was used.?! ICP-MS
provides a highly sensitive method for water miscible samples
only. For water insoluble samples, the method became unreli-
able.?° Similar issues were found with chloride sensitive
electrodes where an LOQ ~ 20 ppm was only found for water
miscible samples.®'® The electrochemical methods allow the
analysis of the IL samples in their undiluted form with the analysis
on the microfluidic device providing a more economical method
with respect to sample waste compared with the macro-scale
electrochemical setup. Both the macro- and microscale set-ups
result in similar LOQ values; however, as demonstrated by the
need to dilute the [Pgge14] [NTE,] IL to a small extent, some
limitations with respect to viscosity are present with the
electrochemical method. The electrochemical microfluidic

(40) Brett, C. M. A., Brett, A. M. O. In Electroanalysis, Oxford Chemistry Primers,
No. 64; Oxford University Press: Oxford, 1998.
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device allows the versalitility and similar LOQ of capillary zone
electorphoresis and, to some extent, IC but uses a smaller
volume of IL and offers a nondestructive methodology.

CONCLUSIONS

An automated microfluidic electrochemical device has been
demonstrated which can measure the halide content of a wide
range of hydrophobic and hydrophilic ILs to levels <20 ppm. As
well as the electrochemical cell, the microfluidic device incorpo-
rates a mixer chip which enables rapid calibration of the device,
and the mixing has been shown to be reproducible even with the
highest viscosity ILs tested. A chemical cleaning protocol was
established using a high concentration of chloride in the IL to
produce reproducible electrode surfaces. In comparison with many
other techniques used to measure halide, the electrochemical

method is versatile and does not require sample pre-treatment
before measurement except for high viscosity samples. By utilizing
the microfluidic device, the sample size may be reduced compared
with the macro-scale electrochemical setup, and the time between
samples reduced to 15 min which includes the time taken to clean
the electrodes, as well as the injection and analysis.
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A microfluidic glass chip system incorporating a quartz crystal microbalance
(QCM) to measure the square root of the viscosity-density product of room tem-
perature ionic liquids (RTILs) is presented. The QCM covers a central recess on a
glass chip, with a seal formed by tightly clamping from above outside the sensing
region. The change in resonant frequency of the QCM allows for the determination
of the square root viscosity-density product of RTILs to a limit of
~10 kg m~2 s703. This method has reduced the sample size needed for character-
ization from 1.5 ml to only 30 wl and allows the measurement to be made in an
enclosed system. © 2010 American Institute of Physics. [doi:10.1063/1.3353379]

I. INTRODUCTION

Room temperature ionic liquids (RTILs) are increasingly finding novel applications to chemi-
cal engineering problems for which they can be specifically tailored. RTILs are liquid at ambient
temperature and comprise solely of ions. There are over 1X 10° simple RTILs that need to be
characterized to optimize their potential uses. Extending the available data on these pure liquids is
difficult due to the expense of the large volumes required for traditional characterization methods.
To advance quickly in this area, it is necessary to develop a method for characterizing the physical
properties of the liquids quickly and efficiently using as small a volume as possible. Possible
applications for RTILs include separation techniques,I catalysis,2 organic synthesis,3 pharmaceu-
tical solvents,” fuels cells, and many more. Some techniques for characterizing the RTILs have
already been developed on chip including solution phase synthesis7 and halide content.®

It has previously been shown that the quartz crystal microbalance (QCM) can be used to
measure properties of RTILs,”"" which include the square root of the viscosity-density product
(V/;;]) using a small volume method requiring only 40 ul. The viscosity of small volumes is often
measured using cantilevers with a volume of only 1 ml."" The frequency response of a 5 MHz
quartz crystal with a single sided liquid contact was characterized by the Kanazawa and Gordon
equation (1),"* which relates the change in frequency to the square root of the viscosity-density
product,

Af 1 (fmp\"”?
fo‘_zq( w> ’ M

where Af is the change in resonant frequency, f, is the fundamental frequency, the specific
acoustic impedance of quartz: Z,=(u,p,)"*=8.84 X 10° kg m™?s™!, f,=nf, is the overtone fre-

1932-1058/2010/4(1)/014107/7/$30.00 4, 0141071 © 2010 American Institute of Physics
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FIG. 1. Image of microfluidic glass chip; the QCM sits over the open top circular cell.

quency at which the response is measured, and p and 7 are the density and viscosity of the liquid,
respectively.

In this work, we extend the previous study to incorporate the QCM on a glass microfluidic
chip, reducing the required volume, allowing the measurement to be made in a sealed system,
reducing the risk of water contamination, and giving the possibility of integrating other measure-
ments onto the same chip.

