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Abstract

The application of intrinsically conducting polyrser(ICPs) for lab-on-chip
applications has shown recent success with margarels groups reporting novel
methods to incorporate and control ICP materials lab-on-chip platforms.
Chemical and electrochemical polymerisation havenbeised to successfully
incorporate ICP materials within microfluidic platins. However, fabrication of 3D
ordered flow-through ICP structures has remainkahigation in this research area to
date. This work describes how fabricating a repecdula ICP templating method
within the confines of a microfluidic channel castgig of a polystyrene (PS) sphere
colloidal crystal (CC) provides a viable solutiam this issue. The capillary force
packing method developed as part of this theser®ffor the first time a quick and
reliable method for the uniform fabrication of umdal and bimodal CC templates in
channel. This is in contrast to other methods aagkrop casting, spin coating and
dip-drawing which were designed for CC fabricat@m planar substrates. Here, 3D
ordered CC structures were fabricated exclusivathimw the pchannel which were
ordered along the length, width and depth of thieoal channel and CC thickness
was dictated solely by pchannel depth. This isantast to other CC fabrication

methods were volume fraction (V) dictates CC thickness.

Subsequently, the CCs were utilised to template ni@ferials, namely polyaniline
(PANI), in a microfluidic channel, where PANI wasown via electrochemical
polymerisation. It was shown that control of theotlochemical polymerisation time
was critical not only to the depth of the resultingerse opal PANI, but also to the
intrinsic morphology and flow-through nature of theaterial. This research

demonstrated the fabrication of significantly deepA&NI inverse opal structures
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than had been previously reported, due to the néwethplating method employed

which could be achieve over a wide range of chadepths ¢.g 50 — 180 um).

Although, this increased channel depth resultedam inherent inhomogeneity
through the depth of the final electrochemicallyypterised inverse opal structure
due to a current density gradient. To overcomeittiemogenity, an investigation of
chemical polymerisation of PANI was undertakenoPto CC template formation,

aniline monomer was adsorbed onto the PS sphersslution and subsequently
packed in channel. After CC formation of anilineatad PS spheres, chemical
polymerisation of the surface-confined aniline weerried out and templated
PANI/PS opal structures were achieved. This chdmpmdymerisation method

resulted in a 3D ordered, flow-through PANI/PS ogalictures with homogeneous
PANI coverage housed within a sealed microfluici@rmel. By incorporation of a

working electrode along the pchannel, the PANIdte was also electrochemically
addressable maintaining the potential for lab-oip-cpplications such sensing or

separation.

Finally the effect of dopant type on hydrophobiatyPANI films was investigated.
Fabrication of PANI films was achieved on gold-d¢pteéd working electrodes using
HCl or Sodium dodecyl sulphate (SDS) as dopant. H#&NI films were
characterised by comparison of their water conséagfie (WCA), morphology and
surface roughness. It was found that SDS-doped P#iME displayed an ultra-
hydrophobic WCA when doped, which upon dedopingabee hydrophilic. In
contrast, HCIl-doped PANI films displayed hydrophiturface chemistry with little
variation upon doping/dedoping. When comparing aaefroughness, SDS-doped
PANI films displayed an order of magnitude higheughness to that of the HCI-

doped films, likely due to the soft templating etfef SDS during polymerisation.
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In summary this thesis presents new research @Rosktructures that can be utilised
to develop new applications in miniaturised platier such as lab-on-chip. The
benefits of the methods developed are the flowudfinonature and electrochemical
addressability of the final ICP materials. In comgtion the templating method
developed in this thesis offers a fabrication rdotehomogeneous 3D ordered ICP
materials which are reproducibly templated in cle@nifhe CC fabricated in this

thesis offer a unique and versatile template focrafiuidic applications where

increased order or surface area is a requiremehtasisensing and separation.
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Chapter 1

Towards Lab-On-Chip Applications of

Intrinsically Conducting Polymers



1.1 Introduction

In recent times interest in intrinsically condugtipolymers (ICPs) has grown due to
the demonstrable use of ICPs in a broad range alytical applications. ICPs
uniquely display the electrical, magnetic and adtiproperties associated with
metals [1-3] as well as the processability of patysn These highly desirable
properties have resulted in ICP application in nuus fields such as sensing [4],
separations including extractions [5] and contwbltFug release [6]. Examples of
common ICPs include polypyrrole (PPY) polythiophe(®T) and polyaniline
(PANI). PANI and PPY have seen more widespreadrusecent times due to easily
controlled doping/dedoping, processability, pH #ant/ of PANI and the stability

of PPY.

PO, 107 107

A) PANI B) PPY C) PT

Figure 1.1: Chemical structures of PANI, PPY and PT

The conjugated backbone of these polymers is wif@atda them high conductivity.
Conductivity is highest along the backbone due to overlap between monomer
units [7]. Broadly speaking, conducting polymers de separated into two types,
those with a degenerate ground statg, polyacetylene (PA), where the double and
single bonds are interchangeable with no changaéngy [8] and those in which the
ground state is non-degenerageg. PANI. The doping process of PANI results in
either the benzoid (lower energy form) or the qudn@igher energy form). When

electrons are removed from the PANI backbone bymoted or electrochemical



oxidations, cation radicals are produced, callethrpos. Charged carriers, ,Xare
induced close to the polymer chains to counterhet ¢charge on the polymer
backbone. The doping mechanism of PANI is showRigure 1.2. The Emeraldine
Base (EB) form of PANI is doped using an acid toduce Emeraldine Salt (ES). If,
for example, HCI is used, the Gbn is the dopant which is incorporated along the

polymer backbone as illustrated byiX Figure 1.2.

Emeraldine base
High pH

A0 00 o0,

acid base

+eo +eo +e
NH NH NH
H,N NH NH NH,

Emeraldine salt
Low pH

Figure 1.2: Schematic diagram of the doping mecéranof PANI in the Emeraldine

oxidation state. At a low/acidic pH, ES is formAthigher/basic pH, EB is formed.



Leucoemeraldine Base

L0000,

Emeraldine Base

OO0,

Pernigraniline Base
N N N
A AN AN
ICASYOASHIRS!
H,N N N NH

Figure 1.3: Schematic diagram of base oxidationestaf polyaniline.

ICPs can exist in a range of oxidised formg,. PANI exists in three oxidation states
Leucoemeraldine, Emeraldine and Pernigranilinehasva in Figure 1.3. Emeraldine
Base is the most useful form of PANI due to itshhggability at room temperature
and the fact that, upon doping with acid, the rasglES is highly conducting.
Leucoemeraldine and Pernigraniline are poor comasiceven when doped with an
acid. The salt/base forms of each oxidation statele achieved through variations

in pH, Figure 1.2 [9].

1.2  Applications of ICPs

The combination of traditional polymer propertieadaelectrically conductive
properties [10] make ICP materials applicable imynareas of research, including
analytical applications such as sensing [3, 11] apgarations [12-14], energy
storage [15-17] and drug delivery systems (DDS)-218 Sensors and control
release applications will be discussed before aileetliterature review of separation

applications is explored.



1.2.1 Sensors

ICP sensing materials have seen extensive reseattchapplications in areas such
as: chemical sensing such as detection of ammairig PANI films [22-24], optical
sensing due to optical switching of PANI films esponse to alcohol [4] and optical
switching of PPY films in response to ammonia [2Bld bio-sensing which can
incorporate enzymes into ICP films such as gluangdase in PPY [26]. Chemical
sensing includes gas [27] and pH sensors whiclhased on the doping/dedoping of
polymer films [28]. ICPs are also often used in-bémsing, which is based on the
exploitation of a biochemical reaction. For exammkicose concentration can be
monitored via its catalytic breakdown by glucosedage enzyme. Glucose can be
broken down into gluconic acid and hydrogen pere)hg this oxidase enzyme. The
production of these species can potentially be tocgd using an ICP that has been
tailored to be catalytic towards hydrogen peroxjd@]. Depending on the ICP
material being used, this can be done opticallglectrochemically. Other biosensor
applications include cholesterol [30, 31] and hgdno peroxide [32, 33] detection.
Biosensors for food and environmental monitoring also numerous with reviews
available detailing applications [34-37].

A recent example published by Zhaagal. [38] demonstrated, through measured
increase/decreases in resistance, that electro-B\nl fibres doped with (+)-
camphor-10-sulfonic acid (HCSA) were successfulges sensing applications.
Doped PANI fibres displayed sensitivity to ammobigtween 10 — 700 ppm with
quick response time (45 s). The fibres, upon purgiith nitrogen, were shown to
recover quickly. The undoped PANI fibres were alested for their response to
nitrogen dioxide. Again the fibres showed a ragisionse (50 s) and recovery (70 S)

within a 1 — 50 ppm range. Paled al. [39] reported the electrochemical growth of



PPY nanotubes for an enzymatic glucose bio-sensipglication. They [39]
incorporated the enzyme (glucose oxidase) intop@us PPY film by physical
adsorption allowing oxidisation of glucose to glomoacid, with hydrogen peroxide
(a by-product of the reaction) decomposition givegurrent proportional to the
glucose concentration. Polymerisation time, ancclgolymer thickness, was varied
between 10 — 100 s with 40 s observed to be optimolymerisation time. 40 s was
optimum due to deposition of PPY with discrete paseparating nanotubes on the
working electrode surface. Longer polymerisationes resulted in lower porosity,
reducing glucose oxidase adsorption. The enzymeoiilieation of glucose oxidase
via physical adsorption resulted in an operatinggeabetween 0.25 — 20 mM with
the lowest detection limit of 0.25 mM glucose raemd at the optimum
polymerisation time of 40 s. ICP materials wereoalsed by Tavoli [25] for an
optical gas sensor based on ammonia vapour seuaslisijng nano-structured dye-
doped PPY films. The PPY film was doped with erimche cyanine R (ERC). With
the addition of the ERC dye a change in opticalogiigon in the presence of
ammonia was used to quantify ammonia concentratibhe PPY-ERC gas sensor
had low detection limits, 5 pug/L, over a range ohcentrations between 15 — 260

png/L and fast response time (50 s).

1.2.2 Controlled release

ICPs can undergo highly controllable and reversibbtiox reactions. With controlled
changes in the redox state of an ICP, changesargehconductivity and volume of
the polymer can occur. Therefore through variaiiothe polymer state, drug release
from ICPs is possible. However, before drug releaseorporation of drug
molecules into the material must be achieved. ppm@tion of drug molecules can

occur: i) during the polymer synthesis [40] orafjer polymer synthesis [41].



Types of drugs which can be incorporated includerao such as naproxen,
salicylate and tosylate [42, 43]. Anionic drug nmikes can be incorporated as
dopants upon the formation of polarons along thigrper backbone, where their
incorporation will balance the overall charge ie fholymer network. These can then
be released upon dedoping. Cationic drugs suclmlagpcomazin have the opposite
charge associated, which requires alternative agition of the polymer system
before incorporation can occur [41]. In this caseprporation of large negatively
charged dopants during polymerisation is undertalkenthat the charge will be
balanced by incorporation of the positively chargationic drugs. The large dopants
become immobilised in the polymer network and awe expelled upon dedoping.
The cationic drugs can then be incorporated suftdgsq41] to balance the

remaining charge, through electrostatic forces.[E#ally, there is the incorporation
of neutral drugs which can be achieved through gsudation [45] and binding [46].

Controlled drug release can be achieved throughhadst including electrostatic
interactions [47] and electrochemical release [@), #lom a polymer network as
shown by Svirskiset al. who demonstrated the controlled release of Ridpag

from a PPY film through application of an electreatical potential [49].

Early work by Milleret al.[50] showed one of the first examples of drug lngdnd

delivery using an ICP. Here PPY was observed torparate dopamine upon
reduction at -0.4 V vs. saturated calomel electr@@®€E) in an aqueous solution
containing dopamine. Following switching of the bgxb potential to +0.5 V vs. SCE
the bound dopamine could then be released. Thiy @ark showed the huge
potential for ICP controlled release. More recenB?Y scaffolds with high surface
area and an inverse opal structure were fabricaidd tuneable drug delivery by

Sharmaet al [51] Over a period of 1 hour the inverse opal Hi¥s released 40%



more drug when electrically stimulated (169 pg) pamed with no electrical
stimulation (119.8 pg). Of importance too, thesacemtrations of drugs released
from the structured film were approx. four timegher than the corresponding bulk
films, where only 42.5 ug was released when elgaityi stimulated and 31.3 pg was
released without electrical stimulation. Similaflijizadehet al.[52] demonstrated a
nanostructured PPY film for drug loading and reégashere drug loading of 24.5
mg/g was reported for methotrexate. PPY films wirgt pre-electrochemically
polymerised in HCI before polymerisation in metleatite and cetylpyridinium; in
this instance the cationic cetylpyridinium inteexttwvith the anionic methotrexate to
increase drug doping. After polymerisation the PRN¥1s were doped with
methotrexate and cetylpyridinium, with the film&thdedoped to create cavities for
drug loading and release studies. Rate of releasamwereased through application of

more negative potentials,g.-0.9 V vs. Ag/Cl and higher temperatures.

1.2.3 Separations

Over the past two decades, extensive work has da@aved utilising ICP materials
as a stationary phase material. ICPs are potgntiabful as stationary phases due to
their anion and cation, doping/dedoping (or exclengbility, controllable
permeability, high surface areas, processability, tost and redox active properties
which could allow for electro-modulated control ow&eparations [53]. Types of
separations include liquid chromatography, gas re¢ipas, ultrafiltration (UF) and

micro-extraction utilising ICPs.

1.2.3.1 Liquid chromatography
Early work in the field by Get al. [12] detailed the use of PPY coated reticulated
vitreous carbon (RVC) as a stationary phase. PP¥ electrochemically grown onto

RVC at a fixed potential and the PPY coated RVCliglas were subsequently
8



packed in a column and the chromatographic perfocmanvestigated. Separation
and retention of polar and non-polar compounds a&seved on the PPY coated
stationary phase with higher retention for non-palathracene noted in comparison
to commercially available columns. This was attrlalito - electronic interaction

between PPY and anthracene. Similarly the reterdgfoacidic samples was higher
than for basic samples reported due to increase@xchange interactions for acid
samples. An example of the HPLC column used byetGa. is shown in Figure 1.4.

The experimental set up is complex with a multpgbeocess to coat the stationary
phase with PPY and subsequently pack the particleseate a homogeneous column

bed whilst ensuring a consistent electrochemicaheotion.

Figure 1.4: Schematic of the HPLC column used byeGal. for EMLC where 1)
stainless steel fitting, 2) Teflon column tube,fi8gr, 4) membrane, 5) counter
electrode (carbon fibre), 6) conducting stationgshase 7) filter, 8) fitting, 9)
reference electrode, 10) Teflon fitting and 11) fBdum coil reproduced from
Reference [12].

In the early 1990s interesting work was reporteksirtg ICP coatings in particulate-
based chromatographic stationary phases. Work liyhBmsmeret al. [13] using a
PPY coated glassy carbon (GC) stationary phaseemgsoyed which demonstrated
the potential of ICPs in separations. In this warlk.03 pum thick PPY film was
electrochemically polymerised onto a GC stationamgse. Through variation in the
applied potential the neutral or oxidised form lo¢ fpolymer could be achieved. In

this work more highly charged (triply charged) aone triphosphate (ATP) and



less highly charged (singly charged) adenosine mploosphate (AMP) were shown
to compete for binding sites on the PPY coatedostaty phase at more positive
potentials. Upon moving to more negative potentilaésretention of AMP and ATP
could be controlled by gradually reducing the numbk exchange sites through
application of a voltage step. This voltage stepulted in elution of the singly
charged AMP first with the triply charged ATP ehgilast. An example of the
chromatograms achieved through application of #agel step in this work is shown
in Figure 1.5. It was also noted that with more aie@ initial applied potentials,
retention was significantly reduced of both AMP aA@P due to a reduction in
exchange sites for binding. Figure 1.6 details thestom housing used by
Deinhammeket al. during this work. Incorporation of PPY coated et within the

custom housing was again multi-step and time-conmsgino ensure a consistent
connection to the electrodes as well as homogeneousrage of PPY during

polymerisation.
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Figure 1.5: Chromatograms of AMP and ATP obtaingdpplying a voltage step to
polypyrrole-coated stationary phase at an initiggpiied voltage of -0.85 V: (A)
AMP; (B) ATP; (C) AMP + ATP. The voltage was stappe -1.10 V 220s after
injection. Injection volumes equalled 0.5 pL of 8 IMM solution for each
chromatogram. The mobile phase electrolyte was M biCIOs with UV-Vis

detection, reproduced from [13].
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Figure 1.6: Schematic of custom HPLC column housisgd by Deinhammer et al.

during EMLC reproduced from referenfs].

Porters group [53] reported the formation of aistetry phase through electro-
polymerisation of a thin film of PPY onto glassylwan particles, with an Ag wire
used as reference electrode. The switching poteftRPY between its reduced and
oxidised form through changes inpfgresulted in the improved separation of dansyl
amino acids (DAA). Here the ICP coated stationdrgge was housed within Nafion

tubing in custom column housing.

Teasdale subsequently reported the study of interscand retention of amino acids
on PANI, in thin film format. Preparation of the RAfilms was achieved through
electrochemical deposition. Retention of amino ai¢ilA) and change in retention
with changes in the pH of the mobile phase wasstigated for both PANI and PPY

using inverse thin layer chromatography (TLC) [54trong anion exchange

12



interactions were observed for PANI as the negbtichkarged AAs were retained
most strongly on the stationary phase. The effécinobile phase pH was also
studied. At low pH, acidic AAs had higher retentidne to higher anion exchange
interactions. Upon moving to pH 5.6, higher retemtivas still noted for acidic AA
with an overall increase in all AA retentions. Hipat pH 7.5 - 9.1, retention of all
AAs reduced due to a reduction in anion exchangerantions of the PANI
structure. It was concluded in this paper that de&NI and PPY were found to
behave predominantly as anion-exchange materialyafiline was also found to

interact with neutral polar species more than nolaipor positively charged species.

The separation of bioactive peptides was subselyugatmonstrated by Bosst al.
[55]. In this work separation was achieved in atlisilica capillary electrophoresis
column. The walls of the column were modified wihthin film of PANI through
chemical polymerisation. Under acidic conditiongltophobic interactions between
the ICP film and three peptides m-enkephalin, legfialin and -casomorphin
resulted in more controlled separations in compari® silica based capillaries and
traditional capillary zone electrophoresis wherg@asation was difficult due to
similarity between the molecules. In unmodifiedcsilcolumns two of the peptides,
I-enkephalin and -casomorphin co-eluted in a single peak, the PANIdifired
column resulted in increased separation contrghoiantly the PANI coatings also
showed good stability over 50 — 70 runs. Simild&lybbet al.[56] fabricated PANI
coatings for fused-silica. The PANI coating was amplex fabricated with
polyacrylic acid and methacrylate to form a doutti@nd polymer film. The electro-

active and hydrophobic characteristics of the 1@ £nhanced the separation of

13



theobromine, theophylline and caffeine. The PANulde-strand polymer reduced

the electro-osmotic flow resulting in increasecteson during analyte separation.

In general, the redox and acid/base propertie€Bslhave shown some advantages

in separations, with changes inpfEand pH allowing for more control over

separations. Manipulations in retention due g, &nd pH variations of both acidic

and basic samples were attributed to increasing decreasing anion/cation

exchange sites of ICP materials. In this way, |0CBted stationary phases offer

advantages over conventional stationary phaseshwhilise a stationary phase with

a fixed composition. In these traditional separajocoptimisation during separations

is limited to alterations in composition and floate of the mobile phase. For this

reason, the addition of electro-modulation offensther avenue in optimisation of

separations. To date EMLC has not seen widespreadlikely due to the complex

experimental set up and the difficulties associateith integration of electrodes

within current HPLC columns. Microfluidic platformsould potentially offer a

solution to the issues here, offering a novel aeefau integration of electrodes in

purpose-built housings. Microfluidic platforms aff@creased control by combining

the electro-modulated capabilities of ICP matenaith the cheap, easily produced

custom microfluidic platforms with integrated el@xhemical cells [57-59].

Table 1.1: Examples of ICP, polymerisation method the detection method used

in liquid chromatography applications as discusge&ection 1.2.3.1.

Reference Conducting polymer Polymerisation method| Detection

Ge et al[12] Polypyrrole Electrochemical UV-Vis
Deinhammer et a[13] Polypyrrole Electrochemical UV-Vis
Deinhammer et a[53] Polypyrrole Electrochemical UV-Vis
Bossi et al[55] Polyaniline Chemical UV-Vis
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1.2.3.2 ICPs in gas separations

The use of ICPs in gas separation applicationsfii@3eparation of gases such as O
N2 and H [61] has been of interest due to the controllalping/deoping process of
ICP polymers which can help control gas separatlbrhas been reported that
through selectively doping with different countens it is possible to control the
resulting gas permeability [62]. This is as a resilla reduction in free space within
the ICP network, therefore a decrease in perméallinoted with an increase in
separation. A schematic example of a typical gparsg¢ion set up is shown in Figure

1.7 illustrating the membrane and support, vacunchgas feed.

! Feed
Qutlet
Py
Membrane
Vacuum
< 10? mbar Support

" Uz
- x x P,

Figure 1.7: Schematic of the gas separation cedidusy llling et al. reproduced from

reference [63].

