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General introduction
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1.1 Polymer Gels

A polymer gel is defined as the generation of an interconnected polymer network that
takes place within a liquid phase" . The network of polymer chains hold the liquid in
place within its structure or matrix. Well known examples of polymer gels are the
hydrogels and in particular poly(n-isopropylacrylamide) (pNIPAAM), whose gels
both solvate and expel water above and below a given temperature range’. It is a good
example of a molecular actuator, as the release or uptake of water associated with

temperature causes it to reversibly expand or shrink”.

o
o o
n n
o > LCST c
® _¢C < = Z N
& S @ <LCST o NH
o
HyC CHs HeC CHa
® O

Figure 1.1: Thermal and solvation behaviour of gels based on pNIPAAM. The blue

dots represent water molecules.
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The temperature at which the reversible actuation/solvation occurs is known as the
lower critical solution temperature (Figure 1.1). At this point the polymeric backbone
undergoes structural changes in reponse to heat casusing the solvated water molecules
to become expelled out of the gels macro structure. As this temperature is close to the
temperature of the human body (~32 °C) for pNIPAAM gels’, they have found use for

the controlled release of drug molecules®.

1.1.1 Synthesis of polymer gels

Two distinct methods were chosen to fabricate the polymer gels used in this thesis.
Chapter 3 takes advantage of the platiciser effect of ILs to produce ILs whilst chapters
4,5 and 6 emply the in situ technique. The advantages of each tecnhique will be
discussed in future sections of this introduction, to begin the underlying

polymerisation mechanisms behind the in situ method will be discussed.

1.1.1.1 Sol-Gel chemistry

Sol-gels are prepared via a wet chemistry technique where inorganic precursors (most
commonly metal alkoxides) undergo induced condensation to form an interconnected
network (or a gel, as previously defined)’. Siloxane sol-gels are produced in this
manner, where the hydrolysis step is catalysed by the addition of a Bronsted acid *°.
To illustrate this, scheme 1.2 shows the chemistry required to produce a sol-gel from

its precursor; tetraethyl ortho silicate (TEOS).
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3\/\/\/&
\3/\/\/\g/

Scheme 1.2: Synthetic route employed to produce siloxane repeating units from

TEOS.

The silicon ethoxide starting material is commonly dissolved in a short chain alcohol
solvent, to which the acid catalyst is added (scheme 1.2, step 1). As the hydrolysis of
the alkoxide moiety to silanols is induced, ethanol is produced as a by-product.
Once the concentration of the silanol groups is high enough, condensation occurs
between the individual subunits (step 2). The net result is a strong, covalently bound
silicon oxide network. As the by products of the reaction are volatile, the gel can be
isolated by casting on a suitable substrate and allowing to dry over time'".
Sol-gels films are porous, glass like materials which exhibit good mechanical and

thermal stability'" '*

. Functional moieties can become embedded within the sol-gel
network by their incorporation into the synthetic route (as co-hydrolysis agents)".
Popular applications of siloxanes are found in optical communications, where high
transmissions of incident light are needed and facilitated by the low refractive index

of the material'*,
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1.1.1.2 Free radical initiated polymerisation

The first step in free radical mediated polymerisation is the generation of the radical
istelf. For this thesis, the free radical mechanisms of polymerisations are generated
photochemically. Barner-Kollowik et al. have described the photolysis of DMPA
under UV-illumination, producing acetal and benzoyl radical fragments (scheme
1.3)". Other methods of free radical polymerisation include those where the initiator
molecule degrades thermally'®, or by undergoing redox chemistry with a metal

1
centre 7.

O
HsCO OCHj
hv
(0]
OCH3 [ ]
+

OCHj

Scheme 1.3: Photolytic fragmentation of the initiator molecule DMPA.
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The criteria of any initiator molecule is that they must be the source of radicals and
hence must also transfer the radical energy to a monomer efficiently in order for the
chain to grow. A particular extension for photo-initiated reactions is that the solvent
medium (containing the monomer) must allow resourceful absorption of light by the
initiator as defined by the variables in the Beer-Lambert law'®.

For the subsequent free radical mechanisms involving chain growth, the addition

. . . . 19, 2
mechanism can be summarised under the following equations'*’:

I'+M—IM (1.1)
IM' + M —IMM" (1.2)
P +P —P (1.3)

Once a radical is generated from the initiaor molecule, it then reacts with a monomer,
thereby transferring its radical functionality to the monomer (Equation 1.1).
Propogation reactions (Equation 1.2) then occur between reactive and passive
monomer  units  causing the repeating unit to  gradually  grow.
The chain grows to a point where it reaches termination, a point where the two chain
ends become inactive (Equation 1.3), or where all of the monomers in the system

have become consumed.

26



A new class of polymer gels are beginning to appear in the literature where the liquid
phase of the gel is an Ionic Liquid (IL), and are known as ionogels. Before the
specific topics regarding ionogels can be discussed, ILs themselves are first

introduced.

1.2 Ionic Liquids

According to current convention, a salt melting below the normal boiling point of
water is known as an “ionic liquid” (IL), thus forming liquids that are comprised
entirely of cations and anions at room temperature. In contrast to conventional
organic liquids/solvents, important physical properties of ILs such as viscosity,
density, melting point and conductivity can be tuned to some degree to suit a
particular need by the appropriate choice of the cation/anion combination®" *.
The first publication of an IL is credited to Paul Walden, in 1914%. The publication
described the synthesis of ethylammonium nitrate [EtNH3][NO;] by protonation of
ethylamine with 3M nitric acid, yielding a liquid with a melting point of 12 °C after
purification. As of November, 2011, inputting the term “lonic Liquids™ as a topic into
the Thomson Reuters® online Web of Knowledge® database yields ~34,000
publications, with a diverse research field ranging from studies engaged in biomedical
engineering” to their performance as fuels for propulsion systems in rocket science™.
ILs typically contain a large bulky asymmetric cation together with a smaller n-
delocalised anion which exhibit mere electrostatic interactions®®. Variation of

important physico-chemical properties can be achieved by the appropriate choice of

. . . .2
the cation/anion combination>’.
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From a chemistry viewpoint, their use as alternative, inert reaction media for organic

. 2 . . . . 1 .
synthesis”™ ?°, in various analytical instrumental analyses’” *', and their

32, 33 34-36

physicochemical interactions within and with solvated molecules are the

subject of many publications.

This literature review will focus on the chemistry of ILs from a materials viewpoint,
first dealing with how ILs are prepared synthetically. Properties relevant to the
experimental procedures undertaken in future chapters, such as applicatons in

electrochemistry and polymer science are then reviewed.

1.2.1 Synthesis of ILs

1.2.1.1 Quaternisation via alkylhalides

The quaternisation of phosphines has been described in the literature by Bradaric’’
and Ermolaev®® et al.; whilst the corresponding reaction for amines is described by
Busi®’ et al. The reaction schemes are somewhat similar in that both electron rich
starting materials undergo a S,2 addition reaction in the presence of a haloalkane at
elevated temperatures over time. A general reaction scheme for the quaternisation of a
trialkylphosphine with 1-chloropropane to form the phosphonium salt is presented in
scheme 1.4 (a); whilst the quaternisation of 1-substituted imidazole with 1-

chloropropane to form the imidazolium salt is shown in scheme 1.4 (b).
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Scheme 1.4: Direct nucleophillic addition of a trialkylphosphine (top) and 1-
substituted imidazole (bottom) with 1-chloropropane to form their corresponding

chloride ILs.

Both reactions are performed in ultra dry, nitrogen purged atmospheres in order to
control the oxidation of the starting products. The alkylating agent is slowly
introduced as the initial reaction is exothermic, so in order to control the heat
produced, it is added over 3 — 4 hours . The haloalkane is usually added in 10 mol%
excess in order to ensure that the reducing agent is the limiting reactant. The reaction
can be performed using chloro, bromo and iodoalkanes in which the temperature of
the reaction follows the order Cl1 > Br > I (higher to lower). As the alkylating agents
are usually volatile and the IL formed exhibits negligible vapour pressure, the product

of the reaction can be isolated under vacuum for a period of 12 hours or more.

Removal of the impurites is specific for the reaction in question; for the case of
phosphonium ILs cleaning is performed by initial washing with hexane, followed by
dissolution in dichloromethane and liquid/liquid extractions with water. The IL is then

passed through basic alumina and vacuum dried overnight at elevated temperatures™.
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Imidazolium ILs are cleansed by activated charcoal overnight at 40 °C, followed by
filtration of the charcoal and column cleansing using basic alumina and vaccum

drying overnight*'.

1.2.1.2 lon-exchange metathesis

Variants of the halide ILs can be prepared via their ion-exchange with group one
organic anions*. A reaction scheme for the preparation of [Ps.6.6.14][NTT2], which

employs this reaction is shown in figure 1.5.

CeH1a @ O O
C6H13\|/C6H5 —I_ L1 ”/E)\”
T@ Cl Fsc/ﬁ ﬁ\CFs
C14H29 O (o]
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Y
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Cofha | _coH o
N [~ 4+ Licl
E e
C14H29 o) 0

Scheme 1.5: Ion-exchange metathesis reaction of [Pege14][Cl] with LiNTf, to

produce [Pg6,6,14][NTH:].
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Key to the success of this reaction is the choice of solvent that it is undertaken in.
The solvent must serve to solvate the new IL formed and preferably promote the

precipitation of the by-product.

An alternate strategy is shown in scheme 1.5 ; which describes the synthesis of
[Ps6.6.14][NTfz] in a 1:1 v/v mixture of acetone and water. As the IL begins to form
over time, so too do the ionic interactions of Li and Cl respectively, which transfer
into the aqueous phase. The new IL is isolated by removing the acetone used by
rotary evaopration, folllowed by redissolution and liquid extraction using
dichloromethane. After washing with water to remove any residual polar impurites,

[Ps.6.6.14][NTf] 1s then dried under vacuum.

If the desired IL is soluble in water then care must be taken to ensure that the metal
salt by product precipitates out of soution, as described by MacFarlane et al*.
In this publication the authors describe the route to isolate [ComIm][DCA] from water
by allowing NaDCA to undergo two ion-exchange reactions. In the first step NaDCA
undergoes ion exchange with AgNO; in water to form AgDCA which is easily
isolated by filtration. The by-product of the second ion-exchange — AgCl - (as
opposed to NaCl); is then removed in the same manner. Finally, vacuum distillation at

100 °C affords the desired product.

A list of some of the more conventional IL constituents synthesised using

quaternisation and ion-exchange reactions can be be viewed in figure 1.2.
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Figure 1.2: A list of the more popular ions used throughout the literature for IL

syntheses. Cations are listed on the left ((i) — (iv)), and anions are listed on the right

((v) = (xii)).
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1.2.2 Electrochemistry of ILs

An electrolyte can be defined simply as an ionic solution that facilitates the rate of
charge transfer between two electrodes. Given the inherent nature of ILs they make an
excellent candidate for new classes of electrolyte material. IL’s display an intrinsic
ionic conductivity and do have some major advantages over aqueous based
electrolytes; most notably, negligable vapor pressure, higher thermal stability and in

. . . 44
some cases, a much wider electrochemical window™ .

The latter property is arguably one of the key advantages of using ILs as electrolytes.
It means that processes can be performed within ILs that are simply not possible in
aqueous solutions®™. Some publications have reported electrochemical windows as
high as 5 V for ILs*. It is accepted within the literature that the limiting cathodic and
anodic extremes of the window are due to the reduction of the cation and the
oxidation of the anion respectively*’. The choice of the ion pair and their respective
capability to resist redox chemistry at a given electrode, is therefore crucial to

understanding the electrochemical window.

For instance, tetralkylated phosphonium and ammonium cations (figure 1.2 (i) and
(i1)) have been shown to be more electrochemically stable than their imidazolium

counterparts (figure 1.2 (iii)) *

. The cationic charge is shielded by extensive
alkylation in the former cations. Conversely the C-H bond at the 2 position in the

imidazolium has been demonstrated to be mildly acidic, one report even detailing

carbene formation at the cathode™®.

33



For anions; extensively fluorinated structures (in particular [BF4]" and [PFe]’, figure
1.2), have been shown to exhibit high stability toward oxidation’. However these
anions can suffer from hydrolysis, producing undesirable by-products such as
hydrofluoric acid. Fortunately, anions such as [NTf;]" and [FAP] ((v) and (vii1)) have

been shown to avoid this unwanted feature®.

Combining both redox resistive ions as part of an IL can yield high electrochemical
windows; by using a tetra-alkylated phosphonium and [NTf;] in tandem, Tsunashima

et al. reported an electrochemical window of 6.2 V°'.

One particular application taking advantage of the wide electrochemical window of IL
is the direct electroplating of Aluminium. This process has proved difficult in aqueous
solvents as the deposition potential of Aluminium occurs at potentials that induce
hydrolysis in aqueous electrolyte solutions. Caporali et al. published the direct
electoplating of carbon steel with Aluminium coatings using chloroalluminate based

ILs 2.

More specific examples on the electrochemistry of ILs (such as their performance in

electrochemical devices), are discussed in further detail in sections 1.4.2.2 and 1.4.3.
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1.3 Ionic Liquid - polymer gels (Ionogels)

Ionic Liquid — polymer gel composites are now termed within the literature as
ionogels™ or ion gels™, for the purpose of this review any polymer gels containing
ionic charges (as part of the polymer structure®, or in addition of solid, ionic

species”®) do not fall under this category.

Ionogels are hybrid materials in which the chemistry of an IL encapsulated within a
polymer support matrix is facilitated in the solid state. By endowing a polymer gel
with an IL important characteristics such as thermal stability and ionic conductivity
can be improved upon. lonogels have been subdivided and classified as chemical and
physical gels respectively®. The route to a chemical or a physical gel is dependent on

the principal preparation technique.