Il. EXPERIMENTAL
A. Microfluidic device setup

The custom designed microfluidic glass chip (3 cmX3 c¢cm X1 mm) was fabricated by Mi-
cronit Microfluidics BV (The Netherlands) using two layers of glass. The chip consists of an open
top circular cell with radius of 5 mm and depth of 300 wm with flow passages to and from the cell
formed by wet etching (depth 125 um), the QCM covers the open top circular cell, see Fig. 1. To
connect to the flow system, standard Upchurch (WA, USA) microfluidic connectors were used,
consisting of polyether ether ketone (PEEK) capillary tubing (inner diameter of 150 wm and outer
diameter of 360 wm, stock 1572) with headless nuts and ferrules (outer diameter of 360 wm,
stock F-123Hx and N-123-03x). To minimize risk of blockage a 2 wm filter capsule assembly
(stock M-542) was used.

The chip is clamped in a holder with a specially designed top clamping system (Figs. 2 and 3).
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FIG. 2. Chip clamping system, including quartz crystal.
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FIG. 3. Image of cell setup, with QCM clamped within the system.

This allows clamping of the QCM onto the glass chip outside the sensing region; the QCM is
connected via spring contact pins.

Polished quartz disks (0.538 in. diameter) with a resonant frequency of 8 MHz were pur-
chased from the International Crystal Manufacturing (OK, USA). Wrap around electrodes with
diameters: Top 8 mm and bottom 4 mm were fabricated with 10 nm titanium and 150 nm gold
using an Emitech K575X sputter coater.

Due to the chemical nature of the RTILs, it is important to use only chemically resistant
materials. It has been found that by tightly clamping the PEEK against the QCM and the glass
chip, a good seal is formed negating the need for any further sealing.

To ensure a stable temperature, the chip was placed in an Octagon 10 incubator (Brinsea,
U.K.) and all measurements made at 30 °C. Liquid flow rate was controlled via a Nemesys
syringe pump (Cetoni, Germany) with a gas tight syringe (Hamilton, Switzerland) volume depen-
dent on the viscosity of the liquid. The chip requires a sample volume of only 30 wl and has been
compared to measurements made with a Brookfield DVII+ programmable viscometer (temperature
controlled at 30 °C via a water bath) and DMA4500 density/specific gravity/concentration meter,
which require a combined volume of 1.5 ml.

The square root viscosity-density product is calculated by measuring frequency changes and
applying the Kanazawa and Gordon equation.12 Measurements of resonant frequency changes for
the QCM were obtained by tracking the frequency of the minimum insertion loss using an Agilent
E5061A network analyzer for both the fundamental frequency and the third overtone. Liquid flow
was stopped to allow the frequency measurements to be recorded.

Various concentrations of water glycerol solutions (0%—-85% v/v) were used as calibration
liquids to ensure that the QCM frequency changes were behaving according to the expected
relationship.'”> Measurements of various concentrations of [C,mim][EtSO,] (0%—-100% v/v), a
water miscible RTIL, and a further eight RTILs were studied (Table I). The RTILs were dried
under vacuum overnight at 65 °C before use to ensure minimal water content. Immediately prior
to QCM measurements, the viscosity and density were measured on a standard viscometer and
densitometer ensuring that the water content for a given liquid was the same for both techniques;
halide content was recorded using suppressed ion chromatography.16

Liquid flow rates ranged from 0.04 wl/s for highly viscous samples (>100 cP) to 2 ul/s for
cleaning. Six fluid volume changes are used to ensure that there is no residue remaining from
previous samples. For this purpose, water and methanol are used until the resonant frequency of
the crystal returns to its unloaded value. Liquid exchange is made without opening the cell; if the
cell is opened, recalibration would be needed to ensure that the QCM is operating as expected.
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TABLE 1. RTIL names and sources.

Halide content

RTIL Chemical name Manufactured (ppm)

[C,mim][EtSO,] 1-ethyl-3-methylimidazolium ethylsulfate In house using standard Halide free
1-ethyl-3-methylimidazolium literature methods®

[C,mim][NTf,] bis(trifluoromethylsulfonyl)imide <5
1-butyl-3-methylimidazolium

[C4mim][NTf,] bis(trifluoromethylsulfonyl)imide <5
1-hexyl-3-methylimidazolium

[Cemim][NTf,] bis(trifluoromethylsulfonyl)imide <5
1-octyl-3-methylimidazolium

[Csmim][NTf,] bis(trifluoromethylsulfonyl)imide <5
1-decyl-3-methylimidazolium

[Comim][NTf,] bis(trifluoromethylsulfonyl)imide <5

1-butyl-2,3-dimethylimidazolium

[C4dmim][NTf,] bis(trifluoromethylsulfonyl)imide <5
1-butyl-1-methylpyrrolidinium

[Cympyrr][NTT, ] bis(trifluoromethylsulfonyl)imide <5

[Cympyrr][DCA] 1-butyl-1-methylpyrrolidinium dicyanamide Merck (98%) 1790

“References 13-15.