This was shown by Andersat al.[64] where an increase in separation efficiency of
PANI films was achieved through doping, dedopingl @ubsequent selective re-
doping of PANI coatings. The redoping of ICP filmsas achieved by
increase/decreasing the concentration of HCI durgadoping. In conjunction with
re-doping, dopant size was also investigated arsl sh@awn to produce films with
different permeability based on dopant size. Tmgjue quality of ICPs has led to
controllable gas separations using fully dense fiiRs [65, 66]. Selectivity for

different gases is based on permeability throughralCP film, and is dependent on
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the fabrication of fully dense, non-porous ICP &lf67, 68]. In essence this limits
the use of many ICPs due to their typically filasilmorphology which results in non-
dense films. An example of a dense PANI film iswhan Figure 1.8, which was
fabricated through solvent casting of EmeraldinseBéEB) suspensions in NMP.
Using this film, llling et al. demonstrated separation 0f OO; N2> and H through

the dense PANI thin film. [63]

Figure 1.8: SEM image showing a dense, thin filmPa&iNI on a porous PVDF
support fabricated by llling et al. reproduced frogierence [63].

It is possible to obtain PANI films with dense mbgtogies using a number of
methods. One example is by dissolution in its ERlaton state in organic solvent
and casting of the solution to remove solvent. @retral. [61] reported the tailoring
of PANI after film formation through doping/de-dogi process. N-methyl-
pyrrolidine (NMP) solutions of PANI were preparedtiwconstant stirring. The
solutions were then cast to form flexible PANI meente films. It was noted that

doping affected the permeability of gases with Iow#dfusion of gases in doped
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films. A summary of the results found by Chaegal are shown in Table 1.2.
Doping primarily was shown to decrease diffusivity.
Table 1.2: Summary of gas permeability through dof¢Cl) and dedoped PANI

films with permeability shown to reduce for dopiédd, reproduced from[61].

Permeability (Bar)

Gas Doped Dedoped

He 0.319 3.66

H2 0.121 3.14
CO, 0.0034 0.771

Oz 0.0016 0.135
NH2 0.005 0.01
CHa 0.005 -

It was observed that as the permeability of mendwancreased their ability to
separate gases efficiently was reduced [61, 62}ertSwe applications of gas
separation using PANI films are available in therhture. [69-71]

In contrast to PANI film fabrication, polypyrrol€®PY) is insoluble in most organic
solvents; therefore the preparation of PPY memlsranast be achieved through
electrochemical polymerisation onto an electrodéhaough growth of the polymer
chemically onto an existing membrane substrate. Buehis the use of PPY
membranes for gas separation has been limited. tNeless, deposition of a thin
film onto an alumina support membrane was repobgd.iang and Martin, [72]
although the porosity of the doped film was highickhreduced selectivity.
Subsequently, the preparation of poly(N-methylpg@ydPMPY) onto an alumina
support membrane was achieved, as illustrated @& dthematic showing the

experimental set-up in Figure 1.9. The porosity vsaen to decrease and the
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selectivity was shown to increase for the dopegrmel films. Selectivity for @N>

of 8.0 was reported matching poly(p-hydroxystyréiie)s.

Left half of Hydrophobic microporous
U-Tube alumina membrane

Right half of U-

| I".h 1 Tube
o T :
1 e S
. = _ H‘-\.\.
Polymerisation e —
reagent .

O-ring

Neat monomer -

T

Vent

Figure 1.9: Schematic diagram of cell used to candloterfacial polymerisation of a
thin conductive polymer film onto the surface ofiaroporous support fabricated by

Liang et al. reproduced from reference [72].

Parthasarathyet al. [73] also demonstrated gas transport in PPY filiere the
undoped polymer was thought to be more desirabéetduts combination of high
selectivity and relatively quick separation. Howeveecreased selectivity was
attributed to the micro-porous morphology of PPYnmbeanes obtained. When the
polymerisation rate was decreased, PPY membranbsmore dense morphology
were achieved. With the more dense morphologycseity coefficients of 18 were
obtained for @'N2, which was one of the highest reported. Howeverurghér
increase was also achieved fog/lD» giving a selectivity coefficient of 92 for NN

which was the highest by far reported for polymeniterials at the time.

The insolubility of PPY in many organic solventsshaeant the need for novel

membrane formation methods. The use of chemicalatixin is widely reported for
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PPY membrane formation [74, 75]. While PPY membsamave shown high
selectivity in gas separations in the literaturenithtions in achieving dense
membranes and reliable supports [74] has limited ube and application of PPY
membranes. PANI films have seen more interest dwgase of preparation through
casting of dense films in appropriate solvents [@hjch offers a straightforward
fabrication method in comparison to PPY membranabridation. However,
selectivity for both PANI and PPY is similar thrdwaut the literature, with

applications found for both [60, 75-77].

1.2.3.3 ICP’s in ultrafiltration (UF)

The unique properties of ICPs such as ease of ptiod porosity, tuneable

hydrophobicity/hydrophilicity and electrochemicabntrol make ICP materials
interesting candidates for research as membranengsdor UF applications [78].

Polysulfone (PSf) membranes are currently used Uer membranes but have
limitations including pore-clogging low permeahilif77]. The low permeability

comes as a result of the hydrophobic nature of @mbranes. The inclusion of ICPs
in the formation of PSf UF membranes forming conmgosembranes has shown

increased permeability and a decrease in pore iclggg

The use of PANI in UF membranes was first repotigdGuillen [77]. Here the
preparation of pure PANI UF membranes was repditedhe first time by non-
solvent induced phase inversion through chemicadative polymerisation. A
comparison of the pure PANI to PANI/PSf composdes pure PSf membrane was
demonstrated. It was shown that pure PANI membraawseved an order of
magnitude higher water permeability due to higheropity with similar particle

rejection to that of the composite and pure PSf brames.
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Recent research [79, 80] has used bovine serunmaib(BSA) filtration for
determining the effectiveness of UF membranes wishiation in preparation
methods and the ICP used. Examples include congposgimbranes of PPY and
polyvinilidene fluride (PVDF) used as a support ][8fabricated by chemical
polymerisation of pyrrole, which displayed highejection of BSA from the ICP
coated UF membranes - an increase from 75% to 9@%# min. The increase in
rejection was due to clogging of pores on the serfaf the membrane as a result of
electrostatic repulsion of the BSA from the membraarface. In comparison the
non-conductive membrane showed rejection incredsb% to 78% over 75 min.
This was attributed to clogging of pores within tirembrane as well as on the
membrane surface [81]. Similarly, Madaenial. [79] showed a PPY composite UF
membrane again for the removal of protein BSA faisd by chemical
polymerisation. Here, higher rejection and contobl separation was achieved
utilising the PPY coated UF membrane. The increasetivity of the ICP UF
membrane was again due to the electrostatic iriteraof BSA with the PPY
resulting in higher rejection. Faat al.[80] by filtration of aqueous PANI nano-fibres
through a PSf membrane achieved an ICP coatinghensturface of the UF
membrane. The nano-coating of PANI resulted ineéased permeability due to the
increase in hydrophilicity with no loss in rejectiqgperformance. During BSA
filtration again the ICP coating of PANI was shownimprove performance due to

rejection based on charge.

The addition of ICPs therefore shows an increaseejection properties through
electrostatic repulsion and an increase in hydimlyi in comparison to
commercially available UF membranes. This resultetess pore clogging within

the membrane and in the cases where pore cloggmg®it can be more reversible
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due to clogging mainly on the surface of pure ICRI dCP/composite UF
membranes rather than within the pore structuresafie case in commercially
available membranes. ICP coatings and fabricatigguee ICP UF membranes show

significant advantages in UF membrane preparation.

1.2.3.4 Micro-extraction

Micro-extraction is a selective sample purificafgeparation or detection method. In
micro-extraction or solid phase micro-extractioiPK8E) methods a fibre is coated
with an extracting phase which is utilised to ectra chosen analyte from liquid or
gas phase by sorption and desorption [82]. Advastagf micro-extraction over
traditional sample preparation methods includeedpand simplicity such as that
shown by Liuet al. [83] where PPY was electrochemically polymerisedioca Pt
wire using a three-electrode electrochemical cBfle Pt wire acted as anode, a
stainless steel wire was used as cathode withumasetl calomel electrode (SCE)
reference electrode. Electrochemical polymerisatiensured electrochemical
addressability of ICP films for micro-extraction phgations giving electro-
modulated extraction and desorption capabiliti€d.[Bypically stationary phases of
this type are three dimensional electrodes covesidd an ICP layere.g. PPY. The
potential difference applied can cause the properto change and therefore the
analyte retention capabilities can be manipulateti selectivity controlled [84]. The
electrochemical control of the extraction proceas heen shown to offer increased
performance and distinct advantages over neutparadons Composites employing
ICPs are also used in many cases to increasedesiggingth and life span of ICPs

during micro-extractions [83, 85].
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Early work by Wuet al. [86] demonstrated the fabrication of high surfaceaa
porous PPY and poly-N-phenylpyrrole (PPPY) SPME€eh The prepared fibre
demonstrated controllable interactions with PPP¥racting more strongly with
aromatic compounds such as benzene and toluendPRithfilms displaying higher
sensitivity to polar gaseous compounds. PPY and YPRRre prepared on
conducting wires by electrochemical technique ai a® on the inner surface of
capillary tubes via chemical polymerisation. Vet al. [86] also demonstrated
automated in-tube SPME coupled with HPLC with iased sensitivity to
naphthalene, diethyl phthalate, dimethyl phthakate toluene in comparison to a

non-coated silica capillary with UV detection géi.

More recent examples reported the fabrication @r-@xidised PPY films for micro-

extraction via electrochemical polymerisation ofPtawire. Here PPY films were

templated with salicylate (SA). SPME of SA resuliadan increase in selectivity
through templating [87]. In this instance by coliting Eapp the uptake and release
of ions could be controlled more selectively withtake at more positive potentials
and release at more negative potentials. At mosee i, the ionic form of SA was

more prominent in solution resulting in increasg@dale, but upon moving to lower
more acidic pH the ionic form was decreased intswluresulting in lower affinity

but increased release. [87] Similarly Sabkinal. reported a method for anion and
cation extraction using PPy and overoxidised saifed PPY (OSPPY). The
controlled uptake and release of anions and catisigy controlled potentials was
examined with the PPY film acting as an anion-ergea and the OSPPY acting as
a cation-exchanger [88]. The preparation of PPMdilwas again illustrated on a Pt
wire through electrochemical deposition. Tap wasamples were tested and

extraction of anions and cations was achieved.
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As detailed above, the ease of fabrication as wsllthe switchable/tuneable
properties of ICP’s, in particular PPY, have be#oven to be ideal for SPME
applications. The properties of ICP’'s can be madaied via changes in pH,
electrochemical switching and templating to inceeperosity/selectivity for chosen
analytes. This has resulted in extraction phasds wicreased selectivity and
numerous extraction applications from aromatic conmgls to simple anion and

cation exchange.

1.2.4 ICPs in microfluidics

The unique attributes of ICP’s, namely electroctuaini modulation, easily
controllable doping/dedoping processes, low cost processability have fuelled
many analytical applications. Moving forward cougli these highly desirable
properties with microfluidic platforms is an exowi avenue for future analytical
applications. The benefits of microfluidic platfosrare uniquely placed to overcome
the limitations associated with current methods clwhiinclude multi-step
experimental set-up and integration of electrodesovercome these limitations a
move to microfluidic housings can be considereds Bection will highlight recent
literature emerging on ICP integration into labamnp platforms and their
applications. The combination of ICP materials amdrofluidic platforms is still in
its infancy, with optimisation and integration &R materials and electrodes an on-

going process.

ICP-modified electrodes within microfluidic houssidnave received attention for
sensing and separation applications due to theceedsample consumption with
volume used normally on the scale of nano-litres iasreased sensitivity as a result
of reduced signal to noise ratios [89, 90]. In amownication by Hendersoet al.

[91] the fabrication and characterisation of paiter chemically polymerised PANI-
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modified electrodes within a microfluidic devicer felectrophoretic separations and
detection was discussed. The microchip design vesl dor the electrophoretic
separation of LY, Na and K with comparable separation to a convention4D C
detector for the PANI-modified electrodes. An ex&npf the chromatograms
achieved in this work as well as the microfluidauking utilised are shown in Figure
1.10. Earlier work by Henderson [92] discussedahisteps towards a completely
polymeric microfluidic device where chemically polgrised PANI was drop-cast
onto an acrylic substrate. The PANI film was thattgrned using flash welding and
the patterned PANI-modified electrode system wagdudor electrophoretic
separations. 8-amino-1,3,6-pyrenetrisulphonic 48iETS) labelled sugars glucose,
lactose and maltose were successfully separated 8@ s with a comparable
electrophoretic separation using Pt electrodes. Woek by Hendersoret al.
highlights the potential of PANI-modified electrodeaterial within microfluidic

devices.
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Figure 1.10: Left; photograph of polymeric LOC dmviPolymer electrodes were
patterned in PANI by laser-welding, where the catisthg non-welded areas have
kept their green colour. DFR coverage physicallglates the detection electrodes
for C*D with holes to enable direct contact between tA&IPHV electrodes and the
fluid in the reservoirs. A reversibly bound PDM®stnate contains the microfluidic
structure and reservoirs. (B) Close up view of @B electrodes, 200m wide with

a 100 m gap. Right; electropherogram of the separatiod@® ppm Li, Na" and
K* performed using an electrophoresis chip 45 mM MBE$AM His as background
electrode. Sample was injected for 10 s during iappbn of a potential, reproduced

from [91].

Wang et al. [93] demonstrated the fabrication of ICP polymeires of PANI

integrated within a microfluidic platform. Here, n@awires were polymerised over
the exposed electrode area (10 x 100 um) in chanreel a 40-minute period. This
timescale was a significant reduction in comparigmrbulk polymerisation which
took 6 h to completely cover the exposed electradea. After fabrication, the
sensing capabilities of the ICP material were itigaged. The nano-wires were
shown to have rapid response times (several sec@mik high sensitivity to pH

change.The nano-wire morphology, fast detection and redusolymerisation time
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were credited to the microfluidic platform employd&dhe microfluidic housing used

is detailed in Figure 1.11 below as well as elat#rorientation and schematic of ICP

incorporation.

Control Lines

Figure 1.11: A) Actual view of the micro-fabricatethd assembled integrated
microfluidic device. B) Optical micrograph of thategrated microfluidic device
showing microfluidic channels 16 um high and 100 wicke. Each of the five pairs
of electrode junctions is separated by a 2.0 umevgdp; the width and height of

each electrode are 10 um and 50 nm, respectivel\sdhematic illustration of the
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electrochemical fabrication of conducting polymeann-wires (CPNWS) in the

microfluidic channel, reproduced frof@3].

Floreaet al.[94] demonstrated a PANI based optical sensorimvehmicro-capillary

housing. The nano-fibres of PANI were shown to afeem a wide range (0.2 — 2000
ppm) for the detection of aqueous ammonia in reat.t Very fast response times
(less than 5 s) were achieved using the microdeapihousing. Here, PANI was
chemically polymerised to the walls of a transpareapillary column (100 pum

internal diameter) housing and was successfully atstnated as an integrated
optical detection method for aqueous ammonia. Eiglrl2 below details a

schematic of the experimental set up used by Fletrah

Emeraldine Salt Emeraldine Base
UW-\is Lamp

Optical 1nbresm__/-~._.
Ammania A |
—_— M Ll M
flow —> H
3 —— = —
Pedyaniline coated
micro-capillary 5\1.vis Detector ﬁ

Figure 1.12: Schematic showing the flow of ammania the PANI coated micro-

capillary and UV-detection upon variation in oxidat state due to dedoping

between Emeraldine Salt and Base forms, reprodfroea [94].

Similarly, the benefits of microchip analysis ingorating ICP materials were
presented byoweret al [57] who demonstrated the fabrication of a tlaper flow
cell which incorporated a PANI-modified electrode X 0.110 x 0.180 mm) as a
sensing material. A schematic of the electrode gnatigon within the PDMS
microfluidic housing is shown below in Figure 1.1BReference and counter
electrodes were housed within the microfluidic etelnoutlet. The sensor, housed

within the channel had a sensitivity of 15.70 pA rhiehi! for ascorbic acid at flow
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rate of 1 pL mirt [57], which was greater than a batch cell compar{®5] showing

a benefit of microfluidic-based analysis.
{ " Cross-sectional view of channel outlet housing the reference |
and auxiliary elecirodes :

'
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{a) Channel PEME Channed ‘
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Figure 1.13: Microfluidic chip schematic showing eth(a) PDMS channel
(40 mm x 220m x 35/60/110/180m) and the inlet and outlet ports and (b) glass
base. The channel working electrode (5 mm x dpwas sputtered onto the glass
base substrate. A cross-sectional view of the P@NBinel outlet (3.5 mm) housing
the Ag/AgCI reference electrode surrounded by thenBsh auxiliary electrode is

given in the inset (drawing not to scale), reproeldi¢rom [57].

ICPs have also been demonstrated as having a jabtapplication in microfluidic
controlled release platforms. @&t al. [96] showed the fabrication of a microchip
device with multiple gold electrodes (300 x 300 pwonto which PPY was
electrochemically polymerised. During polymerisatiBPY films were doped with
two drugs; sulfosalicylic acid (SSA) or adenosiriphiiosphate (ATP) in an agueous
solution with pyrrole monomer. Initially drug-dopdéPY was polymerised and
subsequently washed. A second layer ofddped PPY was then polymerised over
the PPY-SSA layer, examples of PPY-ATP, PPY-SSAlzaré gold electrodes used

by Geet al. are shown in Figure 1.14. This helped to prevemt drug release at
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open circuit potential. It was noted that by insieg or decreasing the thickness of
the CI doped PPY layer (0.5 — 2 um) and varyingpBhe release rate could be
regulated. The electrodes could then be indepelydeontrolled via application of
an electrical potential for selective controlledeese. The microchip design was
appealing due to its small size, good biocompaytdnd selective release [96]. The
benefit of pchips, like that demonstrated by &k el., offer potential applications in

the area of implantable devices for clinical apgiions.

Figure 1.14: Metallurgical microscope image of nachip design used by Ge et al.
exhibiting four microelectrodes doped by SSA (eddn green) and one doped by
ATP (circled in blue). An example of a bare goldkirmy electrodes is also shown

circled in red. Reproduced from Reference [96].

Microfluidic platforms have also been exploitedaasessel for the synthesis of ICP
materials yielding controlled morphologies. For mpde, Beesabathurat al. [97]
demonstrated the fabrication of porous PANI michesps using droplet

microfluidics. The microspheres were prepared vime-step synthesis method. The
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conductivity of the spheres could be tailored basedacid concentration during
polymerisation. The hollow microspheres have higteptial for controlled release
applications due to biocompatibility, conductivetura and porosity, Figure 1.15

below details the microfluidic housing used for RANcrosphere fabrication.

A Polyaniline microspheres B

Continuous Oil phase Not to scale

V]
100 pL/hr oil_ s Q G /O
Aniline in oil phase fPa‘]yaniline
Syringe pumps Microsphere
20 pm
I;}PS,! A?ju;;)us Aniline/ Oil Phase Eppellld‘orf tube
ispersed Phase 75 uL/hr containing water

20 pL/hr

Figure 1.15 shows an example for of experimentalupeby Beesabathuni et al.
where PANI microspheres were produced in a T-jumctmicrofluidic device

containing aniline in oil medium as the continugoisase and APS in aqueous
medium as the dispersed phase. The polymerisednanihicrospheres were

transported off-chip through an outlet, reprodud¢esin Reference [97].

Another interesting property of ICP materials forcrafluidic platforms is their
ability to facilitate actuation. Actuation of ICPRas been shown to control fluid flow
in a stop/start manner as well as regulating flate €.g. ICP-based pumps. Due to
the versatility and switchability of ICP materials conjunction with the small
volumes required for microfluidics, ICPs in thigrftat are particularly amenable for
actuation. Causley et al. [98] demonstrated the actuation within a
polydimethylsiloxane (PDMS) pchannel 700 pm in \Widivhich was coated with a
700 nm thick PPY film doped with dodecylbenzendandte (DBS), as shown in
Figure 1.16. Upon application of a negative potntthere reduction of the PPY
film was expected, fluid flow into the pchannel wagiated. When the film was
oxidised at more positive potentials, fluid flow svatopped. The actuation of flow
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was based on the switching of the PPY between dogedl dedoped state.
Incorporation of DBS as dopant resulted in a hydaodyc surface due to orientation
of the hydrophobic tail out of the polymer netwoakd the charged hydrophilic head
group incorporated as a counter ion when dopednUdiealoping the surface became
more hydrophilic due to orientation of the hydrdghihead group out of the polymer

network.

i
2 g

Figure 1.16: Shows a photograph of A) a platinistdnnel and B) a PPY-DBS
coated channel with C) showing a close up imagéh®fPPY-DBS coated channel,

reproduced from [98].

More recently, Kimet al. [99] showed the incorporation of a similar PPYuator
system into a microfluidic platform for use as ategrated micro-pump system. The
PPY micro-pump used actuation of two separate RIS Through application of
opposite potentials, flow could be manipulated assalt of the push/pull effect of
actuation. The ICP based micro-pump system waspseling and had a maximum
pump flow rate of 52 pL/min, an integrated PPY mipump system is shown in

Figure 1.17.
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Figure 1.17: shows an image of the microfluidic pufabricated by Kim et al.
showing the inlet/outlet of the system and the ingudor the PPY actuator

illustrating the small size of the integrated systeeproduced from [99].