1.3.1 Methods of preparation

This next section will deal with the popular routes undertaken within the literature for
the prearation of ionogels. It should be noted that these techniques can and have been
applied for the preparation of polymer gels. The underlying polymerisation

mechanism that occur within are similar to those already discussed.
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1.3.1.1 In-situ polymerisation

Chemical 1onogels are those in which the polymerisation process results in a strong,
mechanically stable, covalently bound polymer network. When an IL is used as the
polymerisation solvent, it becomes encapsulated within the chained network as it
develops. Such a technique is called in-situ polymerisation, of which there are two

distinct, popular approaches.

The first technique is to perform sol-gel hydrolysis-condensation chemistries in the

presence of an IL, as first described by Neouze et al’’

. The key to achieving this
particular gel was the choice of the IL, as it needed to be miscible with the sol-gel
precursor and the acid catalyst (in this case formic acid). The authors used the IL
[CamIm][NTH;] for this purpose. Formic acid was chosen as its relatively high pKa
enusred a mild environment for the IL during the sol-gel process. As this was one of
the first major publications on ionogels, the authors studied the effect of the molar
composition of the IL within the sol-gel matrix. Thermal investigations revealed the
gel was stable up to 370 °C, whilst the ionogel exhibited conductivities similar to the

IL at elevated temperatures. Other noteworthy examples of ionogels prepared by the

sol-gel technique are discussed in section 1.4.3.

The second in-situ technique is similar to the sol-gel method in that it involves the
pre-preparation of an IL-monomer solution. However in this case the polymerisation
1s initiated via an external stimulus. The net result is the same in this case, as the IL

becomes encapsulated within the polymer network as it develops.

In-situ developed, all organic polymer based ionogels have been mainly characterised

again as alternative solid state electrolytes throughout the literature®™ .
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1.3.1.2 The plasticiser effect

A particular trait of amorphous materials is that rather than undergoing a phase
change (e.g. liquid/solid) over a given temperature range, they exhibit a change from
a glassy brittle state to a more elastic rubbery state. The temperature change at which
this occurs is known as the glass transition (7). Popular polymers such as PVC and
PMMA exhibit high T,’s, whilst plasticisers exhibit T, at much lower temperatures.
By mixing the two, a composite material is produced exhibiting one T, at a

temperature in between (depending on the mole fraction of the plasticiser)®.

Organic plasticisers such as dioctylsebacate (DOS) and 2-nitrophenyloctyl ether
(NPOE) work particularly well for PVC and PMMA, producing flexible elastic films
at 66 wt% plasticiser. Both phosphonium and imidazolium ILs are amorphous in
nature and exhibits low glass transitions around -70 °C®'. They are therefore suitable
for use as platicisers, producing ionogels similar in mechanical properties to their
conventional plasticiser alternatives®®. These ionogels are prepared by co-dissolution
of the polymer/IL (at a given w/w ratio) in a suitable volatile solvent. Once the
solution becomes homogenous it is cast on a substrate, and the film is formed as the

solvent evaporates®.

A particular advantage of using ILs as plasticisers for PVC/PMMA gels is that its
ionic conductivity can be exploited for applications already optimised for these
particular repeating units. One of the essential components of ion-selective electrodes
is the ion-exchaging salt which facilitates movement of the analyte between the
aqueous and polymeric phase. Chernyshov ef al. have reported the selective detection
of dopamine and adrenaline as low as 1 x 10”7 M, using an IL as plasticiser without

the need for an ion-exchanging salt®*.
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1.3.1.3 Use of organogelators

Physical ionogels differ from their chemical couterparts in that the internal network is
built upon a foundation of (sometimes reversible) weak chemical interactions, such as
hydrogen bonding. Physical gels are formed by en-masse aggregation, thereby
creating the network, the rate of which is solvent dependent®. Organogelators are the
chemical entities that are added to liquids to induce gelling. They are commonly
added to liquid mixtures at elevated temperatures and - upon cooling - they have the

effect of coagulating the whole mixture®.

One report details the use of the gelator cyclohexane- carboxylic acid-[4-(3-
tetradecylureido)phenyl]amide (which works particularly well for polar solvents) in
the fabrication of ionogels for studies involving dye sensitised solar cells®’.
Just 2 wt.% of the gelator was needed to produce the quasi-solid state after cooling.
Most importantly, the chemical ingredients critical for device functionality were
maintained within the gel network, and so the ionogel could be scrutinised under the

topic of device performance.
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1.3.2 Self-polymerising ionogels

Another interesting technique for the fabrication of ionogels is where the
polymerisable moiety is integrated into the IL state. In fact there are two separate
reports in which the gelation is achieved by the simple addition of water. In both
cases the IL is based on a tetraalkylammonium cation containing an extensively

saturated alkyl-ether chain® ® (Figure 1.3).
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Figure 1.3: Self gelating IL based on a tetralkylated ammonium cation and acetate

anion.

In both cases the addition of water produces a physical gel, where the water acts as a
gelator through creation of a hydrogen bonded 3-D network. The authors reported
ionic conductivities as high as 3 mS/cm for the IL gel shown in figure 1.3.
As the gelation agent (H,O) was needed in concentrations as high as 60 wt.%, the
authors attributed the high conductivity value to the high dissociation of ions with the

aqueous gel environment.
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Washiro et al. have published their investigations into the effects of chain spacer
length (between the acryl and IL subunits) and the effect of crosslinking agents on
self-polymerising imidazolium ionogels’’. A detailed representation on the synthetic

route used to achieve self-polymerising ionogels is shown in scheme 1.6.

e} /=\ Br
@
5 > o + \)km /N\/N\/\/o\[(\
0
EtN | 1) LiNTE, | (3)
THF
o — NP
. N \[(\ / \ ®
| /N\/N\/\/O\H/\
=\ e
/N\/N @ amn | @
6 n
_ Br
/ \ @ o o
/N\/NV\/O\[(\
o) Nsze

Scheme 1.6: The synthetic route adapted by Washiro et al. to achieve self-

polymerising ionogels.
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Acryl chloride was first allowed to react with a 1-bromoalcohol, producing a bromo-
acryl monomer stabilised by an ether linkage (Step 1, Scheme 1.6). This allowed the
monomer to undergo quarterisation with 1-methylimidazole (Step 2) and
ion-exchange with LiNTf, (Step 3), producing a monomeric IL subunit.
The polymerisation was then thermally initiated using 2,2 Azobisisobutyronitrile

(AIBN) to produce the ionogel (Step 4).

The variants in the synthesis were the chain length of the bromoalcohol used in the
first step. This allowed its effects to be manifested in the ionic conductivity of the
final polymerised ionogels, which was analysed using EIS. The gel that maintained
most of its conductivity after polymerisation was found to be that based on a

hexamethylene spacer between the monomer and the Imidazolium ring (figure 1.4)

Figure 1.4: Ionogel prouced from self-polymerising ILs. Hexamethylene spacer and 1

mol. % cross linker used’’.
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1.4 Stimuli responsive materials

Stimuli responsive materials are those that can undergo (in some cases a reversible)
change in their molecular configuration in response to an external applied stimulus.
They can of course be subdivided in relation to the particular stimulus applied, for
example: in response to light’', to an applied voltage’ or a change in the pH”> of the
local environment. The change in molecular configuration is usually accompanied by
a observable signal, for example a change in colour, conductivity or surface energy.
The main applications that take advantage of these properties are in chemical
sensing’* and  sensor devices”, and in molecular actuators’® 7.

This section of the literature review will focus on examples of both polymeric

subunits and ILs acting as stimuli responsive materials.

1.4.1 Polymers as stimuli responsive materials

78, 79

In some applications, be it in ion selective electrodes (a particular brand of

electrochemical sensing) or for optical platforms®” ®'; it is desirable for the polymer to
be chemically inert so it can facilitate the particular chemistries within its matrix.
The role of the polymer is therefore more of a support structure in these
circumstances. However, there are some examples where the structure of the

repeating unit is such that it can act as a stimuli responsive material. PANI is a good

example of this, as it exhibits reversible pH** and redox® chemistry.
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1.4.1.1 PANI redox chemistry

PANI is prepared by the oxidation of aniline, an amino mono-substituted phenyl ring.
Oxidative polymerisation has been achieved using two distinct techniques: (a) using
wet chemistry™, or (b) with the use of an electrochemical cell. MacDiarmuid et al.
have described the wet chemistry technique, using ammonium persulphate as the
oxidising agent in an acidic environment®. The resultant polymer after synthesis was

filtered and obtained as powder.

The electrochemical alternative provides a platform for thin films of PANI to be
deposited directly onto an electrode. Using this technique oxidation is promoted at the

electrode surface, to which the polymer adheres as it grows™.

PANI exists as four distinct chemical forms. The leucoemeraldine base (LEB) can
undergo partial oxidation forming the emeraldine salt (ES) (where an anion acts to
preserve electroneutrality), which can itsef undergo further oxidation to its
pernigraniline base (PB)*. These three distinct redox equilibria of PANI are shown

below in figure 1.5.
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Figure 1.5: Redox chemistry of PANI: LEB undergoes partial oxidation to ES, which

can undergo further oxidation to PB.

As the redox processes involve the direct injection and ejection of electrons into and
out of the polymer backbone, each redox state has its own unique optical properties.
EB (yellow) can be converted to ES (green) and PB (violet) respectively by addition

of another redox couple in solution™.
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1.4.1.2 PANI pH chemistry

The ES form of PANI is rich in secondary amines, which act as classical
Lewis/Bronsted bases resulting in a new equilibrium between ES and the
deprotonated emeraldine base (EB). Deprotonation of the polymer backbone leads to
a decrease in charge carriers, leading to a change in the conjugation along the

backbone and a change in its optical properties (Figure 1.6 (Top)).
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Figure 1.6: Acid-Base chemistry of ES and EB: (Top) Structural equilibria of ES and
EB and (Bottom) the absorbance spectra obtained for PANI between pH 2-12 (a) and

7-10 (b)™.
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Lindfors et al. examined the pH chemistry of PANI nanoparticles in aqueous
solutions stabilised by a surfactant and buffered accordingly™. By changing the pH of
the dispersions using the appropriate agent, the changes in the visible spectrum could
be recorded (Figure 1.6 (bottom(a) and (b)). The sensitivity of the reported results

were attributed to long equilibriation times at each individual pH value.

The initial measurements took place at pH 2 which stabilised the ES form, therefore
the absorption maxima at 415 and 757 nm could easily be attributed to this state.
Increasing the pH of the solution caused the latter signals to linearly decrease, with a
new absorbance centered at 568 nm. Based on the experimental parameters, the
authors conclude the new spectral feature as a result of high pH’s to arise from the EB

form.

By combining the redox and pH responsive chemistries of PANI as discussed,
these polymer based systems have found use within the literature as electrochromic

. . . . . 1
displays® , in electrochemical sensing’ and as optical pH sensors’".
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1.4.2 ILs as stimuli responsive materials
1.4.2.1 pH, photo-responsive ILs

As the explosion of interest in ILs as diverse, functional agents for multidisciplinary
research continues, so too has the advent of ILs as stimuli responsive materials. This
subsection for both research fields combines the respective chemistries of both, with a
view to producing sensing liquids with negligible viscosity, intrinsic conductivity etc.
Recently, three individual communications described ILs based on the photo and pH
responsive chemistries of azobenzene. A general overview of the photo- and pH

chemistry of the azobenzenes is described in figure 1.7.
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Figure 1.7: The photo and pH responsive chemistry of the azobenzenes dyes MO and

MR adapted from Sanchez et al.’* (for clarity the protonated cis isomers are omitted).
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Azobenzenes are two phenyl subunits bridged by a central azo bond®.
Photoisomerism can be achieved by light of the appropriate frequency, which causes
the two phenyl subunits to switch between cis and trans conformations relative to the
azo bond”*. The two isomers also produce distinct absorption maxima’>. Arguably the
most common azobenzene derivatives in use are the pH responsive dyes methyl
orange (MO) and red (MR)*. Both derivatives contain a dimethylamine substituted
phenyl constituent but differ in structure at R, where they contain a carboxylate (MR)

and a sulfonate (MO) group respectively (figure 1.7).

Pina et al. first described the synthesis of ILs based on MO®’. ILs were prepared by
allowing the sodium salt of MO to undergo ion-exchange metathesis with halide ILs
of [CsmIm]", [Psse6.14] and derivatives of sulfonium and guanidinium respectively,
yielding intrinsically photochromic ionic liquids. The author’s detail how the
behaviour of photochromic ILs can be tuned by choice of the cation, as measured by
the individual thermal relaxation rates from the cis back to trans structure of four

different ILs dissolved in water and ethanol.

Zhang et al. developed on the concept of azobenzene functionalised ILs in two
separate publications. In the first case, ILs based on imidazolium and pyrrolidinium
cations and methyl red (MR) were prepared for use as acido-responsive sensors in
aqueous and non-aqueous solutions’. MR differs slightly to MO in that a carboxylate
group replaces the sulfonate in position R;. The authors detail the advantages in

preparing ILs with MR as shown in figure 1.8.
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Figure 1.8: (Top) Increased selectivity of [CsmIm][MR] over the conventional Na"
salt of MR from pH 1 to 7, and (bottom) the increased selectivity of the

[CsmIm][MR] (right) to HOTS over the conventional sodium salt in ethanol (lef?)*®.

The sodium salt of MR was shown to be sparingly soluble in water, meaning its pH
responsive chemistry is void in this solvent. By exchanging sodium for [C4mIm]’, the
resultant IL was completely miscible with water and the pH responsiveness of the

chromophore allowed a selective response to be observed in pH’s ranging from 1 —7

(figure 1.8 (top)).

49



Furthermore, an increased selectivity for the same IL over MR for
trifluoromethanesulfonic acid (HOTf) was observed in solutions of ethanol (figure
1.8, (bottom)). The authors postulate a differing response mechanism for the ILs
response over MR and attribute it to the increased response to HOTf at low

concentrations.