B. Seal leakage rate

The leakage rate of liquid out through the seal may be estimated using the model of radial
flow in a gap of uniform height, as illustrated in Fig. 4. Determination of the velocity and pressure
distribution (p) in the gap is relatively straightforward since the gap height is small in relation to
radial position and the flow is necessarily in the Stokes flow regime. For these conditions one finds
with approximation of order //r the equation for radial pressure gradient in terms of leakage
volume flow rate Q;, gap height &, liquid viscosity wu, and radius r,

dp __6pQL
dr whr’

2)

Integration from r; to r, then yields a relation between pressure differential and leakage flow rate,

Meniscus Crystal
(Apm = 0) v l
P h

Glass — Qu I

—>

r
_
)

FIG. 4. Model geometry used to characterize the seal leakage rate.
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FIG. 5. A frequency and insertion loss time plot showing repeatability for the third overtone resonant frequency, sensing
dilutions of [C,mim][EtSO,].
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In practice, the gap is not uniform and varies according to the surface undulations in the glass and
quartz surfaces. For the optical-quality surfaces involved in the experimental seal, the surface
undulations are expected to be around 0.1 um. Using this value for the height and a pressure
difference of 1 bar, Eq. (3) gives a leakage flow rate of 1.5 pl/s in the case of a liquid with 0.1 Pa s
viscosity. For continuous operation for 1 day, it can be worked out that if the leaked liquid formed
a quarter-circular fillet around the perimeter of the cover disk, the fillet radius would be about
100 pm. In fact very little liquid could be detected over similar periods of operation, which
suggests that in fact, the gap geometry corresponded to a yet smaller effective gap size than the
0.1 wm assumed above.

lll. RESULTS AND DISCUSSION

The QCM response for various concentrations of [C,mim][EtSO,] is shown in Fig. 5. This
figure shows the frequency and insertion loss changes as a function of time operating at the third
harmonic frequency. The changes in resonant frequency and insertion loss are very repeatable,
with the figure showing the same liquid tested on the chip three times. On each occasion the
frequency response returns to its original frequency. This consistency demonstrates that the sample
volume of liquid is sufficient to provide reliable results.

Figures 6 and 7 show the calculated square root viscosity-density product from the frequency
change of the QCM, operating on the fundamental and third harmonics, respectively, and compare
them against the value obtained from the traditional measurements made on the viscometer and
densitometer. The figures show values obtained for various concentrations of water glycerol so-
lutions (0%—85% v/v) confirming that the QCM behaves according to the Kanazawa and Gordon
relationship. The response at the fundamental frequency (Fig. 6) shows reasonable agreement with
some scatter in the water glycerol solution data particularly at the lower viscosities. This scatter is
significantly reduced when sensing on the third harmonic (Fig. 7). Both data sets follow the line of
unity well. The RTILs present similar behavior with the scatter in the data for the fundamental
significantly reduced when ﬁnsing on the third harmonic; the largest scatter is seen for the most
viscous liquid measured (Vpn~ 11 kg m=2s™1/2).

It has previously been reported that the third harmonic provides a more accurate frequency
change measurement.'” This is confirmed for this application in Figs. 6 and 7. We have also seen
this behavior experimentally when working with 9 MHz quartz crystals although these data have



D. Publications 168

014107-6 Doy et al. Biomicrofluidics 4, 014107 (2010)

'?'w 12

“-‘E O Water glycerol solutions o ®
o i =
210 ADiluted RTIL y=X
g " O Pure RTILs

>

‘m 8 -

c

[

o

X

2 %

2

3 4 AS

2

° A

)

5 2

7]

©

£

o

Traditionally measured (viscosity x density)"?, kgm?s™®°

FIG. 6. Fundamental frequency data plot of the (viscosity X density)!> for water glycerol solutions, dilutions of
[C,mim][EtSO,], and eight pure RTILs (where traditional measurements refer to the value calculated from the viscometer
and densitometer). A unity line is plotted to demonstrate linearity.
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[C,mim][EtSO,], and eight pure RTILs (where traditional measurements refer to the value calculated from the viscometer
and densitometer). A unity line is plotted to demonstrate linearity.
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not been included. At the frequencies used, standing (compressional) waves were not a problem;
however at other frequencies, this may become a problem but could be overcome with the use of
a spoiler.18 For high viscosity liquids (\s"p_77> 10 kg m~2 s7"2), this behavior begins to break down
and we believe we have reached the limit of detection for the 8 Mz QCM in the system. The
agreement between the traditional viscosity-density measurements and QCM measurements is
excellent despite several orders of magnitude difference in shear rates.