The benefit of coupling ICP materials with microflic platforms for sensing,
separation, controlled release and actuation isrcleith increased sensitivity,
reduced size and reduced polymerisation time wittreiased control over ICP
morphologies. The integration of stimuli-responsi@® materials into microfluidic

platforms therefore offers a unique analytical t@oth low sample and reagent
consumption, in addition to flow-through and reede capabilities which can be
multiplexed easily in this format. Recent advanicage allowed the redox control of
ICP materials to be done chemically or electroclsaity in-situ on-chip, while

transduction techniques can be optical or electoutal. It is clear that the merger
of intelligent materials such as ICPs with micradias is an emerging area still with

many new potential application and advancement® teeen in coming years.

1.3 ICP morphology in Lab-On-Chip applications
A summary of the morphologies of ICP materials leous microfluidic platforms

as discussed above is detailed here with SEM imafyggical morphology shown
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in Figure 1.19. Chemical and electrochemical polysagion methods have both
been successfully employed to create ICP structumeship. Hard, soft and template
free polymerisation methods have been demonstratgd the desired final

application the deciding factor for many reseanaugs.

20 um
——

Figure 1.19: SEM images summarising ICP morpholoigypricated within

microfluidic housings. A) Electrochemically polynsed PPY 3D-cages, [89], B)
chemically polymerised drop-cast PANI fibres [91[7) electrochemically
polymerised PANI nano-wires [93], D) chemically yrokerised 3D PANI fibre isles
[94], E) electrochemically polymerised bulk fibatl PANI [57] and F) chemically

polymerised PANI microspheres [97].

For example, Perez-Gonzalesal [89] electrochemically polymerised PPY through
a hard template which directed the PPY into 3D 4iketstructures, Figure 1.19A.
Photoresist was used to fabricate the hard templaieh upon UV exposure with an
appropriate mask produced wells 25 pum in diameted 24 um in depth.
Electrochemical polymerisation was performed fom## at 1 pm mirt to grow the

PPY 3D posts. Similarly, 3D cages were fabricatgdfibstly electrochemically
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polymerising 3D posts as detailed above with ahrtelectrochemical deposition
step of 11 min to merge the posts. This hard teraptirected electrochemical
polymerisation was very effective in fabricatinghtwlled morphologies in-channel.
However, the deposition was multi-step and time scomng. Removal of the
photoresist was necessary which increased furdtiercation time and complexity of
ICP deposition. Hendersoet al. [91] fabricated PANI films via drop-casting of
chemically polymerised PANI nano-fibre suspensiong/ater onto a planar acrylic
surface before isolating specific electrode arégmon drop-casting, the nano-fibres
formed an interwoven fibrillar film. Flash weldingas then employed to isolate
sections of the PANI film. As a result of the drogsting method the reproducibility
of films is potentially a drawback. However, thérifilar nature of the suspension
results in high surface area PANI with the flashldivey process reproducibly

isolating fixed areas.

In a template-free method used by Waeg al. [93], PANI nano-wires were
fabricated electrochemically within a sealed mikndfic platform. The resulting
PANI nano-wires were 50 — 80 nm in diameter withlrxdefined wire morphologies.
The nano-wires successfully covered the exposet @réhe electrode after 40 min.
This fabrication time was significantly reduced @omparison to open channel
polymerisation where nano-wire polymerisation welsieved over 6 h. The resulting
nano-wires after open channel polymerisation demnatesl less-defined wire
morphologies when compared to nano-wires fabricatedchannel, showing the

control in morphology and reduced time associatik microfluidic analysis.

A chemical polymerisation of aniline performed in sealed micro-capillary
overnight resulted in 3D PANI isles consisting @inhn-fibres ~200 nm in diameter

and several microns in length were presented bye&let al. [94]. The method
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proved effective in fabricating an optical sensor iqueous ammonia. During
optical sensing flow was demonstrated over andhrough PANI nano-fibres on the
walls of the capillary. As a result only a smallwoe of the total solution came in
contact with the PANI nano-fibres on the walls. lRoet al. [57] electrochemically
grew bulk PANI films voltammetrically within a sea microfluidic channel for
ascorbic acid detection. Polymerisation was acliemeoth flow and stopped-flow
formats. The resulting PANI morphology was bulkrifiar. Polymerisation was seen
to plateau upon reaching 50% of the channel dekehyldue to displacement of the
flowing monomer solution with PANI and hence anre@ase in solution velocity. As
a result of this plateau effect, complete fillinfytbe channel depth with PANI was
not possible. Therefore, flow was again directedrae PANI-modified electrode,
rather than through the deposited PANI network tepath of least resistance. This

reduced the available ICP surface area for seragpfcations.

A novel polymerisation method presented by Beesaimaet al. [97] demonstrated a
chemical polymerisation method to fabricate PANIcmspheres using droplet
fluidics. Droplets of aniline monomer in oil wereagually pumped into a continuous
flow of aqueous based initiator (APS). The resgltimicrospheres were porous
structures, 50 um in diameter consisting of filrilstructures between 200 — 500 nm
in diameter. The fibres were interwoven to form &rosphere structure with
resulting pores on the surface between 300 nm m1Tne porous/hollow nature of
the microspheres is potentially useful for futurentrolled release applications.
However, a drawback of this method was the need diap-casting of the

microspheres onto an electrode surface after fatboit.

Each of the methods described above illustrate g¢hse in which a discrete

morphology, as well as depth and density can becttied, highlighting the ease at
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which a variety of ICP forms are obtainable withimcrofluidic channels. The
variety of morphologies discussed is not exhaustwel it is anticipated that novel

and innovative fabrication strategies will contirtoeemerge in the immediate future.

1.4 Fabrication and Characterisation Methods
Central to this thesis is the fabrication and cbtrésation of novel materials and
material structures. The primary techniques whidrewutilised to achieve these

goals are detailed in this section.

1.4.1 Scanning Electron Microscope (SEM)

Throughout this work characterisation of materiagdied heavily on scanning
electron microscopy (SEM). A Hitachi S-3400N SEM swased for all SEM

analysis. The S-3400N is a thermionic system whiilses a tungsten filament as
the electron source. Here, electrons are accetetzgbveen 1 — 30 kV through a
voltage difference towards a specimen. The workiiggance was relatively large
(e.g. 10/15 mm) and therefore investigation of large @as was possible. A

schematic of the S-3400N system is shown in Figuze.
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Figure 1.20: Schematic diagram of an S-3400N SEMesy showing a sectional

view, reproduced from Hitachi S-3400N User Manuadg 62.

Two main electron-specimen interactions during ysial allow for image
development, namely elastic and inelastic inteoasti[100]. Elastic and inelastic
scattering combine to give insight into the topgirg morphology and elemental
composition of a specimen. Elastic scattering pgacess which does not change the
energy of the primary electron. Elastic scatterigas a result of Coulombic
interactions which involve electrostatic chargesMeen the specimen (nucleus and
electrons) and primary electron. The likelihoodetdstic scattering depends greatly
on the atomic number of the specimen. Specimerts higther atomic number result

in increased scattering. In contrast inelastictedag causes the primary electron to
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lose a detectable amount of energy. Inelastic extadf gives information on the

specimen as a result of secondary effects sucbcamdary electrons (SE).

The types of signals which can be used for intégpien of a specimen include SE,
backscattered electrons (BSE) and X-rays [101]isStBe most widely used signal
with the energy of SE low at 10 — 50 eV. To det®Et signals, SE are accelerated
onto a scintillator and the signal is recorded lphatomultiplier. SE have a low exit
depth from the specimen (~1 — 10 nm) and offerrmfition on the topography of
the specimen. With BSE, in contrast to SE, signadse on straight trajectories and
are not affected by electrostatic collection fielflee number of BSE are dependent
on the atomic number (higher atomic number incred&sam/specimen interaction)
of the species being analysed and offers 3D infaamaon the specimen during
analysis [100]. Finally, X-rays are formed as ailesf bombardment of the material
with high energy electrons and subsequent emissfocharacteristic X-rays with
wavelengths dependent on the atoms of the speciikenys therefore offer a

method for elemental analysis [100].

When preparing a specimen for SEM analysis the csitipn of the specimen must
be considered. When an electron beam interactsaviibecimen there are electrons
leaving the sample as BSE and SE and there istmaons beam of electrons hitting
the sample. To ensure a consistent, high resolutitage the rate of electrons
leaving the sample must be equal to the rate aftreles hitting the sample [101].
However, for most specimens the operating curremildvhave to be very low for
this to be possible and generally out of the noroparating range of SEM systems.
As a result there is a build-up of surplus eledron the surface of the specimen
which over time build-up to a large enough negatbarge to repel incoming

electrons resulting in a distorted image due toafging”. The issue of charging
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presents itself for non-conducting samples sucgbofgmers and biological samples,
for which there is a greater build-up of surplusceions. Due to the conductivity of
metals a metal coating can be placed onto bioltdgasmer specimens through
sputtering to increase conductivity and reduce gihgr Biological and polymeric

samples may also degrade with higher beam curdauggo heating of the specimen
as well as degradation due to volatility of speainie a vacuum. As a result fully
dehydrated and sputtered samples are regularly. u3edng this work sample

preparation included dehydration of PS suspensimlspolymer coatings before a
thin film of gold (~20 — 25 nm thick) was sputteredto the surface immediately
prior to SEM analysis. Following this preparatioretihod high beam currents (20

kV) could be used to obtain high resolution SEMgesof polymeric specimens.

1.4.2 Electrochemical polymerisation and charactesation

Throughout this work the electrochemical techniqused for polymerisation and
characterisation of polymer fiims were cyclic voftmetry (CV) and
chronoamperometry. Both electrochemical techniquesd a three electrode cell
with a gold sputtered working electrode (WE), a Agf| reference electrode and a

counter electrode of platinum mesh.
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1.4.2.1 Cyclic Voltammetry

Current

Vohage’

Figure 1.21: Schematic illustrating a CV of a resibie reaction where Hs the
peak potential and,iis the peak current (a, anodic and ¢, cathodi@roeluced from

[102].

CV utilises a potential scan whereupon reachingaximum potential the sweep
direction is inverted and the sample is scannedh& opposite direction to a
minimum potential. As sweep rate is increased the tfor the system to reach
equilibrium is reduced at the electrode surfaceefioee changes in reactions can
occur with increasing scan rates (i.e. reversilygtesn at slow sweep rates/quasi
reversible system at high sweep rates) [103]. Hapes of a CV rises upon reaching
a potential where an electrode reaction beginss Thsults in a concentration
gradient as electro active species are consumedaandximum is reached (peak
current). Upon reaching this maximum, the supplglettro active species begins to
fall and the current therefore falls. An exampleao€V is shown in Figure 1.21,
where the symmetric oxidation and reduction peaksnparable peak areas and
separation of peak maxima of 59 mV/n (where n = lpeinof electrons transferred)

illustrate a fully reversible electrochemical reawt This CV results from the rapid
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exchange of electrons between the oxidative andctee species with the working
electrode. For systems which display peaks whieéhraot as symmetric as those
shown in Figure 1.21 they are deemed quasi-reversiompletely irreversible

systems will display only one peak and no reveeskpvill be noted [103].

1.4.2.2 Chronoamperometry

Chronoamperometry involves monitoring the changeument due to oxidation or

reduction of a species at a fixed potential overeti The redox process results in
flow of current between the working and countercetales. The current which is

passed can then be used to determine concentadtiedox active species [103].

During electrochemical experiments two types ofcpsses occur at an electrode
namely Faradaic and non-Faradaic. When electrarsfea occurs causing a redox
reaction these processes are called Faradaic pesced/hen no electron transfer
occurs but adsorption and desorption occurs chamgése interface between the
electrode/solution occur which are non-Faradaiccgsees. As a result during
electrochemical experiments due to manipulationredox reactions, Faradaic
processes are of most interest. However, both Barahd non-Faradaic processes

occur during electrochemical experiments [104].

1.4.2.2 Benefits of Microelectrodes

Microelectrodes are electrodes which have at l@astdimension that is of the order
of 0.1 — 50 um. Microelectrodes offer advantagesrawnacroelectrodes of larger
dimensions due to increased current density dueatbal and perpendicular
diffusion, as shown in Figure 1.22, as well as gremass transport. In conjunction
microelectrodes demonstrate reduced capacitancenggithe potential for an

increased range of potential scan rates. Thesefitseme conjunction with the
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reduced size and faster response of microelectrodes led to applications within

microfluidics [105].

i o+ ~( -

Planar Hemispherical

\ Y/

~ {

Microelectrode

Figure 1.22: Schematic showing uniform current dgnsat a planar and
hemispherical electrodes and the non-uniform acbégg of a microelectrode

reproduced from reference [103].
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1.5 Conclusion

As detailed above the application of ICP’s in labahip applications shows some
success, with many research groups having foundlmoethods to incorporate and
control ICPs within lab-on-chip platforms. Chemicand electrochemical
polymerisation methods have both been successiudlgd within microfluidic
platforms. However, fabrication of 3D flow-throud@P structures has not to date

been studied.

Fabrication of high surface area flow-through ICBtenials will be a main focus of
this thesis. Firstly, the fabrication of a novahfdating method within the confines
of a pchannel must be accomplished. The aim ietber to firstly fabricate a 3D
ordered template within the confines of a pchantieén the structural direct
polymerisation of an ICP in a pchannel, and subsety investigate the resulting

3D order and electrochemical control of the ICPariat.
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1.6 Thesis outline

The purpose of this work was to address the cudienitations of microfluidic
platforms including: fabrication of 3D order temiphg approach in channel. Initially
the fabrication of high surface area flow throu@iImaterials will be a main focus.
To address this current limitation the fabricatadra novel templating method within

the confines of a pchannel must be accomplished.

Chapter two will report on the fabrication of amegucible 3D ordered hard template
housed within a pchannel. The fabrication of unialo@C (uCC) and binary CC
(bCC) was investigated. The growth mechanism of @@ bCC structures in
channel was explained and the optimised parametetailed with analysis of

resulting structures. The optimised facile fabrmatmethod for uCC and bCC
structures with 3D order was observed. The resul8tructures offer a unique
templating method for tuneable ICP surface are#isinva microfluidic housing with

resulting CC thickness over 35 — 220 pum.

The control over CC thickness detailed in Chapteall@wed for electrochemical
polymerisation of 3D ordered ICP materials. Thamed uCC and bCC were used
to structurally direct the polymerisation of thePICPANI within a microfluidic

channel. Chapter 3 reports the optimisation of PANVerse opals through
electrochemical polymerisation. Variation in polymsation time was investigated
with the resulting PANI structures analysed. Thewgh of PANI in channel resulted

in distinct morphologies based on polymerisatiometi

Chapter 4 investigates the resulting homogeneiti Aill inverse opals reported in
Chapter 3 which were electrochemically polymerisecchannel. Electrochemical

polymerisation, bulk chemical polymerisation andrface confined chemical
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polymerisation methods were then explored to furtiptimise homogeneity
throughout the depth of the pchannel. The elecewgbal control of the

homogenous 3D ordered PANI films was then charseter

In Chapter 5 with a view to further control over IRIAiIms, investigation of dopant
type was undertaken. HCIl-doped and SDS-doped PAME fwere fabricated by
electrochemical polymerisation and subsequentlypayed through water contact
angle (WCA), morphology and surface roughness. rpamation of SDS into the
polymer backbone at a molar ratio of 0.02 aniliiESproduced PANI films with
controllable hydrophobicity via doping/dedoping.rnctusions and recommendations

for future work arising from this thesis are givarChapter 6.
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Chapter 2

Fabrication of a 3-Dimensionally Ordered
Binary Colloidal Crystal within a

Confined pChannel



2.1 Introduction

3D ordered macro-porous (3-DOM) materials have @k applications in many
diverse fields such as fuel cells [106, 107], oafal [108] and chromatography
[109]. Multiple strategies are available for theéraation of 3-DOM materials [110].
The wuse of sacrificial polymeric particle templates summarised here.
Comprehensive reviews of other fabrication methcals be found elsewhere [111-
113]. Unimodal and bimodal templates have seemsite research in recent times
due to the potential application in 3-DOM matefabrication. Common templates
include silica spheres, which are removed by etghith hydrofluoric (HF) acid,
and polystyrene (PS) spheres, which are removetidsplution with an appropriate
solvent or by calcination [114]. Literature detailsmerous fabrication methods for
both unimodal [107, 115-117] and bimodal [118, 1P templates, as discussed

below.

Unimodal templates can be formed reproducibly tghowell-understood methods
such as dip-drawing [116] and drop-casting [120wedver, due to the coffee ring
phenomenon areas of reduced reproducibility indietre of the colloidal crystal

(CC) are noted for drop-casting methods thus Iligitheir use as templates.

Other approaches to form 3-DOM materials employorgpheres (PS or silica) in
combination with surfactants or co-polymers [12%]1%® add bimodal porosity. The
formation of reproducible macro-pores (i.e. poresutting from the interconnected
marco-spheres) using unimodal PS CC templates lisuwwderstood. Upon addition
of a surfactant after CC fabrication, infiltratiah the surfactant (or copolymer) in
the interstitial voids between the spheres alloarstlie formation of macro-/meso-

porous material after template removal by calcoratr solvent extraction [125]. In
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this method, while porosity of the final structuiesreproducible, the fabrication of

meso-pores with reproducible order and positiamisachieved.

More recent examples have used macro-spheres jun@bion with nano-spheres of
either PS or silica to form bCC improving uniforgpniFormation of bCCs through
self-assembly [126-130] and solvent evaporatiori]Iave been shown with nano-
spheres present in interstitial voids of the mapberes. Uniformity in the resulting
structures depends heavily on the volume fractibmano (denoted small, S) to
macro (denoted large, L) spheres §¢J-and the diameter size ratio of PS spheres
(Dsw), in solution during bCC formation [132]. Boundargnditions for Vs, and
Dsi have been detailed extensively by Ozah al. during fabrication of bCC

monolayers by evaporation-induced self-assemblg][13

S&H B &

Schematic 1: diagram of (A) tetrahedral and (B)ab&dral interstitial voids with
macro-spheres denoted in grey and nano-spheresdnExamples of channel voids

are circled in blue [126, 130].

During co self-assembly of 3D PS or silica macmedispheres there are three sites
available for nano-sized PS spheres packing; tetirath and octahedral interstitial

voids and channel voids, as illustrated in Figure [229, 134, 135]. In 3D face
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centred cubic (fcc) formation, if the next layesults in a PS sphere sitting in the
“dimple” created by the trigonal void of these thrspheres, a tetrahedral void is
created. If the second layer results in anothgotral void sitting above the first
trigonal void, an octahedral void is created. Thieot of size ratio and relative
concentration of nano- and macro-sized spheres ilongfof tetrahedral and
octahedral voids during bCC fabrication by vertildéing, where multiple layers are
deposited simultaneously, has been explored inl d&29]. The octahedral void has
a theoretical size limit of .= 0.4142 while the tetrahedral void has a theaoaktic
size ratio limit of .= 0.225 [129, 130]. However, in practice, the dingt for
these interstitial voids was found to be approx,$0.26; above this, loss of close-
packed structures were observed [129, 136]. Thenskeavailable void type is the
channel void between two neighbouring macro-siz8dspheres, circled in blue in
Figure 2.1. The channel void has an upper thealetize ratio limit of .= 0.150
[126, 134]. Below a value of 4= 0.150 nano-sized PS spheres are able to flow
freely into the channel void and pack in the areawken neighbouring macro-
spheres. As a result this disrupts macro-sizedreptiese packing during convective

self-assembly.

To successfully pack nano-sized spheres exclusivetiiin the tetrahedral and
octahedral voids a theoretical particle size rdoggveen 0.150 Ds,.  0.225 must
be used. Between this range the nano-sized PSesphdi pack in the tetrahedral
and octahedral voids only [129]. An increase insM[Ean increase the number of
nano-sized PS spheres packed within the intetstiiad but VFsy must be
controlled to achieve an ordered structure. OrddsGC structures was noted at low
VFsi. (VFsL = 0.001), with disorder and loss of close packafgmacro-sized

spheres at higher \ék (VFs/. = 1) which result in an excessively high conceiira
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of nano-sized PS spheres during packing in this.cdanget al. reported limits of
Dsi. and VFs. where order was noted forslp = 0.207 between 4 values of
0.0178 (lower) and 0.0356 (upper). As expectedrdesowas confirmed outside
these limitse.g. at VFs. = 0.0713 for 3. = 0.207. Upon reduction of the nano-
sphere size, reducing the size ratio @ B 0.122 below the channel void threshold
of Dsi. = 0.150, nano-sized PS spheres were observed pecter in both the
tetrahedral/octahedral interstitial voids and clerwoids. Order was noted at much
lower VFs. = 0.0036 in this case but upon increasingVBeyond Vs, = 0.0073,
an increase in disorder was noted [128], which e@assistent with previous work in

this area [127, 134].

In this work the investigation of strategies fore tfabrication of 3D PS bCC
templates in defined pchannel dimensions initidbgdcapillary force packing is
presented. To date much of the work fabricatingered PS and silica bCCs has been
achieved in monolayers through convective selftabde at the water air interface
[126, 132], or in multilayers through drop-cast wective self-assembly [130, 137]
and dip-drawing methods [32]. Using convective -ssembly at the air water
interface, highly intricate 2D mono-layer strucsiigan be fabricated but formation
of such bCCs in defined geometric areas such adidlyichannels would be
extremely difficult, as a reproducible water aiteiface would need to be isolated
solely across the confines of the pchannel [135]adldition, multiple layers of
crystal typically are not formed using this methextept through layer by layer

deposition of individually formed monolayers.