This particular publication highlights the novelty and advantages of preparing ILs
with stimuli responsive chromophores. The unique ionic nature of these liquids allows
well-known chemistries to be performed in previously inhospitable solvent

environments.

Zhang and co-workers published further work on ILs functionalised with
azobenzenes, where they investigated the difference in ionic conductivity of the ILs in
solution as a function of the cis and trans isomers”. Instead of performing an ion-
exchange reaction, the authors prepared liquids where the chromophore was
chemically tethered to an imidazolium cation via an ether linker. Physicochemical
studies were peformed where chemical variants of the linker and the ortho-substituted
phenyl ring subtituents were related to the photoresponsive ionic conductivity

measurement obtained.

The authors demonstrated reversible changes in conductivity of the ILs in solution as
high as 7 % in one instance. By inducing the cis isomer of a derivative with a methyl
disubstitued phenyl ring, sterical disorder was induced throughout the whole system.
It 1s this physical hindrance that predominates the reversible change in conductivity,

the authors conclude.
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1.4.2.2 Electrochromic ILs

A recent communication by Pina ef al. described the syntheses of intrinsically
electrochromic ILs based on the transition metal complexes of
ethylenediaminetetraacetic acid (EDTA)'". Again the ILs were prepared via ion-
exchange of its Na' salt with the relevant halide salt of cations based on [Psg¢.14]",

[ComIm]" and a tetralkylammonium derivative.
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Figure 1.9: (Top) The reversible optical redox chemistry of [Ps¢6,14][Co(EDTA)].

(Bottom, Left) Change in absorbance as a function of the applied voltage and

(Bottom, Right) the CV obtained for of [Pg.¢.6.14][Co(EDTA)]'".
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Electrochromic materials change their optical properties in response to an applied
voltage and are discussed in more detail in sections 4.1 and 6.4.4. In this case the
electrochromic functionality of the IL is a result of the co-ordinated central atom

switching between two distinct redox states (Co*"**

). A secondary electrolyte was not
needed as the intrinsic conductivity of the IL facilitated the current between two
electrodes. However the response times were poor , as high as 700 minutes for the

oxidation of the cobalt complexed IL of [Ps¢,14], and as low as 300 minutes for both

reduction and oxidation of the [ComIm] IL of the same complex.

1.4.3 Stimuli responsive ionogels

The advent of 1onogels is proving to be a niche area of study within materials science.
However, there are a few reports, which take advantage of (a) the chemistry of the IL
and (b) the support matrix of the polymer to facilitate the chemistry required to gain

an observed response from a stimuli responsive material.

The first report by Ahmad ef al. describes the development of a complementary
electrochromic  device based on Tungsten oxide and Prussian blue'".
The authors prepared on ionogel using sol-gel hydrolysis chemistry of TEOS in the
presence of [ComIm][NTf;], which formed a solid state device upon solidification
between two electrodes. In this case the responsive chemistry of the ionogel
facilitated the current flow toward the electrodes (to which the chromophores were
deposited), followed by a change in the optical properties of the device. The authors
reported an ionic conductivity of 1.2 x 10? S/cm for the ionogel, which allowed the

colouration efficiency of the device to be calculated at 64 cm?/C.
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Lunstroot et al. have developed the concept of ionogels exhibiting luminescence in
two separate publications'®> ' Here the choice of the constituents of the IL and the

supporting structure are critical in order to achieve this goal, and can be seen in figure

1.10.

(a) R0 (b)
N\ Eu

Figure 1.10: (a) The IL and Eu complex used by Lunstroot et al., which was

immobilised within a sol-gel forming a solid state luminescent platform (b)'*.

The authors describe the preparation of the luminescent ionogel platform in four
individual steps. The first is similar to Ahmad et al'"'., in that the hydrolysis sol-gel
chemistry is performed in the presence of an acid catalyst and an IL (in this case

[CemIm][NTE]).
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An ion-exchange reaction between [CemlIm][Br] and the de-protonated anionic
luminescent ligand was performed, to which EuCl; was added. Over time the

imidazolium salt of the Eu complex precipitated out of this solution (Figure 1.10 (a)).

The incorporation of the luminescent complex was achieved through two steps:
first the IL of the un-doped ionogel was removed via soxhlet extraction, and then the
sol-gel was exposed to a liquid solution of the imidazolium/europium salt in
[CemIm][NTHt;] over 48 hours. The sol-gel absorbed the Eu containing IL solution

back into its porous framework.

In order for this detailed preparative route to be achieved the sol-gel structure must
have exhibited a high porosity to facilitate the movement of liquids in and out.
It must have also been mechanically stable without the presence of any liquid
structure within. The ionogel exhibited red emission luminescence in response to UV
light, leading the authors to conclude that a new platform had been achieved for

luminescent optical device applications.
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1.5 Thesis Overview

This thesis is based on the integration of three distinct areas of materials chemistry for
the ongoing development of novel, chemical sensing platforms. These three distinct
areas include: polymeric gels (both organic and hybrid co-polymers), stimuli
responsive materials (photo, electro, metalo and pH responsive) and ionic liquids
(phospohonium and imidazolium based).

Polymer gel structures represent an ideal platform for the development of solid-state
chemical sensors, as they can provide a support structure for specific interactions that
lie within them. In fact if these interactions are those of the stimuli responsive
material, the polymer gel presents a stable platform for the measurement of the

chemical activity as a sensor signal response.

Chapter 3 is a summary of the initial studies of ionogels acting as optodes, a type of
chemical sensor where the chemical event produces an optical signal.
It was found that a phosphonium ionic liquid dramatically simplified the composition
of the optode, producing a two-component system capable of discriminatory detection
of Cu®" and Co®" ions. Furthermore, the ionogels behaved as mixed opto/electrical
materials as characterised by their radio frequency signal when passed through an

electrode channel.

Chapter 4 builds on the principles behind its previous chapter, however in this case
the synthetic option was chosen to employ an IL within an optical device. A
phosphonium IL based on a viologen moiety was synthesised, which acted as the

supporting electrolyte and the electrochrome when photopolymerised between two
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electrodes. Therefore, the device displayed a change in its optical properties when a

voltage was applied to it.

The premise behind chapter 5 is to optimise the synthetic conditions used to produce
class II hybrid sol-gels, so that they can accommodate the photo-responsive chemistry
of an organic chromophore, Spiropyran (SP). A particularly attractive feature of class
IT sol-gels is that they have been found to be of the optimum mechanical stability for
sub-micron patterning, using a high focal point technology known as two-photon
polymerisation. SP was found to chelate to sol-gels containing d-orbital metals,
however Al based gels facilitated its chemistry and were subsequentially

photopatterned into spiral structures exhibiting sub-micron resolution.

Chapter 6 explores photopatterning of novel sol-gel systems further. However in this
case electro-responsive (ILs, viologens and graphene) were encapsulated within the
polymer structures. Impedance spectroscopy was used to optimise the conductivity of
the ionogels as a function of the concentrations of all three variants (gel, IL,
graphene). In order to exhibit that these ionogels did indeed facilitate a current, a
patterned electrochromic device of the ionogel that exhibited the highest conductivity

was performed.

Finally chapter 7 includes some experiments designed to improve on some of the
issues that arose within chapters 3 — 6. In particular: some experiments are suggested
which could lower the detection limit of metal ion responsive ionogels; whilst other
experiments are designed to optimise the various mechanisms towards the

development of electrochromic ionogels.
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2.1 Instrumental Techniques

2.1.1 Contact Angle Analysis

Contact Angle measurements were performed using a FTA 200® dynamic contact
angle analyser, using deionized water as the probing liquid. All measurements were
undertaken under ambient humidity and temperature conditions. The values quoted

are the averages of 5 individual measurements.

2.1.2 Differential Scanning Calorimetry

DSC analysis was performed using a Q200 series calorimeter under the convention
that endothermic is up and exothermic is down. All scans were performed using a
5 °C heating rate in the range from -80 to 100 °C (in triplicate). Thermal scans above
room temperature were calibrated with the indium, tin and zinc with melting points at
156.6, 231.93 and 419.53 °C respectively. Transition temperatures were taken from

the peak maximum of the thermal transition.
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2.1.3 IR Spectroscopy

IR spectroscopy was performed using a Perkin Elmer Spectrum GX FT-IR System®.
40 scans were performed in the spectral range of 600 to 4,000 cm™, with a resolution

0f 2.00 cm™.

2.1.4 Electrochemical Impedance Spectroscopy

EIS characterization was performed using a CHI® Instruments 660A potentiostat.
Screen-printed carbon paste silver electrodes with an active electrode area of 9mm”

were prepared in-house using a previously reported technique'.

The electrodes were initially dropcast with a layer of POT (10”M in chloroform) to

act as a transducer in order to aid the conversion of ionic to electronic conductivity”.

For the results obtained in chapter 3: 100 pL of the optode membrane mixture
composition to be analysed was dropcast onto the working electrode using a ImL
microsyringe. The optode membranes were then left to dry for one-hour, and finally

placed in their metal salt solutions overnight before analysis.

In order to obtain the impedance of the non-complexed membrane, the electrode in
question was placed in 6ml of a 0.IM KCI solution. K" is a soft, non-coordinating

cation, and with no reported complexation behaviour with [DCA]".

For the results obtained in chapters 4 and 5: 50 uL of the ionogel mixture to be

analysed was dropcast onto the working electrodes using a 1,000 uL. autopipette.
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The ionogels were then photopolymerised using the UV light source for a total period
of 10 minutes. All EIS measurements for these chapters were performed using 0.1M

KCl as the supporting electrolyte.

The impedance measurements were performed in the frequency range of 1 MHz to
0.01 Hz with a perturbation signal of 100mV. The reference electrode used was an

aqueous Ag/AgCl (CHI® Instruments 111, surface area: 3.14 mm?).

A platinum wire electrode (CHI® Instruments 115, surface area: 3.14 mm?) was used
as the counter. A nF capacitance shunt was used to reduce high frequency noise. All

measurements were performed in triplicate.

2.1.5 NMR Spectroscopy

'H and *'P NMR spectroscopy was performed using a Bruker Avance® spectrometer
(400 MHz.). CDClI; was used as the solvent in all cases and was used as purchased
from Sigma-Aldrich® Ireland Ltd. Approximately 10 mg of sample per 0.7ml of
deuterated solvent was used. Spectra were run at 30 °C and were calibrated with

residual protonated solvent peak (i.e. CHCl; in CDCls).
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2.1.6 Photo-Patterning of Polymer Gels
2.1.6.1 Direct UV Laser Writing

Fabrication of the photopatterned structures was carried out by UV exposure using the
direct laser writing process. The laser writing system comprises a He—Cd laser
(Kimmon Electric Co. Ltd, A = 325 nm) and a computer controlled two-axis linear
motor system. The co-ordinated movement of both axes of the linear motors moves
the polymer gel thin film beneath the stationary laser beam polymerizing the film as it
moves. This permits the direct imprinting of any desired pattern in the sol-gel. The
speed of movement of the sol-gel coating beneath the laser beam was maintained at a
constant 0.6 mm/s throughout all experiments. In order to evaluate the photoreactivity
of the polymer gels, simple photopatterned lines were written over a range of UV
energy densities (from 100-2200 mJ.cm ?). The laser beam energy was controlled by
a computer controlled acousto-optical modulator, which is synchronized with the
linear motors through a custom-written Visual Basic user interface. After UV laser
writing, the samples were rinsed in 1-butanol for 20 seconds in order to etch
unexposed regions of the coatings, thus revealing the photopatterned sol-gel

microstructures.
2.1.6.2 2PP Microstructuring

For the experiments conducted in chapters 5 and 6, a Ti:sapphire laser (Chameleon,
Coherent) delivering pulses of 140 fs duration at a repetition rate of 80 MHz and a
central emission wavelength of 780 nm was used. A 100X microscope objective lens
(Zeiss, Plan Apochromat, N.A. = 1.4) was used to focus the laser beam into the

volume of the photosensitive material.
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2.1.7 Raman Spectroscopy

Raman spectroscopy was performed using a Perkin Elmer Raman Station 400F®.
40 scans were performed in the spectral range of 600 to 4,000 cm™, with a resolution
of 2.00 cm™. Each spectrum was obtained with a total laser exposure time of 10

seconds, with a total of 20 exposures in each case.

2.1.8 Spectroelectrochemistry

Spectroelectrochemistry was performed using a Cary 50 Probe® UV/Vis

spectrophotometer and a CHI® Instruments 660A potentiostat in tandem.

For chapter 4: The experiments were performed on all solid state devices based on
ITO. The specifics of the device fabrications are discussed accordingly in sections

4.3.6 and 4.4.3.

For chapter 6: The experiments were performed using KCI (0.1M) as the supporting
electrolyte. The reference electrode used was an aqueous Ag/AgCl (CHI®
Instruments 111, surface area: 3.14 mm®). A platinum wire electrode (CHI®
Instruments 115, surface area: 3.14 mm?) was used as the counter. ITO (to which the

ionogel was photopolymerised) was used as the working electrode.
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2.1.9 Solid-State Electrochromic Device Experiments

Solid-state electrochromic device experiments for experiments performed in sections
4.4.5 and 6.4.5 were performed using a Isotech IPS1603D D.C. power supply, using

an incident perturbation voltage in the range from 1 to 3 V.

2.1.10 Spincoating

Spin-coating was performed using a Laurell WS-650S® spin-coater, at a speed of
1000 rpm under an alcohol saturated environment. The purpose of spin-coating in an
alcohol saturated environment is to control the kinetic of evaporation of the solvents
during the deposition process, thus obtaining high optical quality and homogeneous
thin films. For this purpose, the spin-coater was adapted to receive alcohol saturated
N, which was produced by flowing nitrogen through sealed flasks containing IPA.
Also, the introduction of N; into the spin-coater significantly reduces the levels of
atmospheric humidity present during spin-coating (relative humidity was typically

reduced to <10%).