IV. CONCLUSION

By using the laboratory on a chip system detailed above, we have measured the viscosity-
density product of RTILs using volumes as low as 30 ul, which can be further reduced by
optimizing the tubing lengths. This compares well with commercially available hardware with
typical volumes around 150 ,ul.l9 The QCM offers an excellent alternative to larger volume
techniques and is particularly advantageous when characterizing hygroscopic liquids, whereby the
viscosity decreases exponentially with water contamination. Ideally this method would be com-
bined with a simulation study such as those described by Jacquemin e? al.,” allowing us to extract
viscosity and density as separate components for RTILs.
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Abstract— Data for the physical properties of Room
Temperature Ionic Liquids (RTIL) as a function of chemical
composition is limited, owing to the expense and difficulty of
producing large volumes of pure samples for characterization.
In this work we demonstrate that the viscosity-density values,
obtained using impedance analysis of a quartz crystal
microbalance are consistent with those obtained using a
viscometer and density meter, but only requires a sample
volume two orders of magnitude smaller. We also demonstrate
that the third harmonic yields closest correlation out of all the
harmonics from the fundamental to the eleventh.

L. INTRODUCTION

Ionic liquids are becoming increasing popular as
alternative, environmentally friendly solvents. Over the past
decade, the desire for cleaner industrial processes has led to
the development of Room Temperature lonic Liquids (RTIL).
RTILs consist solely of ions which are liquid at room
temperature. There are over a million simple liquids and over
a billion binary liquids involving more complex synthesis.
Large volumes of new liquids are rarely available for
characterization. The Quartz Crystal Microbalance (QCM) is
well known for studying the physical properties of small
volumes of liquids. We have applied this technique to
characterize RTIL reducing the volume needed significantly.

In this work we describe measurements made on a QCM
on the fundamental resonance and a further five harmonics
(numbers 3 to 11) to find which harmonic better agrees with
data obtained by traditional methods. The liquids tested were
1-butyl-3-methylimiclazolium trifluoromethylsulfonate
[Comim][OTf], diluted with water, and water immiscible 1-
butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[Cimim][NTH£,] diluted with methanol.

The financial support of the UK Engineering and Physical Sciences
Research Council (EPSRC) under grants EP/D03826X/1, EP/D038294/1 and
EP/D038995/1 is gratefully acknowledged.

978-1-4244-1795-7/08/$25.00 ©2008 IEEE

II. THEORY

When a QCM is loaded with a Newtonian liquid, the
crystal’s resonance is related to the properties of the liquid by
the use of the well known equation described by Kanazawa
and Gordon [1]. If a liquid is Newtonian, a frequency
decrease, Af, and a bandwidth increase, AB, occur in
proportion to the square root of the viscosity-density product
according to (1).

gz_i(nfmp " ABZZ[nfoﬂpj”z
o Zq 4 Sy Zq s

where f, is resonant frequency of unloaded crystal, p and 7
are the density and viscosity of the liquid, respectively, Af is
change in resonant frequency, AB is change in bandwidth, Zg
is specific acoustic impedance of quartz = (,quq)”2 = 8.84x10
kg m? s' and n is the harmonic number. If the liquid is
Newtonian the response of frequency and bandwidth should
be related by Af = -AB/2, allowing either the change in
bandwidth or frequency to be used to determine the viscosity-
density product.

M

The fundamental resonance is most commonly used for
sensing, however there are also multiples of the fundamental
frequency that may be used. By varying the harmonic number
in (1) it is possible to calculate the viscosity-density product
from the frequency shift obtained on that harmonic. The
harmonic number allows application of this single equation to
data taken at various harmonics, which may provide improved
sensitivity [2,3]. Previous work on thin films has shown that
the viscoelastic compliance of quartz resonators can be
inferred from comparison of the shifts in frequency and
bandwidth on various overtones [4].
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III.

A 5 MHz polished quartz crystal with diameter 25 mm
(Testbourne Ltd., UK) was connected to an Agilient
Technologies E5061A Network analyzer with which the
resonant spectra were recorded. The crystal holder was
designed and produced ‘in house’ using machined PTFE to
produce a solid PTFE seal as RTIL degrade most other
materials. Spectra were collected both in air and loaded with
liquids at 25 °C. Concentrations of both liquids were tested
between 0 and 100% w/w. To ensure the resonant frequency
returned to the original value distilled water and a methanol
rinse were used for cleaning. The test cell required a sample
size of 40 pl, with measurements made in a glove bag under
argon due to the hygroscopic nature of the RTIL [5]. Before
use the liquids were dried to ensure there was no water
contamination, this was confirmed using a Karl Fischer
Titrator.