Alternatively, drop casting methods can allow fabirication of CC over large
substrate areas with high uniformity, quickly amm@y [138]. However, cracks are

common between ordered sections of CC as a resaiyimg. [139] Another issue to
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consider when using drop-casting is the coffee gmhgnomenon which directly
affects the reproducibility of CC formed. [140, 14This phenomenon causes an
untemplated area in the mid-section of the remlttC due to pinning and
subsequently drying at the edge of droplets fiefble moving towards the centre
over time [139, 140]. Dip drawing, which utilisdsetslow drawing of a substrate
from an aqueous suspension of PS or silica spheresm an ordered CC structure
over a large substrate area has seen wide spreaduesto the high order of the
resulting CC. Optimisations of drawing speed antesp % w/v concentration [142]
as well as temperature [143] are essential foroaymrible CC fabrication and control
of the resulting CC thickness [144, 145]. With hegi®6 w/v €.9.10 — 20% wl/v
suspensions), thicker CC can be achieved; howeutedraw speed was shown to
control the resulting order of the CC formed witlereased reproducibility at slower
withdrawal speedse(g. 1-0.1 pum/s) resulting in a very time-consumingridtion
method [146]. It must be noted that in using dipwdng the CC is fabricated over
the full substrate area placed in the PS/silicpsnsion which does not allow for CC
fabrication within a confined geometric constralimiting the application of this

method to planar surfaces.

Spin coating has also been used successfully asaagrto fabricate CC over very
large areas with 2D and 3D order. [147] The metisddst and effect [148, 149] but
does require optimisation of spin coating speed supension concentration for
increased order [147, 150]. Due to the large ameered during fabrication the
presence of cracks and defects of the spin coatedr€ common [147]. Controlling
CC fabrication within a confined geometric consttauch as a pchannel would not

be possible utilising spin coating.
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Other examples of CC fabrication methods includéinsentation and convection
self-assembly at the water air interface [151, 1%8E fabrication of ordered CC has
been observed for both methods, however sedimentasi time-consuming and
control over the final structure formed is minimal. the case of convective self-
assembly CC can be fabricated but the drawbaclkudi snethods is the multistep

process required to form the final CC structure3]15

Previous work on fabrication of CC within pchannélg Ozin et al. utilised a
multistep self-assembly method with sonication afd et al. utilising directed
evaporation-induced self-assembly have shown urén@@ fabrication in confined
areas with order noted [154, 155]. However, theifaltion of CC in these methods

was multi-step and time consuming.

A summary of the benefits/limitations of current Ci@brication methods is
summarised in Table 2.1 and compared to the wagkgmted in this Chapter. The
facile CC fabrication method developed in this woffers for the first time a quick
and reliable method for uniform uCC and bCC tengpl&brication within the
confines of a pchannel. In this method 3D bCC s¢tmes were fabricated
exclusively within the pchannels within 12 h whiakere ordered along the length,
width and depth of the cuboid channel it was fornwthin (albeit with some
defects). The benefits of this method are the ieddpnce of CC thickness from
VFsiL, in this work thickness is dictated by pchanngtbeonly as well as ease of
fabrication, high uniformity and 3D order of finBIS templates. The capillary force
packing method developed in this work offers fa finst time a method to fabricate
bCC reproducibly specifically within pchannel, kaiother methods such as drop
casting, spin coating and dip-drawing which wersigiged for CC fabrication of

planar substrates.
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Table 2.1: Comparison of benefits and limitatiohsurrent CC fabrication methods

Method Benefits Limitations

Time consuming
Cannot be fabricated ir
channel

Multi-step
CC thickness limited by
VFsi

High order
Reproducibility
Dip drawing

Quick
Fabricated over large
area

Coffee ring
phenomenon/reduced
order

Not reproducible in
Drop-casting channel

Difficulty controlling
CC thickness

CC thickness limited by
VFEsi

Simple fabrication Time consuming

Sedimentation method Little control over final
structure
High order & Not applicable to planar
reproducibility substrates
Can be fabricated in
channel
This Work Facile Fabrication
method
CC thickness

independent of Vs
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2.2 Experimental

Step 1: curing of
PDMS at 100°C on
photo mask to
fabricate T-
channels

Step 2: Cutting
PDMS chips to
correct dimensions
with defined chann
dimensions

45 mm

PDMS pchip x 6 per mask

Step 3: unsealed PDMS chip
placedin 1 mL PS
suspension to pack by
capillaryforces (12 hours)

PS Sphere Suspension

Result—PS CC Packed within
the confines of a PDMS chip
uchannel CC depth range from
30 —220 pm length 5- 40 mm

Schematic 2.1: Schematic illustrating the methofhbfication for PS uCC and bCC

within the confines of a glass pchip.

2.2.1 Materials

PS spheres of diameter 200 nm (+ 2.3 %) and 1 ufh %) were purchased from
Duke Scientific (Palo Alto, California, USA). AllI$sphere suspensions as received
contained 0.1-0.5 % surfactant to inhibit agglormtiera and promote stability.
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Deionized water was purified using a MilliQ systdm a specific resistance of
greater than 18.2 Wcm. Polydimethylsiloxane (PDMS) (101697) (Dow Gom
184 silicone elastomer), was purchased from Farr{tland). Tetraethyl
orthosilicate (TEOS) reagent plus >99 % purchaseth fSigma-Aldrich (Dublin,
Ireland). Hydrochloric acid ~ 37 % was purchasedmfrFisher Scientific UK
Bishops Meadows Road, Loughborough. All other cloamsi were purchased from

Sigma-Aldrich (Dublin, Ireland) and were of anatyi grade.

2.2.2 Instrumentation

SEM micrographs were obtained using a Hitachi SBUQOftanning electron
microscope (Hitachi, UK) at an acceleration voltafe20 kV, probe current of 35
HA and working distance of 10 mm. All samples wgotd-sputtered using a 750T
sputter coater, Quorum Technologies, Lewes Roadgltan, Lewes, East Sussex,
BN8 6BN, UK. A Harrick plasma cleaner (PDC-002) wa®d for all oxygen plasma
performed on PDMS chips. A Malvern nano-sizer ZS wsed for all zeta potential
measurements. An Ocean Optics UV-visible spectrmpheter was used for UV-Vis

measurements with spectra suite software.

2.2.3 Methods

2.2.3.1 PS sphere preparation

Immediately prior to use to prevent agglomeratids€], anionic surfactant was
removed from PS sphere stock suspensions. PS simperof 1 um spheres were
centrifuged and re-dispersed in deionized watezethimes at 5000 rpm for 7 min.
PS suspensions of 200 nm spheres were centrifuggdeadispersed in deionized
water three times at 12,000 rpm for 45 min. Zet@mpial measurements for 200 nm

and 1 um PS spheres were low to neutral with zetenpials of 0.0997 mV for 200
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nm and -2.84 mV for 1 um PS spheres. 50 zeta rume performed in triplicate in

an agueous medium at%®bafter removal of surfactant.

2.2.3.2 PDMS chip fabrication

Silicone elastomer and curing agent were mixed 1nl8 w/v ratio, degassed for 45
— 60 min under vacuum, and poured onto a siliconeuldh prepared using
photolithography. The resulting PDMS chip with @oshannel of dimensions of
0.035 mm x 0.110 mm x 40 mm or 0.110 mm x 0.180 x4® mm, was cured at
10C°C on a hotplate for 45 min. PDMS chips were thentawcorrect size, 45 mm X

20 mm, after curing.

2.2.3.3 Unimodal CC fabrication with variation in surfactant concentration

PS suspension of 1 um spheres was treated as fiboddeSection 2.2.3.1 and re-
dispersed in varying concentrations of sodium dgldealfate (SDS) surfactant from
0 — 0.1 % wl/v. Oxygen plasma was performed on filligic chips, to activate the
surface of the PDMS before capillary force packiiog,5 min. Oxygen plasma was
performed under an atmosphere of air using a Haplasma cleaner (PDC-002)
before the chips were placed into the PS suspemsisuring the pchannel base was
immersed in the suspension. This was then heateid’at for 12 h to allow PS

spheres to form the unimodal CC in the pchannel.

2.2.3.4 3D binary colloidal crystal fabrication

During 3D bCC fabrication macro-sized PS sphere®wseen to pack into a closed
packed fcc (111) structure. The resulting closecked structure can be affected by
temperature during CC formation [157]. For exam@leng et al. determined that

lower temperatures can aid the formation of a sEuaray [158]. Therefore a
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temperature of & was employed throughout this work. Equal voluroemicron
and nanometre sized PS sphere suspensions werax@demnd homogenised
through vigorous manual shaking. Oxygen plasma pexformed on all pfluidic
chips to activate the surface of the PDMS befogalleay force packing for 5 min.
Oxygen plasma was performed under an atmosphea& ofking a Harrick plasma
cleaner (PDC-002) before the chips were placedthd®S suspension ensuring the
puchannel base was immersed in the suspensionwhsishen heated at %45 for 12

h to allow PS spheres to form the bCC in the pchlnn

2.2.3.5Preparation of tetraethyl orthosilicate (TEOS) sol-gel inverse opal

After 3D bCC fabrication in the pchannel a TEOS-gel inverse opal was
fabricated as follows: 3 mL ethanol, 6 mL TEOS, & m.l. water and 1 mL
concentrated (~37 % w/v) HCI were mixed with conststirring for 5 min. 1 mL
was poured over the pfluidic chip containing theCbi@ the pchannel and cured at
65°C for 2 h. After curing the PS sphere bCC was resddwy immersion of the chip

in toluene and the TEOS sol-gel imaged using SEMyars.

2.2.3.6 UV-visible spectroscopic analysis of 3D Q@ PDMS micro-channels

UV-visible results were obtained using an Ocean idpt UV-visible
spectrophotometer with spectra suite software. @ 4 fibre beam width was used
to measure each sample in triplicate. The PDMS ovstip with micro-channel of
dimensions 220 um width x 60 um depth containingQ@@ uCC or bCC crystals

were each 4 mm thick, 12 mm wide and 40 mm in lengt
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2.3 Results and Discussion

During preliminary unimodal PS CC packing of unnfmdi PS suspensions (i.e.
used as received, without anionic surfactant remyovuhe presence of anionic
surfactant had a dramatic effect on the final oafd?S CC in the pchannel, resulting
in increased disorder. To investigate the disow®served, anionic surfactant was
removed from the PS sphere suspension by centtifugand PS suspensions were
re-dispersed in varying concentrations of SDS fiom 0.1 % w/v. Capillary force
packing was used to form CC in the confines ofthbannel over 12 h at 45. A
uniform CC was formed at 0 % w/v SDS as shown gufe 2.1A. Utilising a PS
suspension containing 0.01 % w/v SDS, a crystaltitracture was again evident
through the PS CC formed, although with a decréaswder evident at increased
magnification (Figure 2.1B inset). SDS was obsernetlave crystallised within the
pchannel during PS sphere packing, Figure 2.1By thi¢ disruption of the unimodal
CC formation attributable to these SDS crystalsSSioncentration was increased
further to 0.1 % wlv; the resulting PS CC templdigplayed a further increase in
disorder. Once again crystallisation of SDS in ftehannel during capillary force
packing occurred, Figure 2.1C with larger areadisérder in CC structure noted in

comparison to 0 % and 0.01 % w/v SDS, Figure 2rigeti
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Figure 2.1: SEM image of PS sphere packing resgltirom immersion in

suspensions containing 1 um PS spheres and SDSavittentrations ranging from
A) 0 % w/v SDS, inset increased magnification deoed PS packing; B) 0.01 % w/v
SDS, inset increased magnification of disorderedpB&king; C) 0.1 % w/v SDS,
inset increased magnification of disordered PS parkMag. 700; scale bar: 50.0

pm. Inset Mag. 15.0 k; scale bar: 3.00 pm.
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Each of the PS CC’s was washed in D.l. water fos@fbnds to remove crystallised
SDS from the pchannel. The resulting CC structaresllustrated in Figure 2.2. The
PS CC containing no SDS remained uniform with rgni§icant effect noted after
washing in D.I. water. However, as SDS concentnaivas increased the washed PS
CC showed increasingly more disorder, Figure 2.28 &. Additionally, during
washing, large sections of the CC collapsed as 8&Sremoved, presumably due to
the removal of the SDS scaffold supporting the @Gcsures. Upon removal of SDS
these CC areas collapsed, resulting in a furtherease in observed disorder. An

indicative section of collapsed CC is shown in F&gR.2C circled in red.
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Figure 2.2: SEM image of PS sphere packing resyiltitom immersion in solutions
containing 1 um PS spheres and varying concentnataf SDS after washing in D.I.
water. Initial SDS concentrations of A) 0 % w/v SDSet increased magnification
of ordered PS packing; B) 0.01 % w/v SDS, insetea®ed magnification PS
packing with increased disorder; C) 0.1 % w/v SIDSet increased magnification of
PS packing with high levels of disorder. Mag. 76€ale bar: 50.0 um. Inset Mag.

15.0 k; scale bar: 3.00 um.
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As a result of the disorder noted with anionic aatént present in PS suspensions,
Figure 2.1, during 3D PS bCC templates fabricatgunfactant-fred®S suspensions
were exclusively used. Figure 2.3 shows a schemagpresentation of the
mechanism of bCC formation. Figure 2.3A illustragesypical pchip 20 mm x 45
mm, containing a pchannel of dimension 40 mm length110 mm width x 0.050
mm depth, immersed in a mixed PS sphere suspessitimt the lowest (approx. 5
mm length) of the pchannel was submerged. Thisesispn comprised spheres of

both 1 um and 200 nm diameter, in varyingsVatios, as discussed below.

Figure 2.3: Schematic diagram illustrating A) mifitadic chip with channel,
partially submerged in PS sphere suspension anexBanded schematic of crystal
growth formation supported on the two side wallgh& channel, reproduced from
Ko and Shin [32]. Evaporation of solvent, water goeation flux (g), is represented
by green arrows, while water flux,jjand particle flux @) are illustrated with blue

arrows (schematic not to scale).
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As shown in Figure 2.3, capillary flow draws thesgension up the pchannel, with
the two side walls of the pchannel acting as inddpat surfaces to support CC
assembly as discussed by Ko and Shin [32]. Wherpogaton begins the
concentration of PS spheres in the pchannel grpduadreases. Initially macro-
sized PS concentration was 1 % w/v in solution due to evaporation flux, PS
concentration in the pchannel began to rise. As B sphere concentration
increases, the PS spheres are drawn into a clakegbatructure by capillary forces,
initially at the edge of the pchannel before movimgvards the centre of the
pchannel over time. Similarly to evaporation-indili@®-operative hierarchical self-
assembly (EICSA) in dip-drawing, both the macrod arano-spheres are drawn
towards the growth front at the top of each sid#, watially with the same velocity.
The larger spheres, which are also in greater curateon, pack in an fcc
arrangement, with successive layers forming inwdroi the pchannel side walls
towards the centre of the pchannel, as shown inr€i@.3B. Nano-spheres easily
move through the macro-sphere structure, drawnwpyiliing the tetrahedral and

octahedral voids of the fcc structure.

The independent parallel growth of the fcc crystalthe two side walls of the
pchannel in the pfluidic chip is illustrated by thehematic at time t1 in Figure 2.4.
At a certain time point in the dual parallel grovatfithe bCC at both side walls of the
pchannel, the solvent front of both walls overlapgating a liquid meniscus which
joins both crystals. This creates a new solvemtffor evaporation-induced crystal
growth, causing the crystal to be formed from tlie svalls into the centre of the
pchannel and from the bottom of the pchannel u@tda/the centre, as illustrated in

the schematic at time t2 in Figure 2.4.
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CC growth continues until PS concentration reads% in channel at which point
all the solvent, in this case water, has been eespd and the CC is fully formed.
During solvent evaporation PS sphere concentrasioaplenished byyjand j from

the colloidal suspension allowing continuous CQOnrfation throughout the entire
pchannel depth. This multidirectional growth coogs until the pchannel is fully
packed, as illustrated by time t3 in Figure 2.&£MSimages of the pchannel at time

t1 and time t2 are shown in Figures 2.5A and Beetypely.

PS sphere suspension

t;

Time, hours

Figure 2.4: Crystal growth schematic illustrating @me t1 growth of fcc from side
walls inwards towards centre of pchannel; at tirdegtowth from both side walls
and from bottom of pchannels towards centre; antina¢ t3 the is pchannel filled

with bCC (not to scale).
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Figure 2.5: SEM image of bCC,sB>x 200 nm, =1 um and VEk, = 0.1, showing
bCC formation. The pchannel is illustrated with seen arrow, while the PDMS
support is shown with blue arrows. A) Dual CC grewtpported by the side walls
of the pchannel after 8 h packing, and B) moveréparticles towards the centre
of the uchannel as PS concentration increases edgttiinuous CC growth, after the
solvent fronts have joined to create a meniscuadxen the two CCs growing on the

side walls after 10 h packing. Mag: 700; scale B6arO pm.

Typically bCC formation was completed after 12 mgshe conditions described in
the Methods Section 2.2.3.4. To visually illustratee formation process, bCC

fabrication was stopped after 8 & 10 h allowing b@@wth to be imaged via SEM
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analysis. To demonstrate that the two-step bCCdation was also possible over
wider geometric areas, pichannel widths of 180 pmewsed in Figure 2.5. bCC was
observed to form across the entire width of thegnadel. Artefacts are noted in
Figure 2.5A & B at the edge of the pchannel walle tb halting of the bCC growth
prematurely resulting in areas with cracksweand p halted after the experiment was

stopped.

The number of layers (k) formed by dip-drawing noeth can be determined using

Equation 1 below:

- Bl VFs,,
0.74048V, d+ I'(1—VFs,,)

(Equation 1)

where ¢ is water evaporation flux, 0.74048 is the volunceupied by a fcc sphere
structure, d is particle diameter, is the ratio between velocity of a particle in
solution and fluid velocity, | is the meniscus Heig ' is water volume flux between
particles and V is the withdraw rate when using dip-drawing meth¢a2, 159].
The number of layers of bCC formed is thereforeetielent on VE.L. In the work
presented here however, the number of layers itatdat by the depth of the
pchannel. This independence fromgyFallows for greater control over the resulting

bCC template in comparison to other techniques.

To comply with @ constraints a nano-sized PS sphere suspensiog ©22D0 nm
was chosen, resulting insp = 0.200. The number of nano-sized PS spheres
occupying the interstitial voids can be influendsdVFs,. (the ratio of % w/v nano-

sized spheres to % w/v of macro-sized spheresliutiao; e.g. equal volumes of a
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0.1 % w/v 200 nm PS sphere and a 1 % w/v 1 um B8resuspension will give a
VFsiL = 0.1). Additionally, control of V&L was shown to have a large effect on the
resulting bimodal PS template [128-130]. By optimisVFs;, within an appropriate
range, control and manipulation of the number afaasized spheres packed within
interstitial voids is possible [132, 160]. It haseyiously been demonstrated that a
practical working range was between 0.001 <sVE 0.1 [135]. As a result \dr
within this range was chosen and the resultingcsires investigated to assess
fabrication of reproducible PS bCC templates andeimonstrate the range of

ratios which can result in ordered bCCs.

Variation and optimisation of \dr can allow for the fabrication of different LS
packing structures. Through manipulation ofs\/Kwhilst maintaining @, = 0.200)
variations in the number of nano-sized PS sphexekegal within the interstitial voids
created by three adjacent macro-sized PS spherescsideved, therefore providing
for variation in LS structure. Examples of potential theoreticak IsBuctures are
shown in Figure 2.6. Figure 2.6A shows an examplanoLS structure (theoretical
definition where structures consist of macro-sidedspheres and nano-sized (S) in a
1.2 ratio) which has one nano-sized PS sphere pachkthin the interstitial void
created by three adjacent macro-sized PS sphegeseR2.6B shows an example of
an LS structure. The L&structure (L:S 1:4) is more complex with variationthe
number of nano-sized PS spheres packed, from otlede, within each interstitial
void. Finally Figure 2.6C shows an example of ag &Bucture (L:S 1:6); here three
nano-sized PS spheres are packed within each tintryoid site. Other LS
structures have been reported by researchers ingliids and LS with the potential
to continue as high as L5 However, most reported LSstructures have been

fabricated in monolayer at the air water interfddae to the high complexity of the
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resulting structures, multi-layered bCC’s with higl$, structures are extremely
difficult to fabricate with poor reproducibility anuniformity noted [135, 161]. LS
structures (one nano-sized PS sphere in eachtititdrgoid) and LS structures (3
nano-sized PS spheres in each interstitial voidewhosen to demonstrate ordered
bCC structure formation. The kSind LS fabrication parameters are detailed in

Table 2.2.

Figure 2.6: Schematic diagram showing examplesebitetical LS structures (A)

LS structure, (B) L&structure and (C) L&structure, reproduced from Ref 30 [135].

Table 2.2: Parameters of bimodal PS sphere suspessiused during bCC

formation.
LSn structure LS LSe
Large sphere diametersinm) 1000 1000
Large sphere volume \éK% w/v) | 1 1
Small sphere diametersnm) 200 200
Small sphere volume \&{%) 0.001 0.1
Diameter size ratio & 0.200 0.200
Volume fraction ratio VEL 0.001 0.1
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Figure 2.7 shows the top surface of an E8ucture in the pchannel. The structure
showed uniformity in macro-sized PS sphere packitit interstitial voids filled
with single nano-sized PS spheres, shown in FigufeComplete fabrication of the
repeating structure of one nano-sized PS sphesemrén each interstitial void was
not achieved throughout the structure with ordeedmver lengths of 20 — 30 um
before defects were noted. Pockets of low uniformwere noted in the structure with
packing of nano-sized PS spheres inconsistent eetwelividual interstitial voids.
The VFsiL required for this structure at ¥k = 0.001 was so low that there were
insufficient 200 nm spheres in the packing soluti@miume available to pack all
interstitial voids. (An increase in ¢k was not carried out, as it was expected to

result in a hybrid LSstructure, as discussed by [@ail) [135].