2.1.11 Thermogravimetric Analysis

TGA analysis was conducted using a TA Q50® in a flowing dry N, atmosphere
(50 mL / min.) between 25 and 800 °C with a heating rate of 10 °C / min.
Sample sizes ranged between 10-20 mg. The instrument was calibrated using the curie
points of four reference materials, Alumel, perkalloy, iron and nickel. Platinum pans

were used in all experiments.
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2.1.12 UV/Vis Spectroscopy

Unless specified, all UV/Vis absorption spectra were obtained using a Perkin Elmer

Lambda 900 UV/Vis/NIR® spectrometer "

All spectra were obtained in the wavelength region spanning from 300 to 900 nm at

200 nm/minute, using a 1 nm data interval.

"The spectra obtained in figure 3.2 were obtained using a pQuant® plate well reader,

under the same experimental parameters.

2.1.13 WRF Conductivity Analysis

WREF conductivity analysis measurements were performed using an A PCIS-3000 10-
95 6536® radio frequency detector (Detection Systems, Melbourne, Australia).
All measurements were performed at 83.18 kHz, the speed of the carousel was kept at

8.9 metres per minute.

The individual membranes to be analysed were initially cut to a 10 x 20 mm strip.
The film strip was then placed onto a non-conducting glass slide and placed inside a
polystyrene container. In order to improve the accuracy of the reading, the strip was
aligned  vertically = with  the signal vector from the instrument.
To further improve the accuracy of the measurement all samples were allowed to pass

through the electrode channel 5 times.
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2.1.14 XRF Measurements

XRF measurements were performed using the Thermo NITON® portable XRF
analyser, using the standard thin film mode. In order to improve the accuracy of the

measurement batch readings of 3 x 180 seconds were performed.

2.2 References

1. A. Morrin, A. J. Killard and M. R. Smyth, Analytical Letters, 2003, 36, 2021-

2039.

2. J. Bobacka, A. Ivaska and A. Lewenstam, Electroanalysis, 2003, 15, 366-374.
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Chapter 3

2-component optode
membranes based on a
multifunctional ionic liquid
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3.1 Abstract

This chapter is based on simplifying the design template of an optical sensor through
the multifunctionality imparted on it by an IL. The IL simplified polymer gel is
termed an optode within this chapter as (a) it is prepared the same manner as optodes,
(b) the IL performs many of the same functions as previous materials used in optode
design and (c) the analyte or ion movement between the aqueous and organic phases
follows the same convention for optodes.

The 2-component optode membrane is capable of generating three distinct colours in
the presence of Cu>" and Co”" ions. It has been found that the IL [Ps6.14][DCA] can
act as plasticizer, ligand and transducer dye when used in PVC membranes, which
significantly simplifies the optode membrane cocktail.

Upon exposure to an aqueous Cu”" solution, a yellow colour is generated within the
membrane, while exposure to aqueous Co>" solution generates a blue colour.
Exposure to a solution containing both ions produces a green colour.
Vibrational spectroscopy has been used to investigate the molecular basis of the IL-
metal ion binding mechanism. Analytical characteristics of the membranes including
the effect of interfering ions, binding constants and the limit of detection for both ions
have been estimated. A case of simultaneous dual-analyte recognition is presented
based on two distinct absorption maxima.

The inherent conducting properties of the IL membranes are then investigated as a
possible detection channel using WRF. WREF is a novel detection technique, which
monitors the conductivity of a given sample wirelessly, allowing non-contact
detection and measurement of IL-PVC membranes. The various co-ordinated

membranes produce a discriminatory drop in the resulting signal, which is a direct

75



function of the specific metal ion (Cu®”, Co®" or a mixture) co-ordinated to the IL.
The results of the novel WRF technique have been validated principally by EIS;

whilst XRF is used to elucidate both WRF and EIS trends.

3.2 Introduction

The vast majority of chemical sensors are based on a ligand that selectively binds an
ion of interest. The ligand is typically incorporated within a polymer matrix,' or
directly immobilised on the surface of a transducer”. In addition to a suitable ligand,
polymer membrane-based chemical sensors normally require an ion-exchanging salt,
and if detection is performed using optical spectroscopy, a chromo-responsive dye.
There has been great interest in simplifying these chemical sensor cocktails, for
example, through the development of plasticizer-free matrices,” * covalent attachment
of active sensing components to polymer backbone®, and improving the lipophilicity
of sensing components®®.

Whilst the development of smart materials designed for more sophisticated chemical
sensing templates is still ongoing ** '°, the engineering of new sensing instrumentation
and on how the information is retrieved is actively pursued in parallel'” '2. The
development of new sensing materials seems to be based on the use of single

13, 14
» 7 and

molecular probes capable of simultaneous determination of multianalytes
also on simultaneous detection via multiple detection channels inherent to the material

studied V.
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At the same time, the instrument used for detection should be non-invasive on the
sample, and be capable of performing multiple analyses in a short space of time.
Combining these efforts represents an obvious incentive to improve many aspects of
chemical sensing, such as in the remote, autonomous monitoring of analytes ' .
Interestingly, utilization of more universal components that employ several roles
thereby reducing the actual number of active components whilst retaining the
membrane functionality has not been explored much, perhaps because of the lack of
suitable materials.

[Ps66.14][DCA] was identified as an IL capable of fulfilling multiple roles in
polymeric optodes thereby dramatically simplifying their composition.
First used to impart low viscosity in a new generation of ILs ** *', [DCA] had
previously been termed a pseudohalide that behaves as a ligand capable of binding to
a variety of d-block elements (most notably Cu®", but also Co>", Mn®" and Fe”")****.
This co-ordination chemistry has been utilised in order to demonstrate simultaneous,
dual analyte recognition using a very simple, two component (polymer and IL) optical
sensing membrane in “proof of concept” experiments.

This concept is then expanded to incorporate the use of IL’s in polymeric membrane
based sensors capable of generating optical and electrochemical signal responses.
The WRF detection instrument used in this study works particularly well for solid
state, conductive samples. A signal is produced that is a direct function of the ability
of the solid material to facilitate an electrical conductivity through ion movement.
It has the required sensitivity, is non-invasive on the sample to be analysed and is

capable of batch analyses in short spaces of time”.
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The WREF instrument produces a signal in arbitrary units; its response has been
validated principally by EIS. The level of ion coordination within the respective
membrane has been characterised XRF; which allows the reader to clucidate both

observable trends in the WRF and EIS results.

3.3 Experimental

3.3.1 Chemicals and materials:

PVC, POT, Cu(NOs),, Co(NOs),, Potassium Chloride, Europium (III) Chloride,
Manganese (II) Chloride, Nickel (II) Nitrate hexahydrate and Aluminum oxide
(activated, basic, Brockmann 1) and were used as purchased from Sigma-Aldrich®
Ireland Ltd.

[Ps6.6.14][DCA] was generously donated by Cytec® industries. Further purification
was achieved by washing with both water and hexane, and by column cleansing with

. )
basic alumina®®.
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3.3.2 Membrane preparation:

Both PVC and [Pe¢6.14][DCA] (1:2 (w/w)) were added to 2 ml THF and stirred until
dissolved. The membrane solution was then poured into a glass ring on a glass slide
held together by rubber bands. The resulting films were covered until THF fully
evaporated (approx. 24 hours).

For multiple analyses, 100pL aliquots of the cocktail solution can also be streaked
over a square, unsilanized microscope cover slide (2.2 cm wide) and again left to dry.
In order to generate the optical response, the membranes obtained were then exposed
to 500uL of the respective metal ion salt solution of desired concentration for 30
mins. The salt solution was then removed using a pipette and dried overnight at 40°C,

leaving the desired colour free for analysis.
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3.4 Results and Discussion

3.4.1 Initial IL complexation

In order to examine the co-ordinating abilities of [Psge14] [DCA], it was initially
exposed to salts of Cu(NO3), and Co(NOs), independently. This resulted in a strong
yellow coloration of the IL in the presence of Cu(NO3),, and a deep blue coloration in
the case of Co(NOs3),. Furthermore when [Pgs¢.14][DCA] was exposed to an equal
mixture of both ions a green colouration was observed due to the co-existence of the
two coloured complexes, indicating simultaneous binding of both Co®” and Cu®" ions.

The individual colours are depicted in figure 3.1 below.

Figure 3.1: From left to right: 1L, IL + Cu(NOs), (yellow), IL+ equimolar mixture

(green) and IL + Co(NOs3); (blue).
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In order to document to change in optical properties, UV/Vis absorption spectra were

obtained using a pQuant® plate well reader. In both cases the spectra were obtained

by adding 500ul. of a 0.IM respective metal salt solution to 500uL of

[Ps6.6.14][DCA]. The aqueous layer was removed by leaving the plate well in an oven

overnight at 60 °C (Figure 3.2).
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Figure 3.2: The UV/Vis absorption spectra obtained for (i) [Peee6.14][DCA], (ii) the

co-ordinated sample and (ii1) the original aqueous metal salt solution. (a) represents

the spectra involving Cu®" and (b) represents those occurring with Co”".

[Ps6.6.14][DCA] was found to observe an absorption maximum at 346 nm, upon

complexation to Cu®" this maximum undergoes a red shift to 370 nm characteristic of

the yellow colour. A red shift was also observed upon complexation with Co”", in this

case the new maxima was observed at 600 nm.
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3.4.2 Vibrational Spectroscopy Analysis

The next step was to explore the role of the IL in the complexation process. For this,

both IR and Raman Spectroscopy were employed.
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Figure 3.3: (a) and (b) The IR spectra obtained for (i) [Peee14][DCA], (i1)

[Ps6.6.14][DCA] exposed to metal salt and (ii1) the aqueous salt solution, (c¢) and (d)

The corresponding raman spectra obtained for three distinct species.
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Figure 3.3 (above) shows the region in the vibrational spectrum where the
contribution of the asymmetric nitrile stretch of the anion occurs® "

In all four cases the spectra depict the following: (a) the initial stretch of the IL before
complexation (vpa/cm™ ~2125), (b) the effect of co-ordination of the metal ion to the
IL and (c) the spectra of the metal ion aqueous solution.

The IR and Raman co-ordination spectra of nitrile based complexes have been the
subject of previous reviews by Nakamoto’' and Griffith®*, and further specialised
work by Friedrich®. A feature of the spectrum that is agreed upon by all is that the
initial nitrile stretch is substantially reduced upon co-ordination, along with the
formation of a new stretch at higher frequencies.

The degree of this new stretch is a direct function of the electronegativity of the
complexing metal, with increasing metal electronegativity resulting in new stretches
at higher frequencies®'. Figure 3.3 clearly shows that upon co-ordination a new band
appears at Vma/cm™ 2162 (for Cu-DCA) and via/cm™ 2166 (for Co-DCA), which can
be attributed to the impact of ion-binding on the nitrile stretch.

It 1s important to note that similar effects were not observed upon addition of other
ions such as H, K*, Eu’", and Mn?", suggesting that [DCA] does not complex these

ions.
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3.4.3 Membrane preparation

In view of these encouraging results, the possibility of preparing a polymer
membrane-based optode using polyvinylchloride (PVC) as a polymer and the IL as a
plasticizer was explored. The membrane composition was 33% wt PVC and 66% wt
[Ps..6.14][DCA], a composition typical of PVC-plasticizer-based optodes™.

However, it was expected that the IL would fulfil multiple roles — membrane
plasticizer, ion-complexing ligand and indicator/transducer dye — thereby simplifying
the platform by significant reduction of active components. The resulting membranes
were transparent, homogeneous and approximately ~10 um thick.

Exposure of the membranes to the respective metal ion solutions yielded the same

colours as obtained with the IL (Figure 3.4).

Figure 3.4: Two-component IL-PVC polymeric optode membranes capable of

generating 3 distinct optical responses.
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As the migration of ions into polymeric optode membranes can occur via one of two

.. . . . 4-
distinct mechanisms, co-extraction or ion-exchange’*

, 1t is important to determine
which is occurring in the case.

Ion-exchange mechanisms typically involve the deliberate addition of an ion-
exchanging salt, which facilitates ion transfer between both phases. These so called
“ionic sites” are typically composed of an organic, lipophillic ion and a mobile
counter ion. The charge of the mobile ion is dependent on the charge of the target
analyte. For the cation exchange process the target analyte initially enters the organic
phase whilst at the same time the moblie counter ion of the ionic sites migrates out in
order to preserve the membrane charge balance.

In contrast, the co-extraction mechanism involves simultaneous extraction of the
target ion and its counter ion from the aqueous phase into the membrane to preserve
charge balance. If the anion from the IL serves as a charged ionophore and binds to a
sample 1on, the ion-exchange mechanism would only be possible if the cation from
the IL migrates into the solution.

This mechanism clearly cannot be the case in our system, since the high lipophilicity
of the high molecular weight tetraalkylphosphonium cation would not allow it to

partition easily into the aqueous phase. Therefore, in this work co-extraction is

assumed as the prevailing mechanism of ion transfer.
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3.4.4 Response times

The response time for these membranes is given by the time necessary to achieve a
uniform concentration of optically relevant components. Diffusion of ions into the

membrane phase is usually the limiting process. The time needed to achieve 95% of

the signal is given as:

d2
fyoy = 1135 G.1)

Where d is the membrane thickness and D is the diffusion coefficient of the ion-
ligand complex in a typical PVC-plasticizer based membrane species. With a
membrane thickness of 10mm and a typical D=10%cm%/s the toso, response time

should be approximately 100 seconds®*.
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Figure 3.5: Response times obtained for Copper (left) and Cobalt (right)

complexation.
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Figure 3.5 shows the response of PVC-[Pg¢6.14][DCA] based membranes that have
been exposed to 2 ml of 0.1M Cu(NOs), (left) and Co(NOs), (right) solutions

respectively.

The results of the device thickness analysis can be found in figure Al, yielding an
average thickness of 120 um = 6.6 um. The response values obtained for toso, are 460
+ 14 seconds for Cu®” and 510 = 13 seconds for Co’". As the membrane is
approximately an order of magnitude higher in this case, the response times obtained

are within acceptable levels.