EXPERIMENTAL

The viscosity and density of the tested liquids was
measured using Brookfield DV-II + Programmable viscometer
and a DMA 4500 density/specific gravity/concentration meter
using volumes of 1.5ml and 0.5ml respectively. Measurements
of all harmonics were made using the QCM loaded with air,
followed by a single volume of liquid. The data obtained was
analyzed using the Butterworth Van Dyke Model (BVD) [3]
implemented in LabView™ (National Instruments, CA) to
obtain full spectra impedance analysis [6]. Dilutions of the
liquids were used to vary the viscosity and density of the fluid.
Harmonics were recorded to find the harmonic that gave the
results in best agreement to those obtained with the traditional
methods.

IV. RESULTS

The water content of pure [Cymim][OTf] and
[Cymim][NTf,] were 0.0681 % w/w and 0.0096 % w/w
respectively, both with halide contents below 5.

A.  Fundamental resonance

Accurate fitting to bandwidth data was most accurate for
the fundamental resonance, but higher harmonics were less
easily fitted and at the highest harmonics fits were not
possible. However, fits provided resonant frequencies at all
harmonics. Data is presented for ionic liquids up to 90 % w/w,
above which the hygroscopic nature of the liquids dominate
yielding larger errors causing deviation from the expected
response.

Figure 1 demonstrates the Newtonian behavior of the
liquid on the fundamental resonance for both [Cymim][NTf,]
and [C,mim][OT{] diluted to various concentrations. Here
data for both liquids behave in a Newtonian manner, as shown
with an approximate gradient of 0.5, allowing the square of
the viscosity density product to be found using the frequency
shift obtained with (1).

25
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0 . . . . .
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Figure 1 Fundamental data for [Cymim][NTf;] (o) and [Csmim][OTf] (A)
diluted to vary viscosity and density. Theoretical solid line to show expected
Kanazawa and Gordan response.

B. Fundamental v’s third harmonic

Figure 2 show the square root of the density-viscosity
product measured by the QCM fundamental (triangles) and
third harmonic (diamonds) compared to that measured using
traditional methods for [C,mim][NTf;] at varying viscosities.
It is clear the data obtained on the third harmonic is in better
agreement with the traditional method, with the fundamental
data just below the expected values. Fig. 3 shows the
equivalent plot for the [C;mim][OTf].

10

QUM (density x viscosity ) kgm?s'®

0 T T T T
o 2 4 6 3 10

Non-QCM (density x viscosity)'? kgm’s™?

Figure 2 Fundamental (A) and third harmonic (0) data determined by the
QCM, showing the agreement to data for the square root of the viscosity and
density obtained by traditional methods. The prediction of Kanazawa and
Gordon is shown as a solid line for [Csmim][NTf,].
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Figure 3 Fundamental (A) and third harmonic (0) data determined by the
QCM, showing the agreement to data for the square root of the viscosity and
density obtained by traditional methods. The prediction of Kanazawa and
Gordon is shown as a solid line for [C;mim][OTf].

C. Harmonic data

Figure 4 shows the frequency change observed, against the
expected square root viscosity-density product for various
harmonic numbers. It is expected that all harmonic data will
be lincar. The fundamental, third and fifth demonstrate a
similar relationship, with the fifth harmonic deviating
somewhat at higher viscosities. Harmonics higher than the
fifth, however, deviate completely from this line.
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Figure 4 Frequency change observed for various harmonics of the QCM for
[Csmim][NTf,] against the square root of the viscosity density product
obtained by traditional methods.

V.  CONCLUSION

For many room temperature ionic liquids only small
volume samples are available. In this work we have shown
that using such a small volume, the frequency change of a
quartz crystal, measured on the fundamental resonance, allows
the square root of the viscosity-density product to be
calculated. Moreover, we have shown that closest agreement
between the quartz crystal microbalance and traditional
density-viscosity measurement using large volumes of liquid
are achieved with the frequency change on the third harmonic
of the quartz crystal microbalance. However, determination of
the viscosity-density product using changes in bandwidth
remains more reliable on the fundamental resonance.
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Abstract— lonic liquids are becoming of increasing interest for ~ depth (1) to cause an additional frequency change dependent
an extensive range of applications. Small scale characterization only on the density. A dual device set-up containing one
processes are being continually researched to find cheap and  smooth and one textured QCM (Fig.1) allows viscosity and
efficient methods for processing ever smaller sample volumes.  density to be resolved by comparison of these resonant
This work presents a dual Quartz Crystal Microbalance (QCM)  frequency changes (2,3).

setup with one smooth, and one patterned surface using

chemically compatible materials allowing separate viscosity and

density measurements of room temperature ionic liquids. Y Viscously-Entrained
Measurements were corroborated with standard measurement Liquid
techniques and show good agreement, demonstrating the merit /

of the dual QCM setup in determining the physical properties of

these exciting new solvents.