Figure 2.7: Top view of bimodal PS418CCs of macro- (D=1 um) and nano-sized
(DL = 200 nm) PS spheres, YF= 0.001 section of LSstructure. Mag: 20 k; scale

bar: 2.00 pm.

To examine if the Lsstructure was confined to the surface of the CCwas
representative of the structure throughout the 3¥tal, an inverse opal of the

crystal was obtained using a TEOS sol-gel, withultesindicated in Figure 2.8.
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Figure 2.8A illustrates the structure at low maigaifion, with the 3D macro-porous
honeycomb-like structure clearly evident. On insreg magnification, several
successive layers of ordered fcc crystal can be, sEgnonstrating the consistency of
the macro-porous structure, Figure 2.8B. Increatfiegmagnification of the middle
internal layers of the structure illustrated in Utig 2.8B results in images typical of
those illustrated in Figures 2.8C & D, where theatlal structure is clearly evident.
Examples of meso-pores formed by nano-sized sphardke original bCC are
circled in red while macro-pores formed as a restilthe interconnecting macro

spheres are circled in green.

O

Figure 2.8: SEM images showing 3D TEOS sol-gelrserepals of bCC macro- (D

=1 um) and nano-sized (B 200 nm) PS spheres with ¥F= 0.001. A) Mag: 3.50
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k; scale bar: 10.0 um. B) Mag: 4.5 k; scale bar:@fim. C) Mag: 30.0 k; scale bar:
1.00 um. D) Mag: 45.0 k; scale bar: 1.00 um. Nqieres resulting from macro-
sized spheres are circled in green and pores rigguftom nano-spheres are circled

in red.

An increase in VEL to 0.1 theoretically should result in an e Structure. The
reproducible fabrication of a bCC template witheLSSructure was achieved with
VFsL = 0.1, Figure 2.9. The macro-sized PS spheres wskosvn to pack in a
reproducible close pack structure with three nameesPS spheres placed in each

interstitial void.

While the bCC L& structure was highly ordered, some structuralagieckets were
noted between ordered areas. These consisted df embgrstitial voids, or empty
macro-sized PS sphere sites. Comparable defectstimgsfrom self-assembly
methods are routinely detected in 2D bCC arraysh Weest technical practice
minimising but not eliminating defects completeli6p-164]. For CC structures
fabricated from soft micro-gel spheres, a decreasgrystallinity with addition of
small spheres to induce a binary structure wasreedebut not quantified [165]. In
this work, in the fabricated LtStructure order was observed over lengths of appro
100 — 150 pm within the crystal, comparable to ZIkstructures. Overall however,
reproducibility and order was increased for the EBucture in comparison with the

LS> structure with order noted over significantly largeeas.
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Figure 2.9: Top view of LIPS bCCs of macro- (D= 1 um) and nano-sized (G-

200 nm) PS spheres with /= 0.1. Mag: 20 k; scale bar: 2.00 um.

Again, to illustrate that the bCC structure was cantfined to the top of the crystal
surface, an internal cross section of the PS b@@&tste after removal from the
pchannel were obtained Figure 2.10A and B. 3D rowdas shown through the
multi-layer LS structure via the resulting cross section, withaBo-sized PS sphere
present in each interstitial void, Figure 2.10A #&dlrEOS inverse opal structure of
the PS bCC L& structure Figure 2.10C and D were obtained withneation
between layers evident with flow through poresdenl in green) as a result of
interconnecting macro-spheres shown in Figure 2.1@le the bimodal character
within the 3D cross structure was illustrated witkesopores (circled in red) evident
in multiple layers of the structure, shown in Fig@.10D. Pores are grouped in sets
of 3, the inverse of the bCC which had 3 nano-gghén each interstitial void,

maintaining LS structure throughout.
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Figure 2.10: SEM images A) illustrates PS bCG &i®ucture of macro- (D=1 um)

and nano-sized (D= 200 nm) PS spheres with ¥F= 0.1. Mag 2.50 k; scale bar
20.0 um. B) PS bCC TEOS sol-gel cross sectiongitelhnimagnification. Mag 15.0
k; scale bar: 3.00 um. C) bCC cross section of EE bMag: 5.00 k; scale bar: 10.0
pm. D) High magnification of TEOS sol-gel invergmlo Mag: 20.0 k; scale bar:
2.00um. Note; pores resulting from macro-sized sgghare circled in green and

pores resulting from nano-sized spheres are ciraled.

Optical spectroscopy was also utilised to charasahe 3D bCC template. A 400
um fibre beam width was used to measure the ligieinsity which passed through
empty PDMS micro-channels, as well as uCC and b@Gtals fabricated within

these micro-channels. As the spectroscopic beam4@®@agum in width, the micro-
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channel width was extended to 220 um to maximige pgtoportion of the beam

which passed through the channel, and where incatgah, the CC. As shown in
Figure 2.11, the highest light intensity was obedrfor the empty micro-channel, as
expected. On incorporation of a 1 um PS sphereti€e was a decrease in light
intensity, again as expected, due to the presehiteedS CC. On incorporation of a
bCC comprising 1 um and 200 nm PS spheres, these avéurther significant

decrease in light intensity, due to the increas@dphere volume fraction within the
channel. Nano-sphere incorporation within the sttgal voids throughout the CC
would be required to result in an increase in vaunaction sufficient to reduce the

light intensity to the extent observed.
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Figure 2.11: Intensity of light passing through empty PDMS pchannel (shown in
blue), pchannel incorporating a uCC (1 pm macrediPS spheres, shown in green)
and pchannel incorporating a bCC (1 um macro an@ 8t nano-sized PS spheres,
shown in red). pchannel was of dimension 220 unthwtd60 depth, and optical

measurements were carried out with a 400 um beatthwi
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After UV studies were performed the time takenltavfthrough the uCC and bCC
structures were compared in sealed PDMS pchanhiel® taken for D.l water to
pass successful through an empty PDMS channel, MSPEhannel packed with a
uCC and bCC (L§ 60 pum in depth and 10 mm in length were comparémly rate
was maintained at a nominal 0.1 pL/min using ang@ipump, with the time taken
for flow through measured. The back pressure geeerhy flowing through a
packed bed was not measured, but it was expectdithincrease in back pressure
would result in a reduction in the actual flow rakehievable by the syringe pump.
Therefore in contrast to what would be expectedafonore sophisticated pumping
system, such as a HPLC pump, the more densely gati@nnels were expected to
fill more slowly, in spite of having a lower voidlume throughout the channel. For
the empty pchannel flow through was completed &tex7 s. Upon addition of a
uCC in channel flow through time increased to 7982€inally bCC flow through
time was measured at 170+14s. The increase in titken to pass through the
structures therefore supported the hypothesistkigsie was an increased volume of
spheres within bCC packed channels, and accordiagtecreased void volume
remaining in these channel$t should be noted that this experiment was afpod
concept experiment, and did not explore if flowothgh or eddy channels exist

within the sealed channels.)
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Figure 2.12: Time taken to for deionised waterltavfthrough A) an empty PDMS
pchannel sealed to a glass slide at 0.1 uL/min showgrey, B) a uCC packed in

channel depth 60 pm length 10 mm shown in purpde@ra bCC packed in channel

with depth = 60 um and length = 10 mm shown in blue
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2.4 Conclusion

The successful fabrication of 3D ordered bCC PSptates in defined geometric
areas is demonstrated here. During fabrication @Dfb&C templates, control of
resulting structures was shown through manipulabio¥WFs,. and . At low Dsy,
below Dsi. = 0.150, bCC templates were prone to areas ofrabsadue to free
packing of nano-sized PS spheres within the chaanel tetrahedral/octahedral
voids, disrupting macro-sized PS sphere close pgckio control the packing of
nano-sized PS spheres within only the interstiiailds, the 3, was controlled

within a range of 0.150 Ds;.  0.225.

Control of nano-sized PS sphere packing was actiiexthin the interstitial voids,
along with the manipulation of nano-sized PS spheraber in each interstitial void.
Through increases in \4t from 0.001 — 0.1 the packing of nano-sized PS gsher
was increased from one to three in each void. wtW-s. = 0.001 an LSstructure
was formed in channel. With \ék = 0.1 the fabrication of an kSstructure was
achieved with a marked increase in reproducibdityg reduction in defect number
when compared to the kStructure. Through investigation of the sol-gelerse
structure, the 3D structure was investigated, aedotmodal properties of the crystal

were shown to be present both on the surface atiihvihe structure.

The packing method presented allows for 3D bCC &bion in a defined geometric
space (uchannel) in a one-step process, indepentidfiis, .. Template thickness is
reproducible and is accurately controlled by thptdef the pfluidic channel itself.
The benefits of this method are the independende®thickness from Vi, ease
of fabrication, high uniformity and 3D order of &hPS templates. The capillary
force packing method developed in this work offensthe first time a method to

fabricate uCC and bCC structures specifically wittda pchannel unlike other

77



methods such as drop casting, spin coating andirdiwing which are designed for
CC fabrication on planar substrates. Many poterarellytical applications in LOC

designs and separation science are availablerfipléges of this nature.
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Chapter 3

Electrochemically Polymerised Inverse-
Opal Conducting Polymer Structures in

ufluidic Channels



3.1 Introduction

Electrochemical polymerisation offers a unique rodtho tailor the polymerisation
of intrinsically conducting polymer (ICP) materiad® specific surfaces. The main
requirement during electrochemical polymerisatisrstability of electrode material
in acidic media. Acid pH is required to ensure bdity of monomer and generation
of the most conducing forme(g. Emeraldine Salt form of PANI) [166]. During
electrochemically polymerisation the applicationao€onstant potential is routinely
used to oxidise monomer units forming the aniliragical cation [167]. The
mechanism of electrochemical polymerisation ofiaailis detailed in Scheme 3.1.
Step 1 is formation of a radical cation due to akiwh on the electrode surface, step
2 coupling of radicals with elimination of two poois. Step 3 is oxidation of the
dimer formed and coupling to a radical cation cagigihain propagation and finally
step 4 illustrates the conversion between the da@medddedoped PANI Emeraldine
Salt/Base forms. Step 1, radical formation is dekthe rate determining step of the
electrochemical polymerisation of aniline. Polyrsation of aniline is also a self-
catalysing process which means the more polymeérghfarmed the higher the rate
of polymerisation [167]. The benefit of using elfechemical polymerisation is the
added control during polymerisation with variation time and/or monomer
concentration resulting in thicker/thinner films ewvcontrolled areas (i.e. the
electrode area placed in the monomer solution). tAero significant benefit of
electrochemical polymerisation is the addressgbibkisulting from deposition onto
an electrode material. As a result of this addi@Bsa application of
electrochemically polymerised ICP films in drug idety systems (DDS) [19-21],

micro-extraction [168, 169] and electrochemicallpdulated separations [12, 13]
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have been reported with electrochemical addressab#éing a distinct advantage in

each case.

Scheme 3.1: Mechanism of electrochemical polymigisaof aniline showing 1)
initiation radical formation, 2) propagation: coupg of radicals, 3) chain
propagation and 4) final dedoped/doped polyanilipelymer chains, where "X

denotes the dopant [167]. In this case, the dojmnhloride.

Control over the final structure of electrochenliz@lolymerised ICP films has been
reported on planar substrates through hard templati increase the resulting ICP

film surface area. The specific applications foesh high surface area materials
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include energy storage and conversion [170], bisisgn[171-174] and controlled

drug release [18, 175, 176].

An example of ICP templating during electrochemjmallymerisation was shown by
Bartlett et al. [177]. ICP growth was achieved electrochemicalbyough a
polystyrene (PS) colloidal crystal (CC). Here, ee#electrode cell consisting of a
gold working electrode (WE), platinum counter and/AgCl reference electrode
were used to polymerise PANI and polypyrrole (PRPYRS template was employed
with resulting thickness from 1 — 6 sphere radih@e size 0.50 or 0.75 um). The
PS template was subsequently removed by dissolutidwluene. The ICP films
fabricated had regular pore sizes and intercormctetween layers. Limitations
such as shrinkage and deformation of the ICP fimese noted over thin films of
between 0.25 — 2.25 um thick [177]. Significantlymas shown that the PANI and
PPY films were electrochemically addressable ongthld WE after polymerisation.
The dissolution of PS sphere template, using taueind not adversely affect the

electro-activity of the ICP films.

Similarly, Xu et al. [178] demonstrated the electrochemical polymeogsatof
polypyrrole (PPY) in a three-electrode cell with iadium tin oxide (ITO) WE, in
sodium dodecylbenzene sulfonate (NaDBS). A PS QGisting of 440 nm spheres
was prepared via vertical deposition. The resultingkness of the PPY inverse opal
was 2 um. The PPY inverse opal displayed reversitdp band conversion between
the oxidised and neutral states. In conjunctionctiveductivity and the wettability of
the PPY film was switchable based on oxidatioresta?8]. PANI electrochemically
polymerised on planar ITO through a PS sphere tampby Geet al. [179]
demonstrated that ion diffusion reversibility amah istorage were greatly improved

over bulk material due to the interconnected pomstuscture, which benefited from

82



the fast penetration of ions [179]. Tiaat al. [180] again demonstrated
electrochemically polymerisation of aniline througliPS CC. Here, incorporation of
dopants was shown to significantly affect the strrecand the mechanical stabilities
of the opaline films. The rate of polymerisationsashown to increase dramatically
once polymerisation through the internal structoirehe template had taken place.
This was ascribed to a rapid increase of the @elamical reaction area once the
growth front of the deposited material reachedtdmplate/bulk solution interface.
Finally, Santoset al [181] described the controlled the fabrication2&¥ ordered
PPY via electrochemical polymerisation on plandrsstates. Here, by controlling
the charge passed during the polymerisation, tberttyr of PPY could be controlled
leading to control over the depth and correspondiageters of the resulting pores

[181].

The examples discussed above demonstrate the drdererse structures of ICP
materials which can be fabricated on planar sutestrand the benefits associated
with templating such as fast penetration of ione tluthe interconnected structure
[179]. However, it is critical that these structsi@n also be fabricated in a range of
formats in order to truly realise their full poteht The pchannel is one such format
that has shown potential for electrochemicallywecpolymer films for flow through
applications. It can be envisaged that 3D ordenedrse ICP structures could have
numerous applications in such a format where tbe-through nature and high
surface area could be exploited under flowing cools. Achieving the desired
homogeneous 3D structure of the ICP within a pchhim required in the first
instance. A limitation of the methods detailed abav the thickness of ICP films
reported (1 — 5 um thick). In this work, due to tentrolled template fabrication

method reported in Chapter 2, significantly thickBims can be achieved
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overcoming the limitation associated with planabsttates. To achieve this a 3D
ordered PS unimodal colloidal crystals (UuCC) of h gpheres was packed in a
pfluidic channel (0.110 mm x 0.050 mm x 40 mm).|&wing this structurally
directed electrochemical polymerisation of PANI asubsequent removal of the
uCC sacrificial template was undertaken. The effgciCP growth time on the
resulting inverse opal structures on-chip was itigated. ICP growth time was
shown to be critical to achieving an ordered ICfeise opal structure with flow-
through pores on-chip. The flow-through pores #rat demonstrated will be critical
for allowing uniform flow and facile diffusion ofotution/electrolyte through the
ICP-modified pchannel. The concept of growing hygtdntrolled, uniformly porous
inverse opal structures of ICPs in pfluidic chasnalll have future applications as
intelligent materials suitable for lab-on-chip (LP&ectro-analytical applications in
areas which have already seen successful apphsata large substrates such as

sensing [182-184], energy storage [185, 186] anchetton [187, 188].
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3.2 Experimental

Scheme 3.2: Schematic representation of the methguloyed to fabricate PANI

inverse opals within the depth of a pchannel.

3.2.1 Materials

As per Method Section 2.2.1 with the following adth Aniline (13, 293-4) was
purchased from Sigma-Aldrich (Dublin, Ireland) awds distilled before use. The
ufluidic glass chips (CU250.005) with channel disiens of 0.11 x 0.05 x 40 mm
were purchased from Micronit (USA). An Ag/AgCl redace electrode was
purchased from Bioanalytical Systems, UK, and dirmplan mesh (Sigma Aldrich,

Dublin, Ireland) was used as the auxiliary eleattod
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3.2.2 Instrumentation
As per Method Section 2.2.2 with the following aduh electrochemical
polymerisation and electrochemical characterisabbrihe PANI was carried out

using a BAS 100 potentsiostat.

3.2.3 Methods

3.2.3.1 Working electrode fabrication on-chip

The pfluidic chip was masked using duct tape tdaisothe pfluidic channel for
gold-sputtering. The chip was then gold sputtetesDamA and 2 mV for 2.5 min to
form the working electrode and a conducting patlvingi a thickness of

approximately 150 nm of gold on the surface ofglass chip.

3.2.3.2 PS colloidal crystal fabrication in pfluidc channel

As per Method Section 2.2.3.1

3.2.3.3 Electrochemical PANI growth and characteriation

The electrochemical growth of PANI was carried iouthe gold-sputtered pchannel
over a range of times. A solution of 19.6 mL HCINQ) containing 400 pL (21.94
mM) of distilled aniline was used. A glass pchiptaning a PS CC was placed in
solution for 10 min before polymerisation to alldle aniline to permeate the PS
sphere template. After this, a potential of +0.93/ Ag/AgCIl was applied and the
polymerisation time varied over 90-360 s. After ywoérisation, the PANI was
allowed to air dry for 20 min before immersing ttfep in toluene to remove the PS
CC template (see Scheme 3.3). Upon removal of tBetémplate a cyclic
voltammetry study was performed. CVs were run fré3 to +1.1 V vs. Ag/AgCI.
The scan rate was 0.1 V/s in all instances, thd troltammetric cycle of each scan

rate was plotted and data was extrapolated frosntthplot the CV.
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50 pm

100 pm

Scheme 3.3: pchannel cross section schematic oplaéng process in gold-
sputtered pchannel: A) Deposition of PS sphere €@ptate by capillary force
packing scale bar: channel depth 50.0 um, channéthw110.0 um. B) Growth of
PANI through the 3D CC template. C) Removal of Eu€ing toluene. A templated
unimodal inverse opal PANI structure remains (Sc@rof PS sphere template not

to scale).

An example of a 360 s amperometric It curve is ghaw Figure 3.1. The
polymerisation times corresponding to specific &iee are highlighted, the most
fragile and collapsed structure is boxed in yellomyerse opal structure is boxed

green and bulk over growth is boxed in red.

87



Current (A)

0.00000

-0.00005 - \
-0.00010 4 \_> Fragile/weak structure
-0.00015 - \

Well defined
-0.00020 - — inverse opal

structure
-0.00025
-0.00030 -
-0.00035 - » Bulk over

growth
-0.00040 : . |
0 100 200 300 400
time (s)

Figure 3.1: Amperometric polymerisation of aniline HCI (1 M). 360 s
polymerisation at a fixed potential of 0.9 V vs./XgCl| (electrolyte 1 M HCI).
Sections indicated represent the resulting investsacture achieved ~90 s fragile
structure, boxed in orange. ~210 s inverse opalcitire, boxed in green. ~360 s

bulk over growth, boxed in red.
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3.3 Results and Discussion

Figure 3.2A shows a representative area of theltmguunimodal CC (uCC)

achieved within the glass micronit chip with Figl#€B shows an SEM image of
CC in the pchannel at higher magnification. PANIswalectrochemically grown
through the PS CC template as described in the ddsthSection. Once
polymerisation was complete, the PS sphere temmlate removed using toluene
leaving the PANI inverse opal structure, as illasdd in the fabrication steps

demonstrated in Scheme 3.3.
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Figure 3.2: SEM images of the PS CC packed vialleapiforce action in a
pchannel using a 1 % w/v aqueous suspension ofeB&sh(particle size: 1 um). A)

Mag: 700; scale: 50 um. B) Mag: 10 k; scale: 5 pm.

Figure 3.3 shows the typical morphologies withiis tRANI structure after 180 s
growth. Figure 3.3A shows two distinct structuréshe resulting PANI which grew
to a thickness greater than the depth of the P&imp¢which is equivalent to the
height of the pchannel (110 um)). PANI hollow sgsewere observed coincident
with the top of the pchannel, which is a resulP@iNI growing through the template
and around the outermost layer of the PS CC templatcess bulk polymer growth
was observed at heights greater than the chanpéh déhere no PS template was
present. In order to observe the structure of #hNIRnternally, duct tape was used
to peel away the excess bulk polymer and also titermost ‘hollow sphere’ layer.
Figure 3.3B shows a typical image of the internaNPstructure within the channel.
Defects were observed, which may be as a resutle@décts in the original PS
template or the delamination step with the ducet&fowever, the internal structure
of the PANI itself appears to be primarily compdsef an ordered, honeycomb

morphology.
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Figure 3.3: SEM images of PANI inverse opals fadied using amperometry over
180 s in a batch cell. A potential of 0.9 V waslegupvs. Ag/AgCI (electrolyte 1 M
HCI). Polymerisation of aniline was structurallyrected through a PS CC template.
A) Imaging after dissolution of template showingjdw sphere formation and excess
fibrillar growth above depth of pchannel (50 um). IBiage of inverse opal PANI
internal to the channel revealed by removing theesg PANI shown in (A). Mag:

5.00 k; scale bar: 10.0 um.