3.4.5 Calibration of response, limit of detection estimation

In order to determine the limit of detection for both analytes, individual membranes

were exposed to a series of Cu”" and Co®" solutions and measured the UV/Vis

absorbance at the maximum absorbance wavelength (370nm for Cu®" and 600 nm for
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Figure 3.6: Calibrated response curves obtained for Cu’" (a) and Co*" (b)

complexation.
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The limit of detection was calculated by first obtaining the standard deviation of three
blank membrane measurements, and then by adding three times this value to the
absorbtion of the blank membrane at the individual complexation absorbtion maxima.

By fitting this value to the equation of the line of the calibrated response, the limit of
detection for Cu-DCA was estimated to be 7.62 x 10* M and 2.91 x 10* M for Co-

DCA.

3.4.6 Estimation of stoichiometry and binding constants

The binding constants for both ions were calculated using a series of equations based

on a previously reported theory®”**.

In these equations; a represents the ratio between both the free and initial ligand

concentrations (equation 3.2).

o L e = 4) (3.2)

[Lmt ] (Acnmplexed - Auncompl@xd)

Acomplexea Values were obtained from a series of membranes exposed to metal ion salt
solutions (concentrations were the same as for calibration curves). Auscompiexed Was
obtained by measuring the absorbance of a blank membrane prior to exposure to
metal salt solution, and 4 was obtained by measuring the absorbance of the original

metal ion .
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By plotting o against the logarithmic concentration of metal ion present, both the

binding constant and stoichiometric ratio can be estimated.

n+m l-a
[M™]" = oty el on
nK[L, " «

(3.3)

Equation 3.3 was used to determine the results one would obtain from model
stoichiometries; i.e. M1:L1, M1:L2 and M2:L1 (M= metal, L = Ligand)) and these
have been plotted against the experimentally obtained values (black dots). In this case
[M"]" represents a metal ion of charge n, and K can be defined as the equilibrium

constant of metal-ligand complexation.
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Figure 3.7: Response parameter a as a function of logarithm of Cu®" (a) and (b) Co*"

concentration.
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Counter-intuitively, the best fit is obtained in the case when M=2 and L=I i.e. two
metal ions for every [DCA] binding site which represents an obvious charge
imbalance.

One possible explanation is that this reflects the complex binding nature of the ligand.
High delocalization of charge across [DCA] results in many possible binding modes,
with Batten ef al. stating that up to 8 mono, bi and multidentate co-ordination modes
have been reported”. This rich binding diversity has led to [DCA] being used as a
bridging ligand in chain structures, in various 1,2 and 3-D co-ordinated networks*" *!
and in topologies exhibiting magnetic properties*, with some unusual and unexpected
binding modes also reported in the latter case®™. Therefore, the unusual binding
stoichiometry obtained here is not as surprising as would initially seem to be the case.
The binding constants obtained by fitting the aforementioned curves with

experimental data were log K = 2.25 and log K = 2.17 for the Cu*" and Co*"

complexes, respectively.
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3.4.7 Effects of interfering ions

To explore the relative affinity of [DCA] for Cu*" and Co®", and its selectivity against

. . . .. . 2+
other cations, a series of membranes were exposed to solutions containing either Cu

or Co”", and the competing ion in a 1:1 (vol. /vol.) mixture. The concentration of both

ions in the mixture were kept at 0.1M.

Absorbance (a.u.)

1

0.9 \ (a)

e o
N ®

0.6

o o
s 0

e o 9
m N W

o

300

400 500
Wavelength (nm)

—Cu 2+

600

Absorbance (a.u.)

e
0.12 1
0.1 1
0.08 -
0.06 -
0.04 -

0.02 -

== Cobalt
Eu 3+
H+
K+
Mn 2+

500

550

600 650 700
Wavelength (nm)

Figure 3.8: Interference spectra obtained for Copper (left) and Cobalt (right)

complexation.

The potential interference effects measured were the effects of pH, monovalent

cations, other d-block elements such as Ni*" and Mn”" with which [DCA] has been

reported to bind, and a trivalent lanthanide cation.

From Figure 3.8 (above) it can be seen that, of the interferents screened, a reduction

. . . . .o D+
in the absorbance occurs in each case, and the order of influence is similar (N1

>>H">>Mn>">K'~Eu’"). The effect of potential interfering ions was much smaller in

2+ - 2+ .
the presence of Cu” ions, than for Co” ions.
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Although the binding constants obtained are similar, the calculated exctinction

coefficient for Cu®" complexes is much higher, which explains the less dramatic

interference effects.

One result to note is the substantial interference arising from Ni*" in both cases. As

stated previously, Ni*" has been reported as forming complexes with [DCA]?*. The

addition of a Ni*" to the IL- based membrane however, produces no notable colour

which opens the door for an alternate detection technique; and will be discussed

accordingly later in this text.

3.4.8 Dual analyte recognition

Interestingly, even though the interferents screened above do, to a greater or lesser

extent, reduce the spectral absorbance, they do not generate new absorbance peaks.

Given the fact that the complexes formed absorb at two distinct regions in the visible

spectrum, the possibility of generating a dual analyte sytem capable of measuring a

series of mixtures of both ions was explored.
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Figure 3.9: Dual-Analyte recognition based on two absorption maxima.
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The results of these experiments are shown above in Figure 3.9. In both cases the
concentration of one ion in the original mixture is kept constant, while the other in
incrementally increased. This allowed for an inverse relationship to occur at both
absorption maxima, in both cases.

The change in absorbance at the characteristic wavelength for each of the involved
ions originates from competition for the same ligand and displacement of bound
cations by the competing cation. The great importance of this finding is that this two
component system is effectively self-indicating. It clearly shows whether ions of

interest are present as individual or as a mixture without the need to add a dye.

3.4.9 WRF detection

The WRF detector system used in this study utilises radio frequency technology in
order to obtain the conductivity of a sample as it passes through a defined point.

This point is the transmitting electrode, which passes a low voltage, low-frequency
AC signal toward a receiving electrode wirelessly. The sample to be analysed is
housed in an insulating polystyrene based container, which is then placed on a
miniature conveyor (Figure 3.10 (a)).

The insulating container with the sample placed inside is then allowed to pass through
the electrode channel where it is processed and analysed via a PC. It has been used to
great effect previously for the wireless detection of acetic acid and ammonia vapour

using ink-jet printed polyaniline dispersions *°.
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Figure 3.10: (a) The WRF instrument used in this work. The sample to be analysed is
placed in the insulating material (centre) and passed along the green carousel through
the detection channel containing the transmitting and receiving electrodes, (b) signals

obtained for membranes containing PVC:IL (1:2).

Figure 3.10 (b) shows the results obtained for a set of membranes containing a
component ratio of 2:1, IL: PVC. Firstly a “blank” membrane (i.e. no metal ion
exposure) was allowed to pass through the electrode channel. Next, three membranes
individually exposed to (a) Cu*", (b) Co®" and finally (c) a solution containing a
mixture of both ions were then allowed to pass through the electrode channel.

One can see from this result that the response obtained for the blank membrane (bold,
dashed line). It demonstrates that this membrane is indeed electroactive (due to the
presence of the IL) as the WRF instrument proved capable of detecting it as it passed

through the electrode channel.
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What is also interesting to observe is the signal reduction seen for the respective co-
ordinated membranes, which ultimately means that they have become less conductive.
This downward trend is most likely due to ion transfer and co-ordination of the metal
ions to [DCAYJ’; as previously discussed. The coordination results in neutralisation of
the ligand and a drop in conductivity. The observed signal trend is Cobalt > Mix >
Copper which is directly related to the level of ion transfer and co-ordination within

the membrane; which will be discussed later in this text.

Some features inherent to this technique are so called “edge effects” which occur as
the sample container first enters and leaves the electrode channel. These signals occur
as the dielectric constant of the insulating housing material changes upon initial and
final contact with the voltage vector.

This, coupled with the signal produced from the conductive strip, means that the
graph obtained is an effective picture of the dimensions of the container as it passes

through the channel, with the conductive sample housed safely inside.
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3.4.10 Electrochemical impedance spectroscopy

WREF detection is a novel technique producing peak heights of arbitrary units, and
therefore its results must be validated appropriately. For this purpose EIS was
employed, as this provides an independent estimation of the sample conductivity in

S/cm.
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Figure 3.11: The Nyquist plots obtained for membranes containing PVC :IL (1:2).

Figure 3.11 shows the results obtained from Nyquist analyses of the membranes on a
working electrode. When expressed as a complex number, the Nyquist plot is used to
depict the relationship between Z’ and -Z’’ components of impedance.

The resulting x-axis intercept is used to determine the Rcr of the membrane, which is

then easily converted to the corresponding conductivity via the equations:
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G=1/R (3.4)

o=GL/A (3.5

where G is the conductance, R is the resistance, ¢ is the conductivity, 4 is the cross
sectional area of the working electrode and L is the estimated thickness of the

polymer membrane on the electrode ***°.

The screen printed, in-house electrodes used have a cross sectional area of 9mm?® /.
In order to estimate the average thickness of the membrane; the Mitutoyo®
micrometer calibrated to a resolution of lum was used and yielded an average

thickness of 0.111mm across 7 electrodes. Table 2.1 provides a summary of the

results obtained.

Membrane: Rer: (2) o: (S/cm)
Blank 3738 (131) 33x 107
Cobalt 14550 (664) 8.49x 10°°

Mix 15840 (212) 7.8x10°
Copper 16615 (247) 7.44x10°

Table 3.1: Resistance of charge transfer and conductivity values obtained via EIS

analysis for membranes with component ratio 2:1, IL: PVC.
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One can see from both Figure 3.11 and table 2.1 that the impedance of the metal ion
co-ordinated membranes has increased. Here the trend is inverted from the previous
result obtained. EIS is therefore an effective validation of the novel WRF instrumental
result; whilst also providing an independent estimation of the increase in response

seen.

3.4.11 XRF measurements

It 1s proposed that the inverse trends seen must be related to the level of co-ordination
within the membrane. In order to confirm this; XRF was then finally used. Previous
optical characterisation shows (figures 3.8 and 3.9) that whilst [Ps, ¢ 6, 14] [DCA] is
capable of binding to both Co*" and Cu®", its preferentiality is toward Cu®". Again for
this analysis, membranes containing the same component ratio were analysed and the

metal salt solutions concentration were also kept constant.
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Figure 3.12: XRF spectra obtained for membranes with component ratio 2:1, IL:

PVC.
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Figure 3.12 (above) depicts the spectra obtained; the first feature to note is that the
peak height obtained for chlorine is approximately the same for all 4 membranes. This
illustrates that the ratio of PVC is indeed kept constant for all measurements, and so
acts as an internal standard. The peaks for both Cobalt and Copper are also labelled, it
can be seen that the peak height is considerably higher for Copper over Cobalt, which
is indicative of the binding preferentiality of the IL.

The peak heights obtained for the mixture are also labelled; they are, of course lower
than those obtained for the pure ion solutions. The reduction in peak height is more
dramatic for Cobalt over Copper, and given that the initial metal salt solution
contained a volume ratio of 1:1, Co*:Cu’’, further strengthens our binding
preferentiality argument.

By examining the case of Cu®" co-ordination; the trends observed from the three

. . . 2+
imstrumental techniques can be summarised as follows: Cu

exhibits the highest
binding preferentiality to the IL (XRF), thereby producing the lowest WRF signal and
the highest EIS response. The opposite then applies for Co®” co-ordination with the

mixture inevitably in between.
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3.5 Conclusion

This chapter effectively demonstrates how the multifunctional properties of an IL
form the basis of a simple, 2-component ion-sensing membrane. [Psg614][DCA]
fulfils roles as a diverse ligand, transducer dye and plasticiser; whilst the binding
mechanism eliminates the need for an ion-exchanger.

Exposure of the membranes to a Cu’" salt produces a yellow colour with an
absorption maxima at 370 nm, whilst exposure to a Co”" salt produces a blue colour
with an absorption maxima at 600 nm. The diverse nature of the ligand, plus the
distinct absorption maxima of the two individual complexes allowed a series
membranes to sense various mixture of the two salts combined.

The IL based membranes also act as electroactive materials which - when co-
ordinated to heavy metals - provide a measured sensor response. The use of WRF
technology effectively demonstrates this concept, whilst the validation experiments
successfully explain how 3 differing techniques definitively summarise the inherent
co-ordinating chemistry of these membranes.

In this case the IL based polymeric optodes are again capable of discriminatory co-
ordination of the heavy metals Cu2+, Co*" and both ions in a mixture, which produces
an equal discriminatory conductivity decrease in the WRF signal. By documenting the
inverse trend of impedance, this novel conductivity result has been validated.
Both the WRF and EIS trends were then easily explained by studying the level of ion
transfer and the co-ordinating preferences of the IL ligand [DCA]J.
This was achieved by quantifying the amount of metal present in the membrane using

XREF.
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The somewhat modest limit of detection, and the interferent effect of other ions does
highlight the need for improvement if ILs are to be used to sense these ions in real
scenarios. In view of the relative ease of synthesis of ILs, the relative ease of

incorporating specific functionality into ILs*® *’

, and the availability of charged
ionophores*° for a wide range of analytes; there is now considerable potential to

generate very effective sensing membranes tuned for specific analyte.
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Chapter 4

An electrochromic ionic
liguid: design,
characterisation and
performance within a solid-
state device
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4.1 Abstract

The focus of this chapter is built upon the ideology explored in chapter 3, which is to
use an IL as an agent that performs multiple roles within a device. However in this
case a synthetic route is employed that yields an IL as a key component in an
electrochromic device. A device based on two individual components is achieved
through the synthesis of an electrochromic IL that also acts as the supporting

electrolyte between two electrodes.