I.  INTRODUCTION [ ]
: 1 . . Quartz Substrate
In a previous report: we demonstrated that the viscosity- Su8 Traps  Trapped Liquid

density product of small quantities of ionic liquids could be

obtained using a QCM up to a limit of 18 kg m? s by

applying the Kanazawa & Gordan equation. To separate these Figure 1 Diagram of (left) a smooth and (right) a patterned quartz
parameters, the method described by Martin ef al® is used crystal microbalance

whereby measurements of frequency changes using a dual _ 1/2
QCM setup allows separate determination of viscosity and 0 =(2n/ wp) M
density. 12
N(u,p,)
_ arq _
II. THEORY P= 2f 2, ‘Afz Af, )
A surface is considered smooth if the trapped liquic31 :

thickness is small compared to the liquid decay length 1/2 2
ensuring the liquid trapping response is negligible. The = 27N (u Py ) (Af‘) )
vertically patterned surface constrains a quantity of liquid fs Aft — Afs

within its structure in excess of the liquid which would be

entrained by a smooth surface. This trapping effect restricts ~Where p is the density of liquid to be measured, # the viscosity
the liquid, allowing it to move only with the oscillating crystal  of the liquid to be measured, N the crystal overtone number, &
surface. This results in the trapped liquid behaving as an ideal  the effective height of traps, f; the smooth crystal frequency, f;
mass layer. For separate viscosity and density measurements, trap bearing crystal frequency, 4f; the change in trap bearing
the height of the traps must be larger than the penetration crystal frequency, Af; the change in the smooth crystal
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frequency, p, is the density of quartz (p, = 265Okg/m3) Uy is
the shear stiffness of quartz (u, = 2.95 x 10"'N/m?).

III.  EXPERIMENTAL

A.  Photolithography

16um <

24um
7.2um (I;
Figure 2 Optical profilometer image of textured surface

Crystals were first cleaned via sonication in a bath of
Decon90 (Decon Laboratories LTD, Hove, UK) and deionised
water heated to 80°C for 20min. This removes any dust
particles from the surface of the crystals. The reflective
surface of the gold electrode causes problems with thick
photoresists, leading to uneven exposure. To overcome this,
an anti-reflective coating XHRIC-16 (Brewer Science, MO,
USA) was applied by spinning at 3000RPM, and heating to
230°C for 2 minutes before cooling slowly. This successfully
prevents any unwanted reflections.

SU8-10 was applied to the surface of the QCM using a
standard protocol. The traps are direction specific, and need to
be placed perpendicular to the X direction of the crystal. Trap
dimensions were checked for uniformity under a microscope,
and measured using a Xyris 4000 WL (TaiCaan Technologies,
Southampton, UK) optical profilometer (Fig. 2).

Due to the chemical reactivity of the ionic liquids there are
limited materials which are compatible. To test the chemical
resistance of the traps 1-hexyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide ([Csmim][NTf,]) was left
on the trap surface for 48 hours. Comparison of profiles before
and after show no damage and the traps were then coated with
titanium and gold.

B.  Methodology

The dual QCM arrangement consists of two standard 1”
polished quartz crystals operating at fundamental frequency of
5MHz. One crystal is left blank as a reference crystal, the
other patterned with a resist over the electrode surface creating
liquid traps (fig. 1).

A Quartz Crystal Microbalance holder made from PTFE
was used to clamp the crystals. An Agilent E5062 network
analyser was used to record the resonant frequency changes.
Each measurement on each crystal requires only 60pl of
liquid, allowing one viscosity and one density measurement to
be obtained using only 120ul of ionic liquid.

The viscosity and density measurements have been
corroborated using a Brookfield DV-II+ Programmable

viscometer requiring 0.5ml and an Anton Paar DMA 4500
Density meter requiring a volume of 1ml giving a total volume
requirement of 1.5ml.

Measurements were made with water-glycerol solutions
for calibration, and then on a room temperature ionic liquid
1-butyl-3-methylimidazolium trifluoromethylsulfonyl
([C4ymim][OTf]) diluted with water. The room temperature
ionic liquid was dried before use ensuring minimal water
content. Measurements were recorded with the crystals in a
glove box under argon.