To investigate the effect of polymerisation timé&N? was grown over a range of

times on-chip and the resulting PANI inverse opalaged. Electropolymerisation
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times selected were between 90 and 360 s. By \@atyi@ growth time, the growth
pattern of the templated PANI could be observedyufeé 3.4A shows the
morphology of the PANI after 90 s polymerisatioméi. A highly heterogeneous
growth of PANI is evident where growth along thddgsputtered base and walls of
the chip channel is observed. Figure 3.4B show®ee rdetailed morphology of the
PANI for this growth time where both hollow sphersd honeycomb structures
were observed. However, the pore size of the hameklcstructure was not uniform
indicating a collapse in structure and/or inhomagers growth. This was also
observed at 120 s, Figure 3.4D. Some flow-througfepwere evident after 120 s of
polymerisation. However due to frailties in theense opal structure and subsequent
collapse, the flow-through nature of these poresraost likely lost. Figure 3.4C
shows that a uniform growth of PANI was achieveshglthe base and walls of the
channel for 120 s polymerisation time. Thereforeral20 s polymerisation time,
uniform growth of PANI within the channel is obsedv However, the structure is
weak and hence after removal of the PS beads,lyhpasation times up to 120 s,

the integrity of the structure was lost.
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Figure 3.4: SEM images of PANI inverse opals fadted using amperometry over
90 and 120 s in a batch cell. A potential of 0.9wds applied vs. Ag/AgCI
(electrolyte 1 M HCI). Polymerisation of aniline svatructurally directed through a
PS CC template. SEM images of PANI inverse opat &t& B) 90 s and C & D)

120 s polymerisation time. Mag: 700; scale bar:|b®; and inset Mag: 5 k; scale

bar: 10 pm.

After 180 s polymerisation time, the internal PAMtucture was shown to remain
intact after removal of the PS template. Althoughidw spheres and excess bulk

PANI were observed at the top of the channel Figus#\, a honeycomb structure

93



with some discreet flow-through pores was obserwethin the channel after
removal of outer layers, Figure 3.5A. The procdsemoval of the outermost layers
of PANI may have slightly deformed the structur@igsiag the homogenity in the
flow-through pores to be lost. After 240 s polymsation time, the internal PANI
inverse opal structure was again observed. Furthproved definition of internal

walls was observed, along with the presence oflaedglow-through pores, Figure
3.5B. Some of these pores have a fragile PANI filovering them which would

have been formed towards the end of the polymesisaind shows slightly too long

polymerisation times.
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Figure 3.5: SEM images of PANI inverse opals fadied using amperometry over
180 and 240 s in a batch cell. A potential of 0.9wds applied vs. Ag/AgCI
(electrolyte 1 M HCI). Polymerisation of aniline svatructurally directed through a
PS CC template. of A) PANI after 180 s polymerigatime. Image shows evidence
of discreet flow-through pores in the honeycombditire. B) SEM images of PANI
after 240 s polymerisation. Mag: 20 k; scale bam&. (Note: Hollow spheres and

excess bulk PANI above the channel were removed dsict tape).
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For 360 s polymerisation time, the bulk polymerwgto outside the channel has a
fibre-like morphology, Figure 3.6A, which is diffamt to what was observed for
lower polymerisation times. In addition, the exgecinverse opal structure for the
internal PANI morphology was not observed, but eatlollow spheres were
apparent, Figure 3.6B. This was due to the excessolymerisation time, which
caused the flow-through pores to completely sefl sif that each pore became
closed. The PANI then continued to polymerise uatthick, stable layer of PANI
had grown around the spheres. Indeed the walleeoPANI was so dense in areas
that the toluene did not penetrate to completetgoe all the PS spheres, Figure

3.6A.

Figure 3.6A shows the morphology of the bulk PANbwn over the top of the
channel. Interestingly the structure is fibrillam, contrast to the typical branched
sponge-like morphology that is typical of bulk PANhese nano-fibres with approx.
widths 100 — 200 nm, therefore must be generatedrasult of the templating step.
The hollow spheres of PANI formed within the chdnfeve a very rough
morphology, shown in Figure 3.6B after removal afkbPANI. It is likely that the
outer ridges on the PANI spheres that formed sasv&ubsequent nucleation sites for
further polymerisation where the beginning of tbarfation of the small thin shoots
of PANI can be observed (central part of imageuf@g3.6B). Further growth on
these shoots resulted in the formation of the PA&aHo-fibres observed in Figure

3.6A.
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Figure 3.6: SEM images of PANI fabricated using ammetry over 360 s in a
batch cell. A potential of 0.9 V was applied vs/Aygl (electrolyte 1 M HCI).
Polymerisation of aniline was structurally directéarough a PS CC template. A)
Excess bulk PANI growth protruding from the chaniigl Hollow spheres formed
internal to the pchannel, exposed after duct tapes wsed to remove outer excess

growth. Mag: 10 k, scale bar: 5 um.
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A CV of PANI films polymerised amperometrically fod0, 210 and 360 s
polymerisation are shown below in Figure 3.7 aseeigd the current gradually
increases from 90 s — 210 s moving from a fragitecture to an invere opal.
Increased peak height at 0.6 V after 90 s polyragos is likely due to contribution
from the underlying gold WE which may not have bé&dly isoltaed due to the short
polymerisation time. The peak at ~0.6 V decreasagually in intensity for both 210

and 360 s polymerisation time due to increased PAbdllerage with extended

polymerisation.
0.004
0.002
2 0.000 A
c
g
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O -0.002
— — 90 s polymerisation
-0.004 11 — 210s polymerisation
—— 360 s polymerisation
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Figure 3.7: CV of templated PANI films after 90,02and 360 s amperometric
polymerisation at a fixed potential of 0.9 V witlyald WE, Ag/AgCI reference and
Pt mesh counter electrode. PANI films were CV'eevperformed in 10mL 1 M HCI
at a scan rate of 0.1 Vass. Ag/AgCl reference electrode over 6 segmerttstiwe §'

and 68" segments plotted as a comparison.

As a result of varying electrochemical polymerigattime an optimum growth time

was determined to be 210 s which would allow forimrerse opal structure with
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discrete flow-through pores between interlinkingels of the 3D ICP structure. In
conjunction with this it would ensure more homoged@P growth throughout the

length and depth of the pfluidic channel.

O
O

Figure 3.8: SEM images of PANI inverse opals fadied using amperometry over
an optimum growth time of 210 s in a batch celpofential of 0.9 V was applied vs.

Ag/AgCI (electrolyte 1 M HCI). Polymerisation ofilame was structurally directed
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through a PS CC template. SEM images of A) top arehB) middle area of PANI.

Note flow-through pores have been circled in redgM0 k; scale bar: 2 pum

Figure 3.8A & B illustrate the optimised ICP inverspal structure after 210 s
electrochemical polymerisation. Well defined flomrdugh macro-pores were noted
as expected, circled in red, connecting upper anet layers of the 3D ordered ICP
inverse opal structure. CV was performed on thererstructured, templated PANI
grown after 210 s in the pchannel, Figure 3.9. Gabpelectrochemistry of PANI was
observed [174]. This was compared to that of botg-templated PANI grown for
the same amount of time. Both CVs were comparabtavsg electrochemical
control over PANI in channel. However, due to budlkver-growth during
polymerisation, as shown earlier in fibrillar bu#&ANI and hollow sphere formation,
PANI electrochemistry is likely to have been ovaddbwed by “bulk”

electrochemistry in the upper areas of the chaanelsurface of the ufluidic chip.
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Figure 3.9: CV of bare gold WE control, bulk PANidauCC templated PANI films
fabricated within the confines of a pchannel. Angpagtric polymerisation was used
over 210 s at 0.9 V vs. Ag/AgCI (electrolyte 1 M)HCV'’s were performed in 10mL
1 M HCI at a scan rate of 0.1 Vs/s. Ag/AgCI reference electrode over 6 segments

with the 3" and @" segments plotted as a comparison.
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3.4 Conclusion

This chapter demonstrates that templating of coimly@olymers such as PANI can
be achieved easily within pfluidic channels and tha electropolymerisation time is
critical not only to the depth of the PANI, but@l® the intrinsic morphology and
flow-through nature of the material. Future appima for these findings include the
development of new LOC applications utilising higlbntrolled conducting

polymer materials for sensing.

Specifically, CC comprised of PS were achieved lesg pfluidic channels from
surfactant-free suspensions of PS using capillargef packing. PANI was then
electrochemically polymerised through the PS uC@plate for a range of times,
and the template was subsequently removed, regultininverse opal micro-
structures of PANI housed in a pchannel. Two maorphologies of PANI were
evident within the channels: hollow spheres wergeoled at the top of the channel
and a honeycomb structure was observed internaliariation in
electropolymerisation times resulted in different@rse opal morphologies of the
PANI. At short polymerisation times (< 120 s), tiHANI coatings were observed on
the walls and base of the channel. Within the fjltmsth honeycomb and hollow
sphere formation was observed but the structures fr&gile and appeared collapsed
in places. At excessively long polymerisation tintles inverse opal structure of the
template was completely lost and hollow sphere &from was observed within the
channel. At an optimised polymerisation time of 29,0the PANI inverse opal
structure was shown to be defined with flow-thropgines evident, demonstrating its
potential for flow-through LOC applications suchtagh surface area catalysis and

sensing and as a conducting separation phaseraceah material.
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Chapter 4

Chemical Polymerisation of Homogenous
3D Ordered Conducting Polymer-
Polystyrene Opal Structures in pfluidic

Channels



4.1 Introduction

Chemical polymerisation is a simple process whiifare a method to fabricate bulk
quantities of intrinsically conducting polymer (ICHmaterials. Oxidation of
monomer units during chemical polymerisation methad achieved using a
chemical oxidant with high oxidation potentials ¢erding +1.0 V) such as
ammonium persulfate (APS) [189]. Acidic pH is usdwuking polymerisation for
monomer solubility and formation of the most cortthg salt forms €.g.
Emeraldine Salt in the case of polyaniline (PANIhe mechanism for chemical
polymerisation of aniline is initially similar tohat presented in Scheme 3.2 for
electrochemical polymerisation. Where chemical pwyisation of aniline differs
from electrochemical polymerisation is during chamopagation. Due to the high
oxidising power of chemical oxidants such as AP@ntdion of the fully oxidised
Pernigraniline Salt form, in the case of PANI résu[166]. The conducting
Emeraldine Salt is subsequently formed when thdamti has been fully consumed
and the remaining aniline in solution reduces fobkydised Pernigraniline Salt to the
partially oxidised Emeraldine Salt. Many aspectelémical polymerisation can be
manipulated to vary the resulting morphology, caidity and molecular weight.
For example, chemical polymerisation at lower terapeges €.g. below 5C) have
been shown to decrease defects in the resultingl Bl (such as ortho-coupling)
and fabricate higher molecular weight PANI [190]. |Anitation of chemical
polymerisation is that the ICP film is not initialelectrochemically addressable as
polymerisation occurs in solution rather than atedectrode surface. As a result
deposition onto a working electrode (WE) is reqairafter polymerisation to

achieved electrochemical addressability.
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Chemically polymerisation of ICP films/compositesshseen widespread application
in areas such as energy storage [191-193], sepasav0, 194, 195], and sensing
[196, 197]. Similar to electrochemical polymerisati templating during chemical
polymerisation has shown a route to highly ordel€® structures. Templating
methods include hard templates such as polysty{e6¢ sphere colloidal crystals
(CC) [198] and soft templates [199] such as suafatst[200]. The presence of a soft
template such as a surfactant during chemical pafigation can result in controlled
ICP morphologies. For example Olad al. [201] demonstrated the fabrication of
PANI nano-fibres through chemical polymerisatiorthie presence of Triton X-100 a
non-ionic surfactant. The homogeneity and conststenof PANI nano-fibres
fabricated was improved upon addition of the sudiaic Similarly Zhouet al.[202]
demonstrated the fabrication of PANI nano-fibresotiyh the addition of
cetyltrimethyl ammonium bromide (CTAB) and sodiuraddcylbenzyl sulfonate
(SDBS) in a mixed surfactant method. Here the cotidty was increased (0.102
S/cm) in comparison to single component surfactagthods (5.3 x 1®S/cm) and

more uniformly branched PANI nano-fibres were acét

Examples of chemically polymerised ICP films sturatly directed using hard
templates include Yangt al. [203], who demonstrated a simple chemical
polymerisation method to fabrication PANI inverspats on glass micro slides.
Patterned gold electrodes were used in the presd@mbedecylbenzenesulfonic acid
(DBSA). Templating of PANI inverse opals was ackewsing a PS sphere CC.
Fabrication of PS CC through dip drawing producedeced PS templates with
variation in thickness achieved by increasing % @f/¥*S suspensions. Thickness of
resulting PANI inverse opals was between 2.4 &/ (5 — 20 layers of 485 nm PS

spheres) [203]. Yang has detailed the applicatibsush PANI films in chemical
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[204] and gas sensing [205]. Chemical polymerisatias also used to form PANI-
infiltrated TiO» inverse opal photonic crystals [198]. In this amste, aniline was
chemically polymerised through TiOinverse opals fabricated through PS

templating. These structures were shown to be aptisensitive to pH.

In the case of hard templates, it is generally meslin the literature that if the 3D
CC template structure is uniform throughout, treuteng template directed ICP film
will also possess this structural homogeneity. éujeéhe advantages attributed to 3D
ordered macroporous (3-DOM) materials are oftereddpnt upon such inverse opal
homogeneity [206, 207]. However, template diregietymerisation methods, such
as electrochemical polymerisation, do not necdgsagsult in this assumed
homogeneity. Here, the potential for structural omogeneity as a result of
electrochemical polymerisation through a hard teteplis demonstrated. An
alternate polymerisation strategy to overcome tlmblomogeneity has been
developed where chemical polymerisation was emplogethe fabrication of a 3D
ordered PANI/PS opal. This method demonstratesow-through 3D ordered
PANI/PS opal structure housed within a sealed gituichannel and offers an
electrochemically addressable flow-through mateffdde flow-through nature and
homogeneity of the ICP material fabricated in thwsrk demonstrates an
improvement on other pfluidic housings incorpor@ti€P films in channel which
demonstrate flow over [57, 94] rather than throuhé ICP material in channel.
Materials of this type will have application in tué Lab-On-Chip applications such

as sensing [196, 208] and separation [209].
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4.2 Experimental

Scheme 4.1: Schematic representation of the meénmoloyed to fabrication a

surface confined chemically polymerised PANI strcedd opal within a pchannel.
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4.2.1 Materials

As per method Section 3.2.1.

4.2.2 Instrumentation

As per Method Section 3.2.2 with the following adii, a CHI600c electrochemical
analyser (CH Instruments Inc., USA) was used fbelkgctrochemical experiments.
A CMA microinjection system (Microdialysis, Swedemjas used for all flow-

through experiments. All oxygen plasma treatmens warformed using a Harrick

plasma cleaner PDC-001 expanded model.

4.2.3 Methods

4.2.3.1 PDMS chip fabrication incorporating an eleicochemical cell

As per Method Section 2.2.3.2 with the followingddibn, a well was punctured in
the chip at the outlet to enlarge it to 3 cm innaeer. The combined reference and
auxiliary electrodes were housed in the well durhgctrochemical experiments as
detailed previously by Poweet al. [57]. Sealing of chips to WE for the
electrochemical cell was achieved through oxygasmh treatment of the surface of
the PDMS chip and a glass slide for 5 min beforalisg together and applying
pressure for 20-30 s. PDMS chips were masked tatesthe pfluidic channel using
duct tape, and then gold sputtered for 2.5 min @t to form the WE with
dimensions of 0.110 mm x 40 mm. Alternatively, WkVgere sputtered to a glass
slide using an appropriate mask corresponding émmél width. Gold sputtered glass
slides were then sealed to PDMS chips. Figure lMudtiates a sealed pfluidic chip
with gold sputtered WE aligned to the pchannel #rel combined reference and

counter electrode housed within the outlet.
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Figure 4.1: Picture showing the microfluidic hougideveloped by Power et al.[57]
with a gold sputtered WE 5mm x 110 um, combinedterte (Ag/AgCl) and counter

electrode (Pt mesh) housed within the outlet ohti@ofluidic housing.

4.2.3.2 PS colloidal crystal formation

As per Method Section 2.2.3.3 and 2.2.3.4

4.2.3.3 Electrochemical polymerisation of anilineltrough CC template

As per Method Section 3.2.3.3

4.2.3.4 Preparation of aniline-coated PS spheres

81.6 pL of aniline (2.2 mM) was added to 0.4 g qfrh PS sphere in 40 mL of D.I.
water under constant stirring for 30 min. The aeHdcoated PS spheres were then
centrifuged down at 5000 rpm for 7 min to removeess aniline in solution. The
spheres were then re-dispersed in 40 mL D.I. watsulting in a 1 % w/v aniline-

coated PS sphere suspension.
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4.2.3.5 Chemical polymerisation of aniline-coated$ CC

A PDMS pchip containing an aniline-coated CC wamarsed in a solution of APS
(7.8 mM) in 10 mL of HCI (1 M) at room temperatwed left standing for 8 h. After
polymerisation, the PANI was washed in D.l. water 20 s and subsequently
allowed to air dry for 20 min. After chemical polgnsation, a 10-segment
voltammetry cycling between -0.3 and +1.1V vs. AgfA and scan rate of 0.1 V/s
was performed to induce a consistent electricaheotion between the PANI-coated

CC and the underlying WE.
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4.3 Results and Discussion

4.3.1 PS CC template formation

Capillary force packing was used to form orderedtirtayer unimodal CC (uCC),

Figure 4.2A, and bCC, Figure 4.2B, structures witthe confines of a pfluidic

channel. During CC fabrication as described inniehodology, the volume fraction
(VF) was constant at 1 % w/v for uCC with ayfF= 0.1 for bCC structures. All CC
were fabricated over 12 h according to the dimerssiof the channel (0.11 mm x

0.11 mm x 40 mm) and were used as templates forl gfdwth.
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Figure 4.2: Images of pchannel housed a) uCC P®lemcomprising macro (D=
1 um 1 % w/v) and b) bCC PS template comprisingo@a. = 1 um) and nano (B

= 200 nm) spheres (\4r= 0.1). Mag: 20.0 k; scale bar: 2.00 pm.

4.3.2 Electrochemical polymerisation of aniline though bCC template
Electrochemical polymerisation was carried out nsealed pchannels through CC
templates. Aniline was electrochemically polymediserough the template for 100 s
resulting in a reproducible ordered PANI structlg,SEM analysis of the internal
structure within the pchannel. However, when indésections of the resulting PANI

structure were imaged by SEM, subsequent to thevahof the PS bCC scaffold, it
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could be seen that the morphology of the structarginuously decreased in wall
thickness towards the top of the pchannel. In irmaxfeupper internal layers of the
structure, which was furthest from the integratedddgWE, the PANI structure
showed some areas comprising the desired macroasd-pores resulting from the
interconnectivity of the macro-spheres and placémain nano-spheres in the
interstitial voids. However, the structure appeafejile and contained defects,
likely due to a collapsed structure, Figure 4.3(bMoving down the depth of the
channel towards mid-way, the density of the PANhtowed to increase. Flow-
through pores arising from the interconnecting roateed PS spheres were formed.
However, loss of mesopores from the nano-spheres weded, Figure 4.3(b)B.
Finally, along the lower areas of the channel, e$v$o the gold WE, PANI had the
densest morphology with the desired mesopores, flamdthrough macro-pores,
completely sealed due to excessive PANI growth, ufeig 4.3(b)C. This
electrochemical fabrication technique was obserteedesult in PANI morphology
with a density gradient through the pchannel deptis was likely the result of a
charge density gradient descending from the intedr®VE to the top of the PANI
structure [210, 211], and illustrated that the nhatpgy of the PANI structure was

non-homogenous throughout the inverse opal.
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Figure 4.3(a): Schematic of PDMS chip containing yghannel housing an
electrochemically grown PANI inverse opal whereaaref the inverse structure are
defined as A) upper layer furthest from WE, B) ddi@ area of pchannel and C)

lower area closest to WE at base of pchannel.
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Figure 4.3(b): SEM images of PANI inverse opal laousvithin a PDMS pchip.
PANI was electrochemically polymerised in a bateh and structurally directed by
a PS uCC template during application of a consfaotential of 0.9 V vs. Ag/AgCI

reference electrode with a Pt mesh counter (elégeal M HCI). After removal of
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PS template the PANI inverse opal homogeneity masstigated A) corresponds to
the upper layer of the PANI inverse opal furthestrf the WE. B) Middle layer of
PANI inverse opal. D) Lower layer of PANI invergeah closest to WE. Mag: 10.0

k; scale bar; 5.00 pum.

4.3.3 Bulk chemical polymerisation of aniline throgh bCC template

After concluding that homogeneity during electranineal polymerisation was poor
a move to bulk chemical polymerisation was inveggd to try to increase
homogeneity through the depth of the pchannel. essed homogeneity was
achieved in the pchannel. However, bulk untempl&adll areas, Figure 4.4A, and
PANI core shells, Figure 4.4B, were achieved onRB#MS chip surface in the case
of bulk PANI and at the top of the CC closest te #niline/oxidant solution in the

case of PANI core shells.