This work therefore describes the synthesis and characteristics of a novel
electrochromic IL based on a phosphonium core tethered to a viologen moiety. When
integrated into a solid-state electrochromic device, the viologen modified IL behaved
as both the electrolyte and the electrochromic material. Device fabrication was
achieved through in situ photo-polymerisation and encapsulation of this novel IL
within a hybrid sol-gel. Important parameters of the device performance, including its
coloration efficiency, switching kinetics and optical properties were characterised
using UV/Vis spectroscopy. Despite the rather viscous nature of the material, the
device exhibited approximately two orders of magnitude faster switching kinetics
(221 seconds to reach 95 % absorbance) when compared to previously reported

electrochromic ILs (18,000 seconds).
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4.2 Introduction:

Electrochromic materials have the ability to switch between two distinct optical states
as a function of the voltage applied” *. In order for this phenomenon to occur, the
molecule in question must exist in at least two redox states, where the change in redox
states results in a change in the optical properties of the molecule.

In order for a material to be considered electrochromic, it must adhere to equation 4.1:

An , Bn-l
VL I WS

@.1)

Where A and B are two distinct chemical species with redox states of n and n-1
respectively. The electron mediated equilibrium yields the absorption maxima A; and

A\, respectively.

The usual mode of fabrication involves immobilisation of a suitable polymeric
substrate between two electrodes’. Typically, the polymer requires a plasticiser to
produce a flexible film, and a suitable electrolyte in the form of a lipophilic salt in

order to facilitate charge transport”.

The electroactive chromophore is usually doped within the material in order to form a
fully functional solid-state device that will change its colour in response to a voltage”.
In fact some systems can contain complementary anodically and cathodically
colouring electrochromes in which the redox chemistry occurs at both electrodes
respectively® ’. In their most complex form therefore, these devices can contain up to

six individual molecular components.
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Efforts at simplifying these systems have seen some electrochromes covalently
attached to the polymer backbone® or to the electrode itself’. Other approaches have
focused on m-conjugated conducting polymers, which can conduct current and exhibit
electrochromic traits'’. However, examples of these polymers with negligible residual

. .. . 11
absorbance in the visible region are rare .

Arguably the most popular choice of organic electrochromic materials are the
viologens'?. These bipyridinium ions undergo a reversible one-electron reduction to
switch from a dicationic to a monocationic radical state'. This process promotes a
high transmittance change in the visible region whilst the kinetics of electron transfer
between the two states has been shown to be in the order of seconds'®. Further
reduction to a quinoid-based state can be achieved but is undesirable as this state is
colourless and has shown to be irreversible in some cases'>. The optical properties of
the monocationic form' and the particular potential at which the redox chemistry
occurs'® can be altered by quaternising the pyridine centre with differing
electrophiles. A general overview of the three-redox states observed for viologen

compounds is presented in scheme 4.1

S) S) S)

X _ _X te _ _X +e _ _
R-N® ®N-R R-N ° ®N-R = R-N N-R
7\ o T\ -e /=
Vv2+ \Vas \Y/
Colourless Blue Colourless

Scheme 4.1: The two step (I, II) redox equilibria of the viologen species. “R” is used

to represent the quaternizing agent and X" denotes the counter ion.
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The ability to tailor the properties of an IL to suit a particular need by addition of a
specific functional group offers fascinating possibilities for materials science. Liquids
can be designed that exhibit all of the favourable properties of ILs as discussed and
possess the previous chemistries of the functional group. To this end recent

17,18

publications describing the syntheses of photo'” '*, magneto and electrochromic'® ILs

have been described.

For the latter case involving electrochromic ILs, coloration switching kinetics were
reported to be as high as 300 minutes. If ILs are to be used as efficient coloration
materials for electrochromic devices then this response time clearly must be improved
upon. Indeed the onset of ionogels as popular materials of choice has stimulated
investigations of their use in electrochromic systems. In these studies the
electrochromic material is doped within the 1onogel which is then used to facilitate the

current needed for the colour switching redox process within the polymeric device™

21

The goal of this work is to simplify the composition of an electrochromic device
through combining the properties of the viologen molecule with a phosphonium based
IL. The dual functionality of the synthesised IL sees it employed both as the
electrolyte and the electrochrome when encapsulated within a hybrid ionogel
sandwiched between two indium tin oxide (ITO) electrodes. The optoelectrical
performance of this device has been characterised and compared to a similar device
employing an ionogel based on a conventional phosphonium IL as the supporting

electrolyte in which the viologen is a dopant rather than covalently integrated.
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4.3 Experimental

4.3.1 Chemicals and Materials:

Trioctylphosphine and ([Ps¢614][Cl]) were generously donated by Cytec® industries.
The latter was purified in accordance with the techniques outlined in the previous

chapter (Section 3.3.1).

I-bromo-3-chloropropane, DMPA, ITO coated polyethylene, MAPTMS, MAAH,
AlO, POT and 1-heptyl-4-(4-pyridyl)pyridinium bromide (herein referred to as
“mono-alkylated viologen” (MAV)) were used as purchased from Sigma-Aldrich®

Ireland Ltd.

4.3.2 (3-chloropropyl) trioctylphosphonium bromide synthesis:

A conventional three necked round bottom flask and a pressure funnel was initially
acid washed, allowed to dry overnight at 100 °C, and then subsequently purged with
nitrogen for a further 20 minutes in order to create an inert atmosphere. The nitrogen
flow was facilitated using the right neck of the round bottom flask; the middle neck

was closed using a conventional rubber seal.

The synthesis was performed according to scheme 4.2. 8.25 g (2.22 x 10 mol) of
trioctylphosphine was added to the reaction chamber using a glass syringe, and

allowed to equilibriate to 100 °C for 20 minutes.
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3.85 g (2.44 x 10 mol) of 1-bromo-3-chloropropane was added slowly over 4 hours
to the reaction flask using the pressure funnel. The reaction was then allowed to
complete for a further 8 hours. Once complete the excess dihaloalkane was removed
using a high vacuum line. (3-chloropropyl) trioctylphosphonium bromide
([P3c18.88][Br]; where 3Cl represents the 3-chloropropyl group and 8 the octyl chains)

was obtained as a colourless oily liquid (8.15 g, 67.35 wt.% yield).

'"H NMR: 6y (400 MHz, CDCl3) 0.88ppm (9H), 1.2ppm (24H), 1.51ppm (12H),

2.17ppm (2H), 2.43ppm (6H), 2.8ppm (2H), 3.7ppm (2H).

3P NMR: (400MHz, CDCl;) 33.2ppm.
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Scheme 4.2: (i) Synthesis of (a) [P3cis53][Br] via quaternisation of trioctylphosphine
with a dihaloalkane, (ii) its subsequent secondary quaternisation with MAV to form

[Pv.s,s,8][3X] (b).
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4.3.3 Electrochromic IL synthesis:

The second step of the synthetic route is outlined in scheme 4.2 (b).
[Pscisss][Br] (2 g, 3.8 x 10™ mol) was dissolved in 15 ml of ethanol to which 1.4 g
(4.1 x 107 mol) of MAV was added and the reaction was left for 65 hours at 25 °C.
The ethanol was then removed by rotary evaporation. As [P3cisss][Br] was used as
the limiting reagent, re-dissolving in dichloromethane precipitated out the excess

MAV.

The electrochromic IL ([Pvsss][3X]; where 8 again represents the octyl chains,
V represents the tethered viologen moiety, and X represents the halide counter ions)
was filtered, dried by rotary evaporation and left under vacuum overnight. The final

product obtained was a yellow, highly viscous liquid (2.5 g, 73.5 wt.% yield).

'"H NMR: 6u (400MHz, CDCl3) 0.82ppm (12H), 1.23ppm (44H), 2.02ppm (5H),
2.3ppm (5H), 2.37ppm (2H), 7.69ppm (2H), 8.36ppm (2H), 8.8ppm (2H), 9.61ppm

(2H).

3P NMR: (400MHz, CDCl3) 32.28ppm.

4.3.4 Sol-Gel Synthesis:

For experiments involving the solid-state the direct photopolymerisation of a hybrid
sol-gel was employed as it is miscible with the ILs used and produces a flexible,
transparent film. The in-depth syntheses of these materials are the focus of chapters 5
and 6. For an in-depth discussion on the sol-gel preparation, please refer to section

5.4.2.
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For the purposes of this chapter it is used solely as an inert matrix that is easily photo-
polymerised between two electrodes, this forming the electrical seal for ion diffusion.
The gel prepared for the analysis undertaken in this chapter was of the stoichiometry:

10/0.5/0.5 (MAPTMS,AIO,MAAH).

4.3.5 lonogel preparation:

All ionogels were prepared according to scheme 2. In order to prepare the 2-
component ionogel for analysis; 40 mg of [Py gss][3X] was added to 60 mg of the
sol-gel solution. 3 mg (3 wt%) of DMPA was then added and the final ionogel

sonicated for 10 minutes to ensure a complete homogenous liquid mix.

The control ionogel was prepared as follows: 0.5 g (40 wt.%) of [Pee.6.14][Cl] was
added to 0.75 g (60wt%) of the sol-gel; followed by 38 mg (3 wt%) of DMPA and 22
mg of MAV(5 x 102 M). The control ionogel mixture was again sonicated for 10

minutes.

A brief schematic overview of the ionogel preparation with a graphic depicting the

polymerised gel can be seen in scheme 4.3.
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Scheme 4.3: Synthesis and photo-polymerisation of the ionogels used in this work.
The inset is a graphical illustration of the resulting ionogel i.e. a polymer network
with an encapsulated IL (represented by coloured circles). In device I the viologen is
covalently attached to the phosphonium cation (Scheme 4.3) whereas in Device II the

viologen is a dopant.

4.3.6 Solid-state device fabrication:

The solid-state electrochromic device was prepared by dropcasting 50 uL of the
ionogel onto ITO. In order to generate an electrical seal a second ITO layer was then
placed on top of the ionogel layer. UV light exposure for 5 minutes allowed

polymerisation and the seal to be formed.
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4.4 Results and Discussion

4.4.1 Synthesis of the electrochromic ionic liquid

The first step in the synthesis of the electrochromic ionic liquid was achieved by
allowing trioctylphosphine to undergo direct nucleophillic addition with a
dihaloalkane. As bromine is the better leaving group in this case the controlled
temperature of the reaction resulted in it becoming the counter ion of the new IL
formed. This left the terminal chloro group free to undergo a further reaction if

required.

NMR analysis identified the near 60 ppm shift from -30.78 ppm (phosphine) to 33.2
ppm (phosphonium) in the *'P spectra indicating the quaternisation reaction had
occurred (Figure A3 (v)). A complete summary of the NMR analyses can be viewed

in figures A3 (1) — (viii).

[P3c18.88][Br] is a colourless liquid at room temperature. Its thermal phase transitions
were investigated by performing a DSC ramp (figure 4.1 (a)) from -80 to 100 °C.
[P3c1s.88][Br] showed a glass transition only at -61 °C. This behavior is typical of
amorphous materials and is characteristic of tetralkylated phosphonium ILs** %.
The high thermal decomposition temperature of the IL is also in line with

phosphonium based ILs, the salt having a degradation range between 220 - 420 °C*’

(figure 4.1 (b)).
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Figure 4.1: Thermal properties of novel synthesized ILs: (a) DSC traces -80 °C to

100 °C, (b) Decomposition profile of ILs in the region of 25 — 800 °C.

The second step of the synthesis ([Pvss3][3X]) involved a secondary quaternisation
of [P3c1885][Br] with MAV. As the chloro group was left unreacted from the first step
it was used as the quaternizing agent thereby linking the phosphonium core to the
MAV. Subsequent 'H NMR analysis yielded the aromatic upfield signals
characteristic of the dipryidinium ions and the extensive alkylation of the
phosphonium core (Figure A3 (vii)). *'P NMR analysis showed no shift in the
previous signal, confirming the phosphonium centre remained unreacted(Figure A3

(viii).

DSC ramp analysis (figure 4.1 (a)) revealed that [Py sgs][3X] exhibits the same
thermal features of parent IL compound. A glass transition was observed at -57 °C,
and TGA analysis showed that [Py g5s][3X] degraded in 2 steps, at 218 °C and 418 °C
(figure 4.1 (b)). This may be due to the cleavage and degradation of the viologen
component followed by degradation of the phosphonium component at higher
temperatures. This behaviour has also been seen in previously published papers®.

A complete summary of the thermal data obtained is seen below in table 4.1.
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IL T, (C) Tiee ('C)
(a) 61 420
(b) -57 218, 418

Table 4.1: Thermal data obtained for [Pscigss][Br] (a) and [Pyvgss][3X] (b). T,

refers to the glass transition temperature and Tge is the decomposition temperature

(calculated using onset).

4.4.2 Infrared Spectroscopy:

Infrared spectroscopy was first used to identify any structural changes on a molecular

level. In order to construct a valid comparison the IR spectra of (i) [Pscigs8][Br] , (i1)

MAYV and (ii1) [Py 33 3][3X] were obtained and are shown below in figure 4.2.

— (i) [P 3€1,8,8,8][Br]
—(ii) MAV
— (iii) [P V,8,8,8][3X]

1700 1650

1600

1550

Wavenumber (cm-1)

100

1500

Figure 4.2: Comparative IR spectra obtained for (i) [P3cis5s][Br]; (i1) MAV and (iii)

[Pv.s,88][3X].
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The spectra were baseline corrected in the region between 1700 and 1900 cm™, as
there is no activity for all spectra in this region until the alkyl chain contributions at

~2900 cm™.

The presence of the viologen moiety within [Py ggs][3X] is attributed to multiple
stretches between 1500 and 1700 cm™ which are assigned to various C-C and C-N
modes within the pyridinium ring® *°. These assignments are justified as the spectra
for MAV (which contains the same heterocycles) exhibits the same stretching

characteristics at the same frequencies.