IV. RESULTS

A.  Water-glycerol

Fig. 3 and 4, show separately determined viscosity and
density for water-glycerol solutions. These act as a calibration
for future measurements. Results from the dual QCM setup
are compared to traditional methods. Each point shows an
individual measurement repeated three times.
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B.  Room Temperatue lonic Liquid

Fig. 5 and 6, show measurements made with diluted
[Cymim][OTf]. Results from the dual QCM setup are
compared to traditional methods and show good agreement.
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Figure 5 Varying the viscosity & density of [C;mim][OTf] by dilutions
with water: viscosity measurements
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Figure 6 Varying the viscosity & density of [C;mim][OTf] by dilutions
with water: density measurements

V. CONCLUSION

We have presented an experimental technique
demonstrating separate viscosity and density measurements of
Room Temperature Ionic Liquids. These have been resolved
from frequency measurements made on a dual QCM set-up.
The agreement between these two measurement methods
demonstrates the merit of the dual QCM setup in determining
the physical properties of these exciting new solvents with an
order of magnitude reduction in required sample volume.
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Abstract— The drive towards cleaner industrial processes has
led to the development of room temperature ionic liquids
(RTIL) as environmentally friendly solvents. They comprise
solely of ions which are liquid at room temperature and with
over one million simple RTIL alone it is important to
characterize their physical properties using minimal sample
volumes. Here we present a dual Quartz Crystal Microbalance
(QCM) which allows separate determination of viscosity and
density using a total sample volume of only 240pL. Liquid traps
were fabricated on the sensing area of one QCM using SU-8 10
polymer with a second QCM having a flat surface. Changes in
the resonant frequencies were used to extract separate values for
viscosity and density. Measurements of a range of pure RTIL
with minimal water content have been made on five different
trap designs. The best agreement with measurements from the
larger volume techniques was obtained for trap widths of
around 50 pm thus opening up the possibility of integration into
lab-on-a-chip systems.

L INTRODUCTION

Room Temperature lonic Liquids (RTIL) have many
characteristics which make them very desirable to industry
providing the opportunity to reduce, or even completely
eliminate, hazardous and toxic emissions into the atmosphere
[1]. However, with millions of liquids potentially available,
only a small percentage have been fully characterized. For this
reason the limited physical property database needs to be
expanded if RTIL are to be tailored for specific applications.
The time needed to collect this vast amount of data and the
sample volumes required, need to be reduced significantly to
achieve this. Quartz crystal impedance analysis has recently
been used to quantify the viscosity-density product of RTIL
[2] using a small sample volume. Here we report an extension
to the technique described by Martin et al. [3] which

The financial support of the UK Engineering and Physical Sciences
Research Council (EPSRC) under grants EP/D03826X/1, EP/D038294/1 and
EP/D038995/1 is gratefully acknowledged.

demonstrates a RTIL compatible setup capable of separating
viscosity and density.

Viscously-Entrained
/ Liquid —

a b
<> {(ﬁ

Trapped Liquic

"

tz Substrat
Quartz Substrate SU 8 Traps

Figure 1 Diagram of smooth and patterned quartz crystal

II. THEORY

The Kanazawa and Gordon equation has been successfully
used for many years to allow the density-viscosity product to
be determined for a range of liquids using a QCM [4]. Liquid
is entrained within a penetration depth given by & = (21/mp)”,
where 1 is the viscosity of the liquid, p is the density of the
liquid and ® the angular resonant frequency of the QCM; for
water at SMHz this corresponds to around 250nm. Martin et
al. [3] extended this work using two QCM, one smooth and
one patterned with surface structure that trapped some of the
liquid. The equations Martin et al used are shown below (1)
and (2) and relate the frequency changes from the two crystals
to allow separate viscosity and density measurements.

N(u,p,)"”
= TaBeT  IAf - Af. 0
2n
/2 - )2
_ 2N (u,p,) " () o

S8 = A,
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where p is the density of liquid to be measured, # the viscosity
of the liquid to be measured, N the crystal overtone number, %
the effective height of traps, f; the smooth crystal frequency, f;
the trap bearing crystal frequency, A4f; the change in trap
bearing crystal frequency, 4f; the change in the smooth crystal
frequency, p, is the density of quartz (p, = 2650k /m®) and g
is the shear stiffness of quartz (1, = 2.95 x 10 /m?). For
these equations to be valid, the roughness needs to be
sufficiently larger than the penetration depth so the trapped
liquid experiences no shearing motion from the surface of the
crystal.

III. EXPERIMENTAL

A dual QCM arrangement was used with two standard 1”
(2.54cm) 5MHz quartz crystals (Tangidyne NY, USA), with
one crystal patterned over the sensing region with SU-8 10
photoresist (MicroChem Corp., USA) using standard
photolithography [5]. The pattern is designed to trap liquid
within the structure ensuring it experiences no shearing
motion and behaves as a rigid mass layer. The other crystal is
left blank and used as a reference. Due to the chemical
reactivity of the ionic liquids there is a limited range of
materials which are compatible. To test the chemical
resistance of the traps the RTIL [Csmim][NTT,] was left on the
trap surface for 48 hours and a comparison of profiles before
and after show no damage.