As a result of excessive polymerisation the PDMBipisurface was covered in bulk
PANI thereby masking the template-directed monoiithchannel, Figure 4.4A.
Template-directed structure with increased uniftymaias evident upon removal of
upper layers using duct tape, Figure 4.4C. Howewkre to excessive bulk
polymerisation the templated sections of PANI mdholwere not addressable
electrochemically as the pchip could not be sealgllsequent to bulk chemical

polymerisation.
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Figure 4.4: SEM images of PANI inverse opal struettabricated in batch cell
through mixing of aniline monomer and oxidant ie fhresence of acid (1 M HCI)
for 8 h. PS bCC structure subsequently removed péiymerisation using toluene.

SEM images illustrate A) PANI at the top of the arutel where excessive bulk
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polymerisation was noted. Mag: 5.00 k; scale ba:0lum. B) Core shell and bulk
PANI, top of channel. Mag: 10.0 k; scale bar: 5)0. C) Ordered inverse opal
structure present below bulk growth imaged aftemogal of excess bulk PANI.

Mag: 20.0 k; scale bar: 2.00 pum

4.3.4 Chemical polymerisation of aniline-coated uC@mplate

To enable multiple polymerisation initiation sitesomogenously dispersed
throughout the PS template, which would overcongedénsity gradient previously
observed in electrochemical and the excessive pmigation noted during bulk
chemical polymerisation, aniline-coated PS sphes® prepared. As detailed in the
Methods Section 4.2.3.6, 1 um PS spheres were edposaniline (2.2 mM) in an
aqueous medium. Hydrophobic-hydrophobic interastibetween PS spheres and
benzene ring of the aniline monomer facilitated aldsorptionof aniline to the PS
spheres. A schematic showing the adsorptbraniline to the PS sphere and its
subsequent polymerisation is detailed in SchemeAft8r modification, the aniline-
coated PS spheres were successfully packed unyfarndhannel by capillary force
packing according to Methods Section 2.3.2. Thelir@nicoating was then

chemically polymerised in chip in both unsealed sealed channel formats.

After the chemical polymerisation of the anilinéhan coating was observed through
the uCC. Due to the fragility of the PANI coatingee CC template was kept in
place to act as a supporting scaffold resulting BANI-PS structured opal. In this
composite structure (PANI-coated PS spheres) flanwugh was achieved through

the interstitial voids present between the maczeesPS spheres.
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Scheme 4.2: Schematic of PS sphere coating wilinerand subsequent surface

confined polymerisation of PANI on individual P$eges.

Using chemical polymerisation, homogeneous PANIlecage throughout the full
depth of the pchannel was achieved, illustratedrigure 4.5. SEM images were
taken of internal upper, middle and lower layershef pichannel corresponding to the
areas previously noted during electrochemical pelysation, Figure 4.3. In the case
of PANI-PS CC polymerised chemically under flow ddions the same morphology
was shown in each area with a thin layer of PANgspnt within the pchannel
(circled in green) and interstitial voids (circledred) of the uCC structure, Figure
4.5A. The flow profile of oxidant/HCI solution thugh the face centred cubic (fcc)
uCC structures dictates that polymerisation cary adcur in the voids present
between PS spheres. Where PS spheres touch nogr@gtion can occur as flow
cannot reach these areas. Figure 4.5D-F show tlezsi structures achieved after
contrast conversion using Hitachi S-3400N SEM safew illustrating further the
voids where polymerisation occurs during chemicalymerisation in a sealed
pchannel under flow conditions. Thus the inhomoggnéuring electrochemical

polymerisation was shown to have been successbudéycome with homogeneous
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coverage over all layers within the 180 um deepapokl. To investigate the
homogeneity of the coverage further an area of|fp#bwas examined to determine
the % of channel and interstitial voids succesgfatlated with a thin PANI coating
after flow-through chemical polymerisation. It wiasind that 92 % of channel voids

and 97 % of interstitial voids were successfulliefl using this method.

4.3.5 Investigation of electrochemical behaviour dPANI-PS composites

O O
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Figure 4.5: PANI/PS opal structures — polymerisgdibw through of oxidant (APS)
in the presence of an acid (1 M HCI) in a sealedhigrmel for 8h. SEM images
illustrating representative internal layers as folls: A) upper layer B) middle layer
and C) lower layer of PANI-PS CC. Thin layers ofN®Aresent within the channel
void, circled in red and interstitial voids, cirdein green, are highlighted. Images
D-F show the inverse structures of images A-C aftemtrast conversion using

Hitachi S3400N SEM software. Mag: 10.0 k; scale Bad0 pum.

After chemical polymerisation of the aniline-coatedS uCC only, the

electrochemical behaviour of the system was ingatd. It was found that the
electrochemistry of the PANI-coated CC could onlye baccessed by
electrochemically polymerising a thin PANI film tbe integrated gold WE in order
to give an electrical bridge between the soft tAANI coating on the CC and the
gold WE. The electrochemistry exhibited when theNR8oated uCC was present
before cycling in aniline was dominated by typibalk gold redox electrochemistry
with the gold surface changed due to gold chlofimation, illustrated by the large
peak at 0.4 V, Figure 4.6B. To illustrate that ¢fodd electrochemistry was typical of
bulk gold in HCI, voltammetric cycling of a bareld@lectrode, diameter 1 mm, in a
batch cell was performed to demonstrate the eldogmmistry of bulk gold in HCI,

Figure 4.6A; here the characteristic large peakOat V is evident. The

electrochemistry observed for the PANI-PS opalcstne in a sealed puchannel, WE
dimension of 0.220 x 5 mm, before electrochemiaainection to the WE, was
dominated by this typical bulk gold redox electresfistry. A slight shift below 0.4

V was noted as a result of increased resistivityh@ system due to the PS CC
backbone of the opal structure. Figure 4.6C shdwesdlectrochemistry of a bare

gold electrode in a sealed pchannel with WE din@mnsef 0.220 x 5 mm. In all cases
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electrochemically cycling was performed vs. Ag/Ag&€HCI (1 M) under stop-flow

conditions at a scan rate of 0.1 V/s.

100

-100 A

Current (A)

-200 A

-300 A

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potenial (A)
Figure 4.6: Comparison of gold electrochemistryil\}hree electrode cell with WE
diameter 1 mm. B) lllustrates the electrochemigtra sealed pchannel with PANI-
PS opal structure in place before electrochemicaiddgng under stop-flow
conditions, WE dimensions 0.220 x 5 mm. C) lllusgahe electrochemistry of a
gold WE in a sealed pchannel with WE dimension2@0xX25 mm under stop-flow
conditions vs. Ag/AgCI. In all cases CV was perfnvs. Ag/AgCI reference
electrode and Pt mesh counter electrode in HCI (1wkh the third cycle of each

taken and plotted.

After confirmation of the gold electrochemistry ithe pchannel 10 voltammetric
cycles were performed in aniline in a sealed pchbhnantaining the PANI-PS CC

opal structure to electrochemically bridge the PAMulcture to the WE, Figure 4.7.
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Figure 4.7: A) Cyclic voltammetry of PANI-coated ¥ in a sealed pchannel
under stop-flow conditions 0.1 V/s scan rate v§A8¢! (1 M HCI electrolyte) after

10 voltammetric cycles were performed electrochaltyipolymerising a thin PANI

coating. The coating ensured a consistent conneddetween the PANI/PS opal
structure and the gold WE. A control is also sha3ynCV of a bare PS CC in a
sealed pchannel under stop-flow conditions 0.1s¢#n rate vs. Ag/AgCI (1 M HCI
electrolyte) after electrochemical polymerisatiof aniline to mimic the same

electrical connection.

Figure 4.7A shows the electrochemistry observeithénpichannel in the presence of
the PANI-PS opal after electrochemical synthesisthed PANI-based electrical

connection. Typical PANI electrochemistry was obea that is dominated by the
chemically polymerised PANI-PS opal structure. Boify this electrochemistry was

primarily attributed to the electrochemically-deped PANI, PANI was

electrochemically grown to induce the same elebiatdcal connection from the
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integrated WE to a bare PS opal as a control, EigurB. It can be seen in the
control experiment that, although PANI electroch&nyi is evident, currents were
significantly lower than those resulting from th@&NA-coated PS opal structure,
demonstrating that the electrochemistry of the dbalhy polymerised PANI-PS opal

structure could be successfully accessed by timsoaph.

To further characterise the PANI structure a sae study was performed from

0.010 — 0.1 V/s (Figure 4.8). The oxidation peaks lbe assigned to the oxidation of
the Pernigraniline Salt (PS) to Emeraldine Salt)(&®1 ES to Leucoemeraldine Salt
(LS), peaks A and B respectively. The main peaksnupeversing the scan

correspond to the reduction of LS to ES and ESSpgeaks C and D respectively.
Figure 4.9 is a graph of, ivs. scan rate. It shows a high linearity? (R 0.995),

demonstrating a well-behaved, stable thin PANIiogatvith fast electron transfer.
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Figure 4.8: Details a scan rate study performedir8.010 — 0.1 V/s in HCI (1M) vs.
Ag/AgCI of PANI-coated PS CC after voltammetry inogcin aniline. Flow rate: 1

puL/min.
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Figure 4.9: Graph ofd vs. scan ratepi& scan rate data obtained from scan rate

study detailed in Figure 4.8 above? R0.995.
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4.4 Conclusion

A novel chemical polymerisation strategy was depetb to produce a PANI 3D
ordered opal structure which was homogenous thimuighs structure. This method
allowed template-directed chemical polymerisatiéramiline throughout the length
and depth of the pchannel to yield a PANI-PS opalcture, of which the core
comprised a fcc PS uCC. Electrochemical polymeadsaensured a consistent
connection between the PANI-PS composite and ttegiated gold WE, ensuring
that the PANI opal structure was fully addressadliectrochemically. The outer
PANI coating of this new structure was characteriskectrochemically. It displayed
stable electrochemistry with fast electron transférus, this approach is a viable
route to obtaining homogenous, electrochemicalypoasive, ordered, flow-through
materials directly within pchannels where applicas including controlled release,
electrochemically-controllable stationary phases electrochemical sensing directly

in pchannels.
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Chapter 5

Controllable Hydrophobicity of PANI

Films through Dopant Variation



5.1 Introduction

During electrochemical and chemical polymerisatadnlCP materials in a strong
acid, formation of the most conducting form of pubrs is achieved. Specifically for
polyaniline (PANI) this results in the formation af polaron site in the polymer
backbone with a positive charge [166, 212]. To hedathis charge incorporation of
ions to “dope” the polymer backbone results, assshm Figure 1.2 of Chapter 1.
The variation of dopant incorporated has been shtwaffect morphology and
conductivity of ICP materials [213-216]. For examplking sodium dodecyl benzene
sulfonate (SDBS) as dopant during chemical polysagion of PANI, Faret al.
[217] demonstrated the fabrication of leaf-like PANorphologies which were 4 um
in length and approximately 3 um in width. Here,BfDacted as both dopant and
soft template during polymerisation. At a conceindra of 2 mM leaf-like PANI
structures resulted. The leaf-like structures destrated were in contrast to the
fibrillar morphology associated with HCI doped PAfilins [218] showing that the
presence of SDBS during polymerisation directed PAgkowth into a leaf-like
morphology. Tohumcet al.[219] showed that the conductivity of polypyrrdikens
could be affected by dopants type. Here, incorpamabtf dodecylbenzene suphonic
acid (DBSA) showed the highest conductivity (3.1.&' S/cm) in comparison to
other dopants such as tetrafluoroborates(Bf.1 x 10’ S/cm), perchlorate (CL)

(1.7 x 10’ S/cm) and oxalate ¢04%) (1.1 x 10* S/cm).

Similarly the hydrophobicity of ICP films (i.e. theeegree to which they will interact
with water where hydrophilic surfaces will displégw water contact angle and
increased interaction with water and hydrophobidases will display high water
contact angles and decreased interaction with yvatem also be manipulated by

variation in dopant type. For example Leeigal. [220] demonstrated an ICP film
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with super-hydrophobic/super-hydrophilic charactigecs. Here, PANI films with
switchable hydrophobicity were achieved via incogbion of a surfactant, sodium
dodecyl sulphate (SDS), during polymerisation. ¥@ons in the molar ratio of
SDS:aniline during polymerisation was shown to etftbe resulting hydrophobicity.
At very low SDS concentrations, SDS was incorparately intermittently, resulting
in no change in hydrophobicity. At high SDS concativns an excess of unbound
SDS was deposited on the surface of the polymen, filesulting in a super-
hydrophilic polymer surface. At an optimised SDdiaa ratio of between 0.03-
0.05, reproducible PANI films with switchable hygrmbicity were fabricated which
in the doped Emeraldine Salt (ES) state were tigdrophobic and upon dedoping
to the Emeraldine Base (EB) became super-hydrapl8imilarly, Zhuet al.[221]
demonstrated the fabrication of PANI-coated fibreth switchable hydrophobicity.
The PANI coated fibres were chemically polymerised the presence of
per uorosebacic acid (PFSEA). Upon dedoping inphesence of ammonia gas for 1
min, the surface became demonstrably hydrophiliccontrast to the super-
hydrophobic surface measured in the doped statg].[2RInfortunately, the films
discussed were chemically polymerised and weresleatrochemically controllable.
A limitation of chemical fabrication of ICP films ithat their stimulus is limited to a
chemical treatment, which severely limits their gratal for stimulus induced

renewal once in use.

Electrochemically polymerised films offer the pdaiahto overcome this limitation,
as they are electrochemically addressable andrsbe&aubjected to electrochemical
as well as a chemical pH-induced stimulus, which flaa greater practical potential
for stimulus-induced renewal. Isakksseinal. [222] spin-coated PANI films doped

with dodecylbenzenesulfonic acid (DBSA) which werelectrochemically
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addressable. Variation in applied potential resuite switches in oxidation states
from Leucoemeraldine (LS) to ES and finally Perargline (PS), where only small

changes in hydrophilicity were observed.

In contrast to PANI films, considerably more susclss been demonstrated with
polypyrrole (PPY) films. Xuet al. [223] fabricated electrochemically addressable
perfluorootanesulfonate (PFOS) doped PPY films Wwhinder negative potential, -
0.6 V vs. Ag/AgCI, were reduced to neutral polyyer (PPY) films. This process
could then be reversed by applying a positive gakn+1.0 V vs. Ag/AgCl. Water
contact angle (WCA) of the oxidised PPY film wapauhydrophobic with neutral
PPY films displaying super-hydrophilicity illustray the huge potential for

electrochemically varied hydrophobity of ICP films.

The potential of surface modification and inductiaf super-hydrophobic
characteristics in ICP films have also been demmatext through nano-structuring.
Sun et al. [224] fabricated flower-like polyaniline films through @haddition of
valine as a dopant during chemical polymerisatiorptoduce super-hydrophobic
nano-structured PANI films [224]. Similarly Zhet al. [225] demonstrated the
fabrication of 3D-boxlike micro-structures from Iianofibres in the presence of
perflourosebacic acid (PFSEA) which acted as baghadt and soft template. The
resulting 3D-boxlike structures also demonstratagpes-hydrophobic WCA.
Rambutan-like hollow PANI spheres were fabricatethwuper-hydrophobic WCA
as high as 164%Here the hollow PANI spheres were fabricatedhim presence of
perfluorooctane sulfonic acid which acted as dopamtl soft template during
chemical polymerisation [226]. The morphology vadas detailed for ICP films

have successfully induced super-hydrophobic susfatl®wever, the limitation of
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such modification is the lack of stimulus-respomkging use, similar to that of

chemical polymerisation methods.

In this work PANI films were electrochemically pahgrised in the presence of HCI
or HCI/SDS. The SDS concentration was manipulatedelucidate controlled
hydrophobicity based on salt/base forms of thempely Morphology and roughness
of resulting HCI-doped and SDS-doped PANI films ev@ompared with similar
morphology noted (fibrillar) with an increase it length and diameter noted for
SDS-doped films. Similarly, an increase in rouglsnesSDS-doped films was noted
in comparison to HCI-doped films likely due to theft templating effect of SDS
during polymerisation. The potential applications IGP films with controlled
hydrophobicity include ultrafiltration membrane [7227] and anti-corrosion

coatings [228, 229] as well as actuation [230, 231]
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5.2 Experimental

5.2.1 Materials

As per Method Section 3.2.1.

5.2.2 Instrumentation
As per Methods Section 4.2.2 with the following #idd, profilometry was
performed using a Veeco Dektak V200Si profilomel®CA measurements were

performed on an Artray and Navitar camera FTA32weidith 2.0 datalog software.

5.2.3 Methods

5.2.3.1 Gold working electrode fabrication

As per Method Section 3.2.3.1 on a bare glass slitteout masking.

5.2.3.2 Polyaniline polymerisation

As per Method Section 3.2.3.3 with the followingdamn polymerisation was
achieved over 90 or 400 s on a gold sputtered gdade. An example of the
amperometric growth for both HCI-doped (dashed)lamed SDS-doped (black line)

is shown in Figure 5.1 below.
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Figure 5.1: Amperometric It curve demonstrating tridymerisation of HCI-doped
and SDS-doped PANI films. Polymerisation was umdtert in a 3 electrode cell with
a gold WE, Ag/AgCI reference and platinum mesh wvuglectrode. The potential
was held at 0.9 V for 400 s with Electrolyte 1 MIH@d when doping with SDS a

molar ratio of 0.02 Aniline:SDS was used.

After polymerisation, PANI films were air dried edom temperature for 30 min.
Addition of SDS to aniline/acid solutions was unidken using an optimum molar
ratio of 0.02 optimised from Lergg al [220]. After polymerisation PANI films were
placed in HCI (1 M) and held at a fixed potentiat 80 s to oxidise or reduce the
polymer film. Potentials used vs. Ag/AgCl were -/ Zor LS, +0.5 V for ES, and
+0.9 V for PS. Each of the salts were then dedagesinically by immersing in
NaOH (1 M) for 30 s. This resulted in the corregiog base states of
Leucoemeraldine Base (LB), Emeraldine Base (EB) Redhigraniline Base (PB).

The polymer was then dried at°@5for 30 min.
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5.2.3.3 Water contact angle measurements

WCA measurements were performed in triplicate ahesample (n=3) resulting in 9
total readings. Deionised water (D.l.) was placedtte surface of each PANI thin
film and the resulting contact angle was measunschadiately after water drop

placement (5 pL), time zer,dnd 60 s after water drop placemegt, t

5.2.3.4 Profilometry

Profilometry was performed on samples using a Vdaektak V200Si profilometer
over 2.3 mm, using a 2.5 um tip and 5 mg of fore#h 5 readings obtained for
PANI samples prepared as per Method Section 5.20p#mised PANI films in ES

and EB oxidation states HCIl-doped and SDS-dopeé werasured and compared.
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5.3 Results and Discussion

Initial fabrication to obtain PANI films with swit@able hydrophobicity employed a
similar experimental design to that of Leeial. [220]. However, in contrast to the
chemical polymerisation method employed by Leng, atectrochemical
polymerisation was used in this work. The use etctebchemical polymerisation
was key to enable electrochemical addressabilitythef fabricated PANI films
subsequent to polymerisation. This allowed for tetehemical stimulus to be
applied, inducing variation of oxidation state fdédsg in a variation in
hydrophobicity. Fabrication of PANI films was pemfeed over 400 s before the
PANI films were electrochemically varied betweeridation states from -0.2V for
Leucoemeraldine salt (LS), +0.5V for Emeraldinet s@S) and +0.9V for
Pernigraniline salt (PS) vs. Ag/AgClI in HCI (1 M)o compare the salt and base
forms of each polymer film, films were placed in@®ia (1 M) to induce chemical
dedoping. WCA measurements were then performecdaon eedox state in both salt
(doped) and base (dedoped) forms to allow the Ipfarbicity of each surface to be

determined.

5.3.1 Variation in oxidation state

PANI films were electrochemically varied between idation states using
amperometry. To obtain the correct potentials fache oxidation state a cyclic
voltammogram (CV) of a typical Cl-doped PANI film HCI (1 M) vs. Ag/AgCl was
performed as shown in Figure 5.2. The observed €th® PANI film shows the
uptake and release of ions from the HCI electralyte and from the film. In the CV,
each peak is labelled illustrating the gradual geain oxidation state of the polymer.

Interference from the gold WE is shown circled mllgw. Gold electrochemistry
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was evident on the CV (see control) as the PANIrditfully isolate the underlying

gold electrode from the electrolyte solution.
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Figure 5.2: CV of bulk Cl-doped PANI film in 1 M H€&kan rate 0.1 V with uptake
and release of ions shown as a result of graduaiatian in oxidation state

(continuous black line). The PANI film was electremically polymerised for 400 s
at +0.9 V and subsequently cycled between 0.3 —V1Ms. Ag/AgCl reference
electrode with a Pt mesh counter. The colour ofheagidation state is also
indicated. A CV of a bare gold electrode in 1 M H@tled from 0.3 — 1.1 V vs.
Ag/AgCI reference electrode with a Pt mesh couistealso demonstrated. Peak at

~0.4 V corresponds to the reduction of gold oxdtgted line).
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With variation in oxidation state switching of thpwlymers was noted visually.
Figure 5.3 shows three photographs demonstratmgdlour change of the Cl-doped
PANI films after electrochemical switching betwestates, with the colour seen to
change from green in the LS state to turquois&®mand finally to dark blue for the
PS oxidation state. Each PANI film was held atxadi potential after polymerisation

for 30 s and the resulting optical variation in tih@ was noted.