This serves to validate the presence of this moiety within the [Pyggs][3X] as no

activity is observed in this region of the [P3c1533][Br] spectrum.
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4.4.3 Fabrication and spectroelectrochemistry of electrochromic devices:

Spectroelectrochemistry was performed by connecting the fabricated devices to a 2-
electrode cell (which was controlled by a potentiostat) in the light path of the UV
spectrometer. Results obtained with the new electrochromic ionogel (Device I) can be

seen below in figure 4.3.
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Figure 4.3: (a) Cyclic voltammogram (Scan rate: 100 mV/Sec) obtained for
[Pv.sss][3X] as part of the electrochromic ionogel. (b) the UV/Vis absorbance spectra
obtained for both oxidised and reduced states of [Pygss][3X] as part of the

electrochromic ionogel.

From figure 4.3 (a), the expected redox chemistry of a system containing di-
quaternised pyridinium ions is observed (i.e., two reduction potentials observed at -
0.84 and -1.21 V, respectively). These redox couples are the inherent electron

mediated equilibria of di-substituted viologens as discussed previously.

122




As the sol-gel matrix can be viewed as an insulating material, ion movement typical
of a solid-state electrolyte must then facilitate the current needed for these redox

processes. However in this case, the electrochrome is also the electrolyte.

When the applied potential to the electrochromic device is maintained at (-0.84 V), a
dark navy blue colour with a An. at 610 nm is generated (figure 4.3 (b)) due to the
generation of the monocationic radical. When compared to the initial published
results on electrochromic IL’s (18,000 seconds) ', this result is approximately two

orders of magnitude faster (figure 4.5 (a)).

As the MAYV starting material contains a pyridinium site it is capable of reduction and
redistribution of electrons through the hetrocycle, which will alter its optical
properties. A second device was prepared (Device I1), based on an ionogel comprising
the unmodified IL. The viologen moiety (MAYV) is physically entrapped rather than

covalently attached to the phosphonium cation.
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Figure 4.4: (a) Cyclic voltammogram (Scan rate: 50 mV/Sec) obtained for MAV

physically entrapped within a [Pe ¢ 6,14][Cl] based ionogel, (b) the absorbance spectra
obtained for both oxidised (V>") and reduced states (V™) of MAV as part of
[P6,6,6,14] [Cl] ionogel.
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The control experiments involving MAV exhibited only one redox couple
(Figure 4.4 (a)). By maintaining the potential throughout the device in the same
manner as in the previous experiment (i.e. at the specific reduction potential, -0.91 V),
a bright purple colour with a Ay at 550nm was generated (Figure 4.4 (b)). In this
case however, the redox chemistry of the MAV is facilitated by independent addition

of [P6,6,6,14] [Cl]

A summary of the optical properties of the devices and the viologen redox chemistry

is presented in scheme 4.4.
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/\

Device 11

Scheme 4.4: Summary of the optical properties of solid-state devices I and II;

Top: Device I (Amax 610 nm, E;q -0.84 V), with viologen chromophore bound to the
phosphonium cation of the IL and encapsulated in the sol-gel. Device dimensions L: 4

cm, B: 1.5 cm and thickness 53 pm + 2 um (average of 4 devices, Figure A2 (a)).

Bottom: Device I (Amax 550 nm, E.q -0.91 V) with viologen chromophore is
physically entrapped in the sol-gel along with a conventional phosphonium based IL
([Pé.6,6.14][Cl]). Device dimensions L: 4 cm, B: 1.5 cm and thickness 86 um = 22 pm

(average of 4 devices, Figure A2 (b)).
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4.4.4 Device Performance:

The colouration efficiency of an electrochromic device relates the change in its

absorbance to the charge required to induce the change

equation:

AOD
0,

log—=
gT

Q,

t

4.2)

27, 28

, according to the

Where 7 is the colouration efficiency at a given wavelength, AOD is the change in the

optical density, T, and T; are the transmission levels of the coloured and transparent

states respectively and AQ is the charge needed to induce this change.
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Figure 4.5: (a) Coloration response curve obtained for the simplified electrochromic

device, and (b) the current maintained within the device during coloration.

126




Inputting the data from figure 4.5 into equation 1 allowed the colouration efficiency
of Device I to be calculated at 10.72 cmC™, which is low in comparison to a similar
solid-state device based on viologen functionalised nanoparticles (colour efficiency
205 cm’C™"). However, considering the very viscous nature of the ionogel, and the
fact that the viologen is covalently integrated with the phosphonium cation, a low
value is to be expected. Furthermore, nanoparticulate electrochromic materials have a
large surface area and the porosity of thin films prepared from spherical
electrochromic nanoparticles can enhance the electrochromic device response

characteristics because of improved ionic conductivity®.

In order to further investigate the low coloration efficiency of the device, EIS was
employed to quantify the conductivity of the oxidised and reduced states of device 1.

From figure 4.7 (a) the conductivity of the ionogel was found to be 4.08 x 107 S/cm’.

For comparative purposes, the result obtained in section 6.4.1.2 where the
conductivity of a viologen physically entrapped in an ionogel based on a low viscosity
IL ([ComIm][FAP], 75 cP at 25 °C) was found to be 1.54 x 10* S/cm’.
This difference in the ionic conductivity of the ionogels can be attributed to the
viscosity of the ionic liquid in question. [Py sg5][3X] 1s a highly viscous yellow wax-
like liquid, meaning its ability to carry current through ion flow is greatly reduced
compared to that of a less viscous liquid in which the ions are more mobile such as

[ComIm][FAPT" .
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4.4.5 Device Calibration and Optical Memory

Experiments were then designed to calibrate the colour generated as a function of a

D.C potential applied. To do this a series of devices were exposed to increasing

applied voltages for 60 seconds, and the absorbance at 610 nm measured.
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Figure 4.6: (a) Calibrated response obtained for the simplified electrochromic

ionogel and (b) the optical memory recorded for the simplified electrochromic

ionogel after 100 minutes.

It can be seen from figure 4.6 (a) that the optical response of Device I is linearly

correlated with the applied potential. Throughout the course of the these experiments

it was noted that the devices exhibited a prolonged optical memory, meaning the

colour generated is significantly maintained under open circuit conditions® .

To investigate this behaviour, devices were first brought to a coloured state by

polarising at 2.5 V and 3 V (60 seconds), and monitoring the de-colouration process

for a period of over 100 minutes under open circuit conditions.
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Figure 4.6 (b) shows when an applied voltage is 2.5 V the absorbance at 610 nm

increases to 0.396 a.u., 57.7% of which is maintained after 100 minutes.

When the applied voltage is 3 V the absorbance at 610 nm increases to 0.438 a.u.,
68.5% of which is retained after 100 min. It is interesting that the rate of decrease in
absorbance is relatively constant with time for both experiments at ca. 1.5x10™ a.u./s.
This is related to the leakage current of the device, which suggests it can be increased
or reduced by varying the device insulation, or providing a more effective discharge

pathway (see discussion below).

EIS proved to be a valid tool to explain why the reduced state is maintained under
open circuit conditions. By amperometrically maintaining a current at the first
reduction potential for 160 seconds, the direct impedance of the reduced

monocationic radical form of the ionogel was estimated (figure 4.7 (a) and (b)).
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Figure 4.7: (a) Nyquist plots obtained for [Pygss][3X] in the oxidised (V*") and

reduced state (V'); (b) amperometric i-t curve used to generated the reduced state

(V.
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The resultant Nyquist plot exhibits an increase in impedance due to the loss of a
cationic site. Furthermore the shape of the semicircle arc also increases; which is
indicative of a capacitance effect. This explains the prolonged optical memory; as the
presumed unstable monocationic radical is preserved due to an increased capacitance
within the gel. This effect could be used to exploit a prolonged darkened state in

electrochromic applications should the need arise.

4.4.6 Device Switching

The final device performance experiment involved attempts to reversibly switch
between the coloured and transparent forms of the device using a potentiostat to
repeatedly switch between the redox forms of viologen. For this experiment a 2-
electrode set up was employed with the device placed in the optical pathway of the
UV spectrometer to enable changes in absorbance to be simultaneously monitored. In
order to take advantage of the stable electrochemical window endowed on the system
by the IL, the voltage was allowed to cycle from -3 V to +3 V and the absorbance was

monitored over time (sweep rate = 100 mV/s).
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Figure 4.8: Changes in absorbance (610 nm) as a result of the [Py 335][3X] redox

Processes.

Figure 4.3 (a) shows the electrochemistry of the viologen system and figure 4.8,
changes in absorbance over time as the cell is cycled repeatedly from O V (initial
voltage) through -3 V to +3 V, and back to 0 V. The inset (right) shows absorbance

changes over the time 1-3 minutes (the first CV), with distinct regions labelled 1-5.

Initially, at 0 V (1, inset), viologen exists in the colourless V** form, and the
absorbance is low. As the voltage approaches and passes through -0.85 V, the
reduction current increases as the viologen is reduced to blue coloured V' radical,
and there is a simultaneous increase in the absorbance (2, inset). However, as the
voltage passes through ca. -1.25 V, the coloured V™' radical is converted to the

colourless V form (quinoid) and the absorbance decreases (3, inset).
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The voltage continues through -1.35 V to -3.0 V and then sweeps back in the positive
direction. At ca. -1.0 V oxidation of V to the V™ radical occurs and the absorbance
increases again (4, inset). At -0.45 V oxidation of V' to V** occurs and the colour
decreases again as voltage increases through 0 V to +3.0 V (5, inset); with a sweep
rate of 100 mV/s, and a voltage range of +/- 3 V, each cycle takes 2 min, and the
repeating pattern for each of the 9 indicated cycles (Figure 4.3 (a)), in which the two
coloured regions caused by formation of V"' are clearly visible. It is notable that the
absorbance does not return to baseline after each cycle, indicating that residual V™
remains in place, and gradually builds up over time. This is probably due to the rather
sluggish kinetics of the redox chemistry within the cell, which also manifests as a
dampened absorbance/time signal, with considerable broadening of the absorbance

peaks.

The secondary absorbance cycle seen in the kinetic profile is assigned to subsequent
oxidation of V back to V™ as the potential cycles back to -0.95 V and the absorbance
again increases. The final redox transition occurs at -0.46 V (V™" to V*") and the
absorbance again decreases. The effects of the individual redox equilibria on the
absorbance are reproducible over time and a gradual staircase effect is seen in the

final kinetic profile.

Figure 4.9 was constructed by taking individual segments from the decay response
(600 — 1600 seconds under open circuit conditions, and between 150 and 175 seconds
under anodic conditions). The initial time of each segment was redefined as #. This
allows the effects of the absorbance decay under open circuit and anodic perturbations

to be seen.
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Figure 4.9: Normalised response decay obtained under (i) open circuit (abs 0.44 at
610 nm, t = 0) and (ii) positive biased voltage conditions (+3 V, abs 0.32 at 610 nm, t
= 0). Slope of the line is calculated from the inflection point, shown by the dotted

line.

Under open circuit conditions (Figure 4.9), the absorbance is stable in the timeline
shown (24 sec) and the slope of the decay is relatively constant at ca. 3.27 x 107
a.u./s. Under anodic conditions, oxidation of the chromophore is induced and the
decay is ca. 100 times more rapid (slope: 3.37 x 10™ a.u./sec). This shows that rate of
decoloration can be controlled to a significant degree by changing from a floating
voltage (in which leakage current from the capacitive charge is the decoloration
process) to a polarising voltage in which the redox chemistry of the coloured viologen
monocationic radical is actively driven to the colourless V>* form (in this case V =+
3 Vand V' — V*" + e-). In addition, if the device is considered as a capacitor,
improving the insulation would further reduce the leakage current, enabling the

coloured state to be maintained for longer durations, which the decoloration process
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(as it 1s actively driven) should remain unaffected. This means that one could
maintain the coloured state until a pre-set time at which the device is connected to a

polarising voltage and rapidly decolorises.

4.5 Conclusion

The synthesis of a novel phosphonium electrochromic IL has been described and the
resulting material successfully incorporated into a solid-state electrochromic device.
One major advantage of the electrochromic device is the fact that the viologen is
inherently part of the IL and therefore no leaching occurs. The ease of its
encapsulation within the inert polymer matrix and subsequent photo-polymerisation

between two ITO electrodes formed the basis of a simple electrochromic device.

The inherent electrochromic nature of the MAV starting material provided the ideal
control and validation experiment to authenticate the synthesis, as its electro-optical

properties are significantly different to the [Py s 8)[3X] IL.

Device 1 exhibited coloration kinetics close to two orders of magnitude faster (221
seconds for 95 % absorbance) compared to a previously reported electrochromic IL
(18,000 seconds). The dynamics of colour change are determined by the ability to get
charge into and out of the device, as this drives the redox chemistry of the coloration;
therefore coloration can be controlled by alternatively insulating the device to prevent
leakage current (which maintains the colour) or actively driving current into or out of
the device, which gives much faster changes (100 times quicker). It is likely that the
device characteristics can be further improved by improving the charge transport
capability, for example by adding a high conductivity material such as carbon

nanotubes to the gel and examine the colouration efficiency.
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Chapter 5

Photopatternable,
photoswitchable surface
chemistry in
organic/inorganic sol-gels
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5.1 Abstract:

This chapter describes the synthesis and characterisation of hybrid sol-gel materials
co-polymerised with a monomer based on the light responsive chromophore
Spiropyran (SP). The hybrid materials contain a silane centre chemically tethered to
an acrylate monomer via a propyl linker which are co-polymerised with a varying
metal propoxide/methacrylate complex. These hybrid materials are of the optimum
mechanical stability for patterning under incident light. This chapter therefore
provides the reader with an in-depth discussion of the chemistries required for sol-gel
preparation and the area of photopatterning of sub-micron 3-D structures.

Initial studies showed that sol-gels containing d-block (Zr,T1) propoxides exhibited
irreversible chelation to SP, resulting in a change in their absorption properties from
colourless to red (for Zr gels) and yellow to orange (Ti gels). The effects of chelation
were characterised principally by molecular spectroscopy, whilst the change in
surface chemistry of the polymerised film is characterised by their direct contact
angle with a water droplet.