Table 1 shows the trap parameters for the five different
designs investigated. Trap heights were the same for all the
designs and were measured to be 8.4um using a Dektak
(Veeco, USA.) stylus profilometer. The traps are orientation
specific and need to be aligned according to the crystal x-flat
[6]. A volume of 120uL was used for each QCM measurement
to ensure there was sufficient liquid to fill each trap and allows
for a height of 57um above their surface (for the largest trap
volume). The penetration depth of the most viscous liquid
tested corresponds to around 2.5 um. Care was taken during
cleaning to avoid damage to the surface of the traps. Water
and ethanol were rinsed over the traps to remove all traces of
the ionic liquids.

The changes in resonant frequencies of both the reference
and patterned crystals were recorded with a Network Analyser
(Agilent E8012) in a glove box at room temperature under an
argon atmosphere to ensure minimal water contamination. A
DV-II+ (Brookfield, USA) Programmable viscometer (0.5mL
required volume) and a DMA 4500 (Anton Parr, Germany)
Density meter (1.0mL required volume) were used to measure
the liquid properties immediately prior to using the QCM
setup. Various concentrations of water-glycerol and six pure
RTIL (Table 2) were tested on each of the trap geometries.

TABLE L TRAP DESIGN PARAMETERS
Trap Trap Separation Effective h ; =

Design Width pm | Width pm Height pm

1 10.7 30.4 0.838

2 24.1 34.5 2.118

3 433 52.5 1.818

4 70.5 84.0 1.419

5 108.0 97.0 1.277

Figure 2 SEM image of traps produced with photolithography using SU8-10
(a = separation width, b = trap width)
TABLE IL RTILS WITH TRADIONALLY MEASURED VALUES FOR VISCOSITY AND DENSITY
Room Temperature Densitometer Viscometer
Tonic Lip uid Chemical Name measured measured
q density g.cm‘3 Viscosity cP

[Comim][NTf] 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 1.5190 29.1
[Cemim][NT£] 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 1.3724 66.1
[C1omim][NTf;] 1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 1.2791 117.6
[C,mim][EtSO,] 1-ethyl-3-methylimidazolium ethylsulfate 1.2381 88.2
[Cymim][DCA] 1-butyl-3-methylimidazolium dicyanamid 1.0591 27.8
[C4ymim][SCN] 1-butyl-3-methylimidazolium thiocyanate 1.1182 229
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IV. RESULTS AND DISCUSSION

Fig. 3 shows the viscosity measurement for different
concentrations of glycerol in water up to a maximum
concentration of 85%. For each of the trap designs there is
linear relationship between the QCM derived value and the
viscometer /densitometer measurements. The effective height
shown in Table 1 is a geometrical fitting parameter derived
from the fit in Fig. 3. Fig. 4 shows the density for the same
range of water/glycerol mixtures for each of the trap designs.

From this data we can see that the smallest trap size and
the largest trap size both show significant differences between
the QCM derived value and the viscometer /densitometer
measurements; the fit line shown here a gradient of 0.97. It is
expected that there is a limit at which the traps no longer act to
confine the liquid as a rigid mass. This is clearly reached by
the largest traps of around 100pum. For the smallest traps the
size is still much larger than the roughness used by Martin et
al. however there surface was gold rather than our SU-8 10 for
which water will have a much higher contact angle. This
suggests that for our smallest traps, there is incomplete filling
taking place, which in turn may trap some amount of air
beneath the liquid; an overlayer of gold may overcome this
limitation.

Fig. 5 shows the viscosity derived from the QCM plotted
against that measured by the viscometer for the six different
RTIL. As with the glycerol water solutions, the greatest error
is seen for the smallest and largest traps with the other three
trap sizes giving good agreement; the fit line has a gradient of
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Figure 3 Viscosity measurements for different glycerol concentrations in
water

one. In Fig. 6 the density derived from the QCM data is
plotted against the data from the densitometer for the same six
RTIL. As with viscosity, the greatest error is seen for the
smallest and largest traps with the other three trap sizes giving
good agreement; the fit line has a gradient of one.
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Figure 4 Density measurements for different glycerol concentrations in water
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Figure 5 Viscosity measurements for the six different RTIL shown in
table II
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Figure 6 Density measurements for six different RTIL shown in table II

V. CONCLUSION

With the correct trap geometry the dual QCM
separation technique offers a viable alternative to larger
volume methods. Separate viscosity and density
measurements have been made using a dual QCM set-up
using a total volume size of only 240uL. This will

potentially allow new liquids to be added to the physical
property database [7] using smaller sample volumes.

In this paper we have reduced the current volume needed to
measure viscosity and density by a factor of six and this
could be further reduced by using smaller crystals thus
opening up the possibility of integration into a lab-on-a-
chip system.
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