A) LS B) ES C) PS
0.2V +0.5V +0.9V

Figure 5.3: Photographs of A) LS, B) ES and C) P&NP thin films

electrochemically polymerised for 90 s. Variationoxidation state was achieved in
1 M HCI electrolyte in a 3 electrode cell with pati@ls held at -0.2 V for LS +0.5 V
for ES and +0.9 V for PS vs. Ag/AgCI referencetedele with a Pt mesh counter

electrode. The resulting optical switching of filmmsllustrated.

After variation in the oxidation state the WCA wagasured for each PANI redox
state in both the salt and base form. Films wesegetkin triplicate atotwhen the

water droplet was placed on the surface of the. fitrwas found that each of the CI-
doped PANI films displayed hydrophilic surface chemy. Figure 5.4 details the
summary of WCA measurements of Cl-doped PANI fillAs. expected, the CI-
doped PANI films displayed minimal variation in lmgghobicity between oxidation

states, which would limit their use in controllingd/or switching hydrophobicity.
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Figure 5.4: Initial WCA measurements for the saltsl bases of Cl-doped PANI in
its difference oxidation states. LS is shown idoyel LB shown in yellow with
dashed black lines, ES shown in green, EB shovgneen with black dashed lines,
PS and PB shown in blue and blue with black dadimss$. Hydrophobicity scale
developed from Reference [232]. D.l. water was gexp (5 pL) on the surface of
each polymer film after drying at 85 for 30 min. The WCA was immediately

measured when the droplet hit the polymer surface.

After measuring WCA, the surfaces of the Cl-dop&NPfilms were imaged by
SEM analysis as shown in Figure 5.5A-C & 5.6A-C. tfmnge in morphology was
observed across the different states. PANI filnspldiyed bulk fibrillar morphology
interwoven uniformly across the electrode areartt x 25 mm). Accompanying
the SEM images are examples of the correspondind\ Wi@asurements for each

oxidation state, Figure 5.5, previously summariseigigure 5.4.
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Figure 5.5: WCA measurements and SEM images oSAB)LES and C) PS of ClI-
doped PANI after electrochemical variation of theglox state in a three electrode
cell gold WE, Ag/AgCI reference and Pt mesh cou(itdvl HCI electrolyte). Mag.

10.0 k; Scale bar 5.00 pm.
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Figure 5.6: WCA measurements and SEM images of We€asurements and SEM
images of A) LB B) EB and C) PB of Cl-doped PANdraglectrochemical variation
of the redox state in a three electrode cell gold, \Ag/AgCl reference and Pt mesh
counter (1 M HCI electrolyte).Subsequently flmgemdedoped in NaOH (1 M) to

induce the base form. Mag. 10.0 k; Scale bar 5.0 p
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5.3.2 Electrochemical polymerisation with SDS as g@ant and soft template

After WCA measurements of Cl-doped PANI, an altéuwea dopant SDS was
incorporated during polymerisation. Initial conaatibns used were comparable to
that described by Lengt al.[220]. Through incorporation of the SDS surfactasita
dopant to balance the charge in the polymer netwoekg et al. demonstrated a
hydrophobic PANI film. Upon dedoping it was obsetvhat the PANI film was
switched to its hydrophilic state. This switchalyilivas attributed to the change in
orientation of the SDS hydrophilic head group avrayn the polymer network upon
dedoping as a result of the neutral charge. Inghesent work the SDS concentration
was optimised beginning with a similar concentmatissed by Lengt al (molar
ratio = 0.03). It was found that when used in caonfion with electrochemical
fabrication this resulted in too high a concentmatof SDS giving a hydrophilic
surface due to excess unbound SDS deposited oRrANg surface. As the excess
SDS was unbound it could freely orientate with eitthe hydrophobic tail or
hydrophilic head group towards the surface, so ta¢én the polymer came into
contact with an aqueous environment a hydrophilifage resulted. Upon reducing
the SDS concentration to a molar ratio of 0.003 rsulting surface was again
hydrophilic, indicating insufficient SDS to indubgdrophobicity. It was found for
electrochemical polymerisation employed in this kyae molar ratio of 0.02 was
optimum to produce a PANI film which was initiallydrophobic and as such was

appropriate to induced switchable hydrophobicity.

Once the molar ratio of SDS:aniline was optimiseel WCA measurements of the
films were measured at.tlt was found that for each of the salt forms bé t
polymers, hydrophobicity was increased from *@6r Cl-doped PANI films

(meaning films were hydrophilic) data presentedrigure 5.4 to 133+ 2for LS,

141



134+2 for ES and 131%%for PS films incorporating SDS as a dopant, asvshio
Figure 5.7, resulting in ultra-hydrophobic surfacEer each of the base forms the
WCA again indicated that the surfaces had becomee rhgdrophobic, with LB
103+20, EB 66+138 and PB 65+12 Each of the SDS-doped base forms presented
displayed reduced stability in comparison to salins, as shown by the large
standard deviation. The reduced stability was aueethydration of the polymer
surface over time. Each PANI film was dried af@5or 30 min before WCA
measurements to ensure consistency during compasfsaxidation states and SDS-
/HCI-doped films. Due to the drying step involvedridg film preparation, the water
droplet gradually soaked into the hydrophilic filds a result an extended time was
needed to allow the droplet to stabilise on the/pelr surface; this was in keeping

with the findings of Lengt al.[220].
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Figure 5.7: t WCA measurements for SDS-doped PANI films, omilastate

denominations as per Figure 5.4. D.l. water (5 pgs dropped on the surface of
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each polymer film after drying at 85 for 30 min. The WCA was immediately

measured when the droplet hit the polymer surface.

The WCA of the films was therefore measured agatsodor both the salt and base
forms to investigate the extent to which the drtspleermeated in PANI coatings
over time. The resulting WCA measurements@re shown in Figure 5.8. The salt
forms of LS & ES remained stable between ~130%1R@licating the ultra-
hydrophobicity of the films was not affected ovhisttime scale upon exposure to
water. A significant decrease in WCA for the basenfs was noted with LB falling
to 81+14from 103+20 for LB, 26+26 from 66+15 for EB and 32+2%from 65+12
for PB showing significant difference in hydrophaby over a 60 s timeframe. As
these were the most hydrophilic films initially, eh were most likely to be
susceptible to water permeation, and so the reshttsned here were to be expected.
The large standard deviations for LB, EB and PBewnas a result of a large number
of the films reaching OWCA after 60 s with all samples reaching WCA 6&falter

90/120 s.

Unfortunately, SDS-doping did not result in a chang hydrophobicity between
oxidation states. Unfortunately, this meant thaSSioping did not result in surfaces
which switched from hydrophobic to hydrophilic wifariation of oxidation state as
had been hoped. However, these hydrophobic/hydiopbwitches were noted
between the salt and the base forms of each ositatiate. While this dedoping
from salt to base normally occurs due to a pH dtisiuMorrinet al. [33] has also
shown at pH 6.8 that this can occur via applicatbman electrochemical stimulus,
which would also enable the goal of this reseaocbet achieved. The largest change
in WCA between the salt and base form was notedtler oxidation state of

Emeraldine over the 60 s time period with WCA measwents of 1344% (ultra-
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hydrophobic) and 26+26(hydrophilic) recorded respectively. This resulteda
WCA difference of 108 after 60 s. On average the difference in hydrotityb
between ES and EB was the highest, the stabilityhef salt form in the ultra-
hydrophobic region was higher than that of PS, #red EB form reached super-
hydrophilic WCA quicker than that of LB. The Emelize oxidation state was
therefore chosen as the optimum due to this stabilnd large difference in

hydrophobicity between salt and base forms.
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Figure 5.8: WCA measurements after 60 s for SD®d&ANI films, oxidation state
as per Figure 5.4. D.I. water (5 pL) was droppedtioa surface of each polymer film
(5 uL) after drying at 6%C for 30 min. The WCA was measureds@t@0 s after the

droplet hit the polymer surface.

After measuring WCA the surface of the resulting &&8 EB PANI films were
imaged by SEM analysis to compare the morphologiiGf-doped to SDS-doped
films, shown in Figure 5.9. The surface of the Si¥ped film was fibrillar in

morphology comparable to that of the HCI-doped g$ilmimportantly the size
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(diameter and length) of fibres formed in the preseof SDS were thicker and
longer, as can be seen from Figure 5.9A in comparte HCI-doped PANI fibre,

Figure 5.9B, and as previously noted, significampiovements in hydrophobicity of
PANI films were noted with SDS modification. WCA asrements for doped and

dedoped SDS-doped PANI films are visually illustchin Figure 5.10.

Figure 5.9: SEM images of A) QGloped PANI film and B) SDS doped PANI film in
ES oxidation state polymerisation was over 400 a &ked potential of 0.9 V in a
three electrode cell gold WE, Pt mesh counter agdAdCl reference 1M HCI
electrolyte. In the case of SDS-doped films a mmdéio of 0.02 aniline:SDS was

used. Mag. 10.0 k; Scale bar 5.00 um.
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LS Doped LB Dedoped

ES Doped EB Dedoped

PS- Doped PB Dedoped

Figure 5.10: WCA measurements a &nd LS & LB ES & EB and PS & PB
oxidation states with SDS incorporated. PANI filwmexe polymerised over 400 s at a
fixed potential of 0.9 V in a three electrode agtld WE, Pt mesh counter and
Ag/AgCl reference 1M HCI electrolyte. In the ca$&DS-doped films a molar ratio
of 0.02 aniline:SDS was used. Oxidation states wared electrochemically in 1 M
HCI electrolyte in the same 3 electrode cell witihemtials held at -0.2 V for LS +0.5

V for ES and +0.9 V for PS. PANI films were placedM NaOH for 30 s to dedope.

Although PANI film morphology was comparable for Sband HCI-doped films i.e.
fibrillar, changes in the surface topography/rouggmwere likely to have resulted

from SDS incorporation due the associated soft letimg. To investigate this,
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profilometry measurements of the PANI film surfaéesES and EB SDS-doped and

HCIl-doped were performed.

To examine if the morphology changes observed fatdped and SDS-doped PANI
films had a significant effect on the surface rouggs/topography the average
roughness (B of the optimised films were measured using poofietry. Upon
obtaining the Rvalues a large difference between the films wasddn the case of
PANI films with no SDS present, theaRor both the salt and base forms of
Emeraldine oxidation state gave a mean of 246x96anr&S (shown in green) and
285x71 for EB (shown in blue) as illustrated indig5.11. When these values were
compared to PANI films polymerised in the preseot&DS the Rincreased by an
order of magnitude to a mean of 2114+475 nm for(&@®wn in green with black
dashed lines) and 1901+441 nm for EB (shown in blte dashed black lines)
illustrated in Figure 5.11. The presence of SDSndupolymerisation therefore was
observed to have had a dual role of dopant andtewiplate. It was hypothesised
that SDS aided in structurally directing polymetima resulting in a significantly
rougher surface of the SDS doped PANI film simyatdb what was previously

observed [220, 233].
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Figure 5.11: R measurement for ES (green) and EB (blue) HCI-ddihed and ES
(green with dashed black lines) and EB (blue wislsheed black line) SDS-doped
films. Readings were performed over 2.3 mm, usi@cpaum tip and 5 mg of force n

=5.
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5.4 Conclusion

The successful fabrication of electrochemically ypwérised PANI films with
controllable hydrophobicity is demonstrated herANP films were fabricated on
gold-sputtered working electrodes with HCI- or SB&ant. To characterise the
PANI films, a comparison of WCA measurements aadnRasurements of Cl-doped
and SDS-doped PANI films was undertaken. It wasdbthat SDS-doped PANI
films displayed ultra-hydrophobic WCA when dopedhiehh upon dedoping
displayed hydrophobic initially before a graduatldee in WCA over 60 s to give
hydrophilic PANI surfaces. HCI-doped PANI films piayed hydrophilic surface
chemistry with little variation upon doping/dedogirOn comparing RSDS-doped
ICP films displayed an order of magnitude highergtiness to that of the HCI-doped
films, likely due to the soft templating effect 8DS during polymerisation. Fibrillar
morphology was noted for both HCI-doped and SDSeddjims. However, thicker
and longer fibres were noted for SDS-doped filmkslli due to the soft templating
effect of SDS during polymerisation. Potential aggtions for PANI films with
controllable hydrophobicity include anti-corrosi@oatings, actuation and novel

stationary phase material.
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Chapter 6

Conclusions & Future Work



6.1 Conclusion and future work

The incorporation of polymers within pfluidic platins offer a unique analytical
tool for sensing, separation controlled releaseexithction with shortened analysis
times, high sensitivity and low sample consumptias,explored in the literature
review in Chapter 1. One of the limitations of et pfluidic platforms highlighted
is the lack of radial homogeneity in polymers fabted in situ. A potential strategy
to overcome these heterogeneities is to templatmgldabrication to achieve 3D
ordered flow through polymer structures within theghannel. Chapter 2 of this work
focused on achieving this potential by developingfadrication method for
reproducible 3D ordered templates within a configedmetric area. The template
function was to structurally direct intrinsically omducting polymer (ICP)
polymerisation resulting in an electrochemicallydeessable, reproducible, 3D
ordered ICP flow through material housed within fluidic channel. This work
successfully illustrated a facile fabrication methfor 3D ordered, reproducible
polystyrene (PS) colloidal crystal (CC) templatdfie method developed offers
tailored templates with unimodal and bimodal orflsricated within 12 h in a
pchannel. Template fabrication was demonstratdzetmbust as template formation
was achieved within multiple pchannel depths (3826 um) and lengths (5 — 40
mm). Perhaps a limitation of this work is the focam PS sphere template
fabrications; future work could investigate the gudtal of silica sphere CC
fabrication to determine if the associated packimgthod was applicable to silica
spheres as well as PS spheres as demonstrated heradvantage of using silica is
the high temperature resistance and reduced skyen&hthe material which makes
CC of silica ideal for deposition applications &wated temperatures [234, 235].

With the increased surface area associated witltodaCC templating methods,
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there has been significant focus recently on furthereasing surface area through
fabrication of multimodal materials [119, 236]. &ig 6.1 shows an example a
multimodal PS sphere aggregate fabricated durirggwiork, where the PS sphere
aggregation was achieved through electrostatiaantn. Although not explored

further in this work, these multimodal aggregatectures offer unique high surface
area template applications such as energy sto2®f P37] and separation [238],

where higher order structure is not required.

Figure 6.1: SEM image of multimodal PS sphere $tmaés of macro: 3 um and
nano: 222 nm PS spheres. A) Mag 5.00 k; scale ba:©0 um and B) Mag 10.0 k;

scale bar: 5.00 pm.

Throughout this thesis, the specific aim of templi@brication was for the template
directed growth of electrochemically active, flordugh, ICP structures. Template
directed ICP polymerisation of polyaniline (PANIag achieved within pchannels
and the resulting PANI monoliths were observed &vehreproducible 3D order.
Chapter 3 focused on optimisation of electrochehpoéymerisation time through a
PS CC within a pchannel. Polymerisation time wasdedabetween 90 — 360 s
resulting in PANI structures from collapsed inverggal at short polymerisation

times (90 s), inverse opal PANI monolith with defih flow through pores at
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optimum polymerisation times (210 s) to core sH®NI particles at excessive
polymerisation times (360 s). However, poor honmaity of the final ICP monolith
throughout the depth of the pchannel was obserasdshown Figure 6.2. To
overcome this limitation bulk chemical and surfaa®nfined chemical
polymerisation methods were investigated, as daetain Chapter 4. It was
demonstrated that surface confined chemical polgagon offered the most
homogeneous polymerisation method with 3D ordeechatithin a 180 um depth
pchannel. The resulting homogeneous, 3D order Pilidl was electrochemically

active with fast electron transfer and high stapivithin a sealed pchannel.
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Figure 6.2: SEM images of PANI monolith structuaé®r removal of PS template.
A) Upper layer of inverse opal furthest from therkitng electrode (WE). B) Middle
layer of inverse opal. D) Lower layer of inverseabplosest to WE. Mag: 10.0 k;

scale bar; 5.00 um. PANI films were polymerisea ithree electrode cell at a fixed
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potential of 0.9 V for 210 s with a gold WE, Ag/Ag€ference electrode and Pt

mesh counter electrode.

The PANI flow through material presented in thisrkves a significant step forward
in ICP fabrication within pfluidic platforms. The ethod offers a reproducible
templating and a chemical polymerisation methodcWwhuffers an electrochemically
addressable ICP material which has potential apiptic for lab-on-chip separation,
sensing, extraction or drug delivery. To realisesth applications, future study
should initially focus on optimisation of the pftlic platforms design particularly the
electrode integration in order to maximise the aethe WE, which would augment
the separation, sensing, extraction or drug defivapabilities of the ICP material.
Here, the WE length used was 5 mm which provedlyigtiective in illustrating the
potential and optimising the homogeneous ICP ndwBoweret al. demonstrated
that no significant increase in internal resistafiR® was noted when a WE length of
5 mm was used with uniform electrochemical PANIvgto over this length scale
(resulting in polymer depths of up to 50 % of thehannel depth) [57]. With this in
mind Figure 6.3 demonstrates a potential pchip giesvhich incorporates two
pchannels into a pfluidic housing. By introducingecond channel the design can
overcome any increase in IR associated with inanga%VE length. The dual
pchannel design, where pchannels are separatedrby,incorporates bridges at 5
mm intervals to counter any increase in IR. Theddes allow movement of
electrolyte and electrical connection between eaahannel connecting the
integrated electrodes in pchannel 1 & 2. With dligtodification of sputter mask
designs similar to those used in Chapter 2 - 4haf work, isolation of WE and
counter/reference electrodes the length and wiflsaoh pchannel with associated

connections to a potentiostat are possible. Whik fpifluidic platform design a
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significant increase in WE length can be envisagath increased potential for

separation, sensing, extraction or drug delivepliegtions.

Channel 1 - reference  Channel 2 - working
and counter electrode electrode (WE)
|

\\ \l/ k/ Duel inlet

Outlet Q;lN F [ [ | [XH
A A
I I
Connection Connection to combine
to WE reference and counter
electrodes

Figure 6.3. Schematic of potential pfluidic platior housing fully integrated

electrodes on chip within a dual pchannel design.

More sophisticated pfluidic components such as WaBed pumps employed by
Wallace and Diamonet al. [99] could also be used for flow control. Fabriogta
pfluidic device with reduced dead volume and higbbntrolled fluid flow would
eliminate the need for external pump incorporatiehich would in turn increase the
applicability of the final devices. Moreover, thesulting reduction in dead volume
would increase potential applicability in analyticgeparations. Due to the low
(normally nano-litre) volumes associated with digi analysis, preventing excess
dead volume is essential to prevent band broadewnihigh would hinder the

potential application of any pfluidic platform iearations.

Chapter 5 of this work investigated the variatidrdopant during electrochemically
polymerisation for PANI films. Here the hydrophabyowvas varied through addition

of a surfactant, sodium dodecyl sulphate (SDS). W®IBS was incorporated and the
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PANI films were doped (in the salt form) Leucoentdiree Salt (LS), Emeraldine
Salt (ES) and Pernigraniline Salt (PS) displayetatiiydrophobic water contact
angles (WCA). Upon dedoping (base form) LeucoemdaralBase (LB), Emeraldine
Base (EB) and Pernigraniline Base (PB) displayettdphobic WCA at time zerog t
but after 60s, sb hydrophilic WCA measurements were observed. Highes
switchability between hydrophobic and hydrophiliates was noted between the ES
and EB forms with over 100WCA difference afteret. An example of the WCA

measurements is presented in Figure 6.4.

A

Figure 6.4: WCA measurements for A) PANI film dop&doxidation state and B)
PANI film dedoped EB. Deionised water (D.l.) waspped on the polymer surface

and WCA was measured aftey; t
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During SEM analysis the surface of SDS- and CI-ddpANI films, similar fibrillar
morphologies were noted. Variations in the fibregln and thickness were visible
during analysis of the SDS-doped films in compariso HCI-doped, likely due to
the soft templating effect of SDS addition durir@ymerisation. Profilometry of the
SDS- and HCI-doped films indicated a further défece with the roughness where
SDS-doped PANI films had an order of magnitude argloughness than Cl-doped

PANI films.

Potential applications for SDS-doped PANI films s@eted in Chapter 5 could be
within ultrafiltration (UF) membrane applicationghe interest in ICP materials as
membrane coatings is due to the higher water flue © increased hydrophilicity
and % particle rejection noted as a result of sbstatic interactions upon
incorporation of ICPs [239].The incorporation ofACGnaterials in UF applications

has shown to be successful to date [77, 227].

This work has advanced on-chip applications of &ERhd enabled technical
realisation of proposed lab-on-chip approaches.|&\imany research groups have
developed novel methods to incorporate and coni@®s within lab-on-chip
platforms using chemical and electrochemical polysa¢ion, fabrication and
characterisation of ordered 3D flow-through ICRistures had not been investigated
in detail. This work focused on this limitation afabrication of high surface area
flow-through ICP materials were achieved by firstigbricating a novel templating
method within the confines of a pchannel and segondtructural direct
polymerisation of an ICP, PANI, in a pchannel. Sathegently the resulting 3D order
and electrochemical control of the PANI flow thrbumaterials was demonstrated.

The novel template directed polymerisation methethited in this work offers a
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unique approach which can be used in multiple pebldesigns and with the

resulting 3D ordered material potentially usefuaibroad number of applications.
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