Sol-gels based on aluminium iso-propoxide permit the light responsive chemistry of
SP and were chosen for photofabrication based on multi-photon polymerisation
techniques. Spiral structures, that are patterned in the style of the chromophore were
fabricated with precise geometries and sub-micron resolutions. The new, light
responsive materials exhibited minimal-shrinkage after fabrication, and possess the
mechanical stability to be patterned as free standing structures without a supporting

perimeter.
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5.2 Introduction:

Hybrid sol-gels are a subclass of polymers that combine the classical
hydrolysis/condensation reactions of metal alkoxide groups with organic functional
moieties'. Based on the interaction between the components, they have been
categorised into class I and class II hybrid sol-gels respectively®. Class I hybrids are
subdivided on the basis that both organic and inorganic components exhibit exclusive
non-covalent interactions, i.e. they exist as two individual components within the
same matrix’.

Class II differ in that in these materials the metal alkoxides are chemically tethered to
the organic moiety via a stable linker. The linker therefore must be stable under the
conditions required for condensation of the metal alkoxide in order to preserve the
covalent interaction®.

Both sub classes of sol-gels are very attractive canditates for materials research as
they combine the individual features of both components within the same material.
These include the low refractive index and mechanical stability of glassy materials
with the ease of film formation typical of organic systems.

Efforts aimed at tuning the optical properties of these materials involve the addition of
a second metal-alkoxide group. As the first group is typically based on silicon,
alkoxides of titanium, aluminium and zirconium are the most popular secondary
alkoxide used™ °. The reactivity of the secondary alkoxide is dictated by the relative
dipole moment of the oxide bond, which is usually much higher than that of Silicon.
In order to control this reactivity Ti, Al and Zr are usually complexed with a suitable

ligand in order to prevent precipitation of the fully condensed material®’.
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Varying the stoichiometric ratio of the secondary alkoxide alters the optical properties
of the resultant film which is produced via free radical methods. Materials of this type
have therefore found application in optical waveguides® and sensors’.

Arguably the most novel aspect of these materials is that they are of the required
mechanical stability to be patterned under application of irradiated light. Direct
photopatterning techniques allow the formation of structures with precise

. . 10, 11
dimensions'®

. The high concentration of inorganic groups allows 3-D structures to
be fabricated which exhibit non-shrinkage properties after etching'?. The precise
geometry of the polymerised structures are a direct function of the exposure time and
the focal point of the light source, both of which are controlled by the user'> *.

In this chapter the aim is to co-polymerise a monomer based on the optical
chromophore Spiropyran (SP) with these photoreactive class II hybrid sol-gels in
order to (a) demonstrate that these SP functionalised can be photo-patterned into
complex 3-D structures and (b) exploit the photoswitchable properties of the dye
embedded within.

Spirocyclic compounds and their merocyanine (MC) isomers exist in a photodynamic
equilibrium, controlled by the application of visible and ultraviolet light
respectively'™ '°. Such a phenomenon is known as Photochromism, as the application
of light causes a change in the optical properties of the molecule'’.

The equilibrium between two photochromic isomers A and B can be summarised

according to equation 5.1.

‘—_‘B

(5.1)
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Where A and A, are two light incidences of distinct frequencies. Irradiation of species
A with light of wavelength A, causes a molecular re-orientation within the molecule
producing species B. The molecular reorientation can be reversed under application of
light of wavelength A,.

Previous works utilising SP and MC have seen them behave in systems capable of

user controlled transition metal ion uptake and release'® '°, as effective

: 20, 21
solvatochromic probes™

and as hybrid materials that exhibit user controlled multi-
switchable optical properties™.

Most importantly for this work, the SP or closed isomer is “non-polar”, UV
irradiation results in cleavage of the Cir, bond, heterocylic ring opening and a large
change in dipole moment yielding the “polar” MC isomer' ">,

It 1s this property that allows the SP/MC equilibrium to be utilized in materials that
can undergo a change in their surface energy upon application of light of the
appropriate frequency”**®.The ability to modify the surface energy of a given
substrate has been the subject of a concerted amount of research, resulting in
applications of this phenomenon in areas such as drug delivery”’, controlled cell

29, 30

growth®® and in the control of fluid movement in microfluidic devices*”*’. To date,

systems have been shown to undergo a reversible change in surface energy in

32,33 34,35

response to pH>', metal ions®*, applied voltages and irradiation with light
An interesting approach to improve the difference in contact angle between the
hydrophillic and hydrophobic state has been to enhance or modify the structure of the
surface®® ¥, The difference is amplified as the treated surface creates voids on the

surface which — upon switching to the hydrophillic state — allowing the probing liquid

to enter the void.
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Herein this chapter describes the progress into the integration of SP into these hybrid
photopatternable materials, with a view to switching the optical and surface properties
of the photopatterned materials using light. SP undergoes chelation with d-orbital
based hybrid materials and the chemistry is subsequentially charactersied using
UV/Vis and IR spectroscopy.

Al based materials facilitate the ring opening process, allowing the optical difference
btween SP and MC states to be visualised within a polymerised surface.
Contact angles of all incidences involving the interaction of SP with metal alkoxides
are also presented. Finally, mechanically stable 3-D structures patterned using a 2-
photon polymerisation technique according to the theme of the research are also

presented.

5.3 Experimental:

5.3.1 Chemicals and Materials:

MAPTMS, ZrPO, TiPO, AIPO MAAH were all used as purchased from Sigma-

Aldrich® Ireland Ltd.

Igracure® 184  (generously  donated by Ciba®  chemicals) and
diethylaminobenzophenone were used as the photoinitiators for the single and multi-

photon polymerisation techniques respectively.
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5.3.2 Synthesis of Hybrid Sol-Gels:

The sol-gel synthesis was based on the formation of a stable and homogeneous
material obtained from the reaction between a photosensitive organically modified
precursor MAPTMS, and a methacrylate based complex of the various metal

alkoxides.

The first step (as denoted in scheme 5.1) involved pre-hydrolysis of MAPTMS with
an aqueous solution (HCI, pH2), employing a 1.00: 0.75 water to alkoxide molar
ratio. As MAPTMS and water are not miscible, the hydrolysis was performed in a
heterogeneous way. After 20 min of stirring, the production of methanol became
sufficient to allow the miscibility of all species leading to a transparent solution. The

reaction was then allowed to stir for a further 25 minutes.

In order to control the hydrolysis—condensation kinetics and the formation of
unwanted agglomerates of the various metal propoxides (MPO); a parallel reaction
involving MAAH as a chelating agent was employed as it forms a complex through

displacement of the ether based propoxide chains (step 2, scheme 5.1).

After 45 minutes of the parallel reaction the pre-hydrolysed MAPTMS solution was
added dropwise to the methacrylate complex, characterised by an exothermic reaction

(step 3, scheme 5.1).
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Following another 45 minutes of reaction, in order to improve the homogeneity of
both molecular systems, the 4 step involved a second hydrolysis reaction using water
(pH 7). The final water concentration used was 1.5: 1 (H,O: alkoxide), which ensured
complete condensation of all reactive moieties. The final sol was then left stirring for

24 hours before use. All sol-gels were prepared in this fashion, and are listed below:

MAPTMS: ZrPO: MAAH (10: 4: 4) (1)
MAPTMS: TiPO: MAAH (10: 4: 4) ()
MAPTMS: AIPO: MAAH (10: 4: 4) A3)
MAPTMS “4)
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Scheme 5.1: The parallel synthetic route employed to produce the sol-gels used in

this work.
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5.3.3 Synthesis of the SP monomer:

The synthesis of the SP monomer [1',(9-decenyl)-3',3" -dimethyl-6-nitrospiro[2H-1]-
benzopyran-2,2' -(2H)-indoline] derivative was performed as described in a previous
work™®.

This involved a two-step synthesis involving first the precursor 2,3,3
trimethylindoline. It was allowed to undergo nucleophilic attack using 10-bromo-1-
decene as the electrophile under basic condtions at 80°C.

Next the product from the first step underwent coupling with nitrosalicylaldehyde

under the same conditions to yield the monomeric SP product.

5.3.4 Preparation of the SP functionalised sol-gels:

In order to prepare the photo responsive sol-gel; 1 mol% of the SP monomer was
dissolved in the condensed sol-gel precursors. The photoinitiator concentration was

kept constant at Swt.% for all sol-gels prepared.

All of the surfaces analysed for their contact angle were prepared by spin coating

under saturated alcohol conditions onto 22 x 22 mm microscope glass slides.

Ultraviolet photo-polymerisation was then performed using the UV light source for 5
minutes. A summary of the preparation and polymerisation of the Al gel can be seen

in scheme 5.2.
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Scheme 5.2: Synthesis of SP functionalised sol gel based on photo-induced co-
polymerisation of the hybrid precursors MAPTMS, AIPO/MAAH complex and the

SP monomer. The photodynamic equilibrium between SP and MC is also depicted.
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5.4 Results and Discussion:

5.4.1 Vibrational analysis of synthesised sol-gels

Given the nature of the materials studied, IR spectroscopy was employed to assign the
various molecular stretching that originate within them. In order to form a valid

comparative the spectra presented are the gels in their final condensed liquid form.

The IR spectrum of MAPTMS (figure 5.1) was found to contain aliphatic C-H
stretching at ~2900 cm™ which we attribute to contributions arising from the tethered
acrylate moiety. Methanol produced as a by-product is evident via a broad stretch at
~3200 cm’', whilst the carbonyl and the siloxane contributions can be seen at 1700
and 1000 cm™ respectively. The stretch at 1640 cm™ is the unpolymerised double

bond of the acrylate moiety.

C-H
OH

Si-0-si | 19
I 1 I I 1 I I 0

3400 3000 2600 2200 1800 1400 1000 600
Wavenumber: (cm-1)

Figure 5.1 IR spectrum obtained for complete condensed MAPTMS solution.
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Figure 5.2: (a) IR spectra obtained for MAPTMS vs. SZr 4 gel and (b) spectral

overlay of Zr, Ti and Al based gels confirming the methacrylate complex formation.

As expected the same contributions are evident in the SZr 4 spectrum (figure 5.2(a)).

Complexation of ZrPO with MAAH results in the formation of a new stretch at 1545

cm’’, which has been attributed to a carboxylate contribution as part of a bridging co-

ordinate geometry>’.

This stretch can therefore be used to confirm the complexation of MAAH with the Al

and Ti alkoxides (figure 5.2 (b)). This figure was baseline corrected in the regions

from 1900 — 2400 cm™ where no spectral activity was seen, and normalised according

to the aliphatic C-H content. It can be seen from this figure that the trend in

transmission values of the acrylate complex is of the order Al > Ti > Zr. The

carboxylate stretch was observed at 1569 cm™ and 1554 cm™ for both Al and Ti based

sol-gels respectively.
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5.4.2 Contact angle determination

Given that the metallate is the only variant in the analysis we sought out to see if it
would dictate the surface chemistry of the polymerised sol-gel. Table 5.1 below
summarises the results across all three polymerised films, and are the averages of 5

individual measurements.

Propoxide Variant: Contact Angle:
Zr 68.23" (3.01°%
Ti 65.6" (1.66")
Al 62.97° (0.75°%)

Table 5.1: Measured contact angles for the initial sol-gels prepared based on the

alteration of the metal propoxides (errors in parentheses).

The transmission trend of the carboxylate stretch does indeed correlate with the
surface chemistry of the polymerised sol-gels. The same trend is repeated as before,
the Zr-O bond exhibits the weakest dipole moment of the three and therefore is the
most hydrophobic. Al-O based sol-gels are therefore the most hydrophilic whilst Ti-O

gels are again in between the two relative extremes.
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5.4.3 Characterisation of SP functionalised materials:

5.4.3.1 Spectroscopic Analysis

In order to examine the effects of adding the SP material to the sol-gels, equivalent

sol-gels were prepared with 1mol% SP incorporated. The first striking effect noted

was the generation of red and orange colours within the Zr and Ti based materials

respectively, which can be ascribed to chelation of the chromophore by the metallate

complex. We have credited the generation of new colours within Zr and Ti based sol-

gel solutions to be a result of charge-transfer complexes involving the d-orbital of the

transtion elements. Subsequent characterisation of this consequence was performed

using UV/Vis and IR spectroscopy.
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Figure 5.3: (a) UV/Vis spectra obtained for the addition of SP to the SZr 4 sol-gel,

(b) the corresponding IR spectra.
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Figure 5.3 (a) shows the visible spectra obtained upon addition of SP to SZr 4. The
sol-gel solution undergoes a change in its optical properties from colourless to red,
resulting in two new distinct absorption maxima at 383 and 493nm respectively. The
colour of the solution could not be reversed under white light; a trait not expected for

SP based chelation.

By plotting an overlay of the fingerpint IR region of the two materials (i.e. colourless
vs. red), three new stretches appear for the complexed spectrum at 871, 794 and 760
cm’” respectively (Figure 5.3(b)). The two new individual stretches observed serve to
validate that complexation has occurred. Given the region involved, this points toward
the formation of a transduction complex between Zr and the electron rich indoline and

pyran elements of SP.

This irreversible trait is not favourable for applications involving the photodynamic
control of surfaces. The first efforts to overcome this feature involved the synthesis of
sol-gels with incrementally decreasing molar concentration of the initial
Zr/methacrylate complex. Sols were prepared with with Zt/MAAH ratios of two and
one respectively (SZ1, SZ2). The results are displayed in Figure 5.4 below show that

despite lowering the Zr concentration, complexation still occurred.
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Figure 5.4: Effect of decreasing Zr concentration (from SZr 4 to SZ2 and SZ1) on the

absorption maxima of SP containing sol-gels.

Decreasing the Zr concentration shifted the absorption maxima hypsochromically.
The colour formed within the sol-gel still proved irreversible under application of
white light. It should be noted that the Zr content in gels of this nature has been
proven to co-ordinate with other constituents of the monomer solution. In previous
works Zr underwent irreversible chelation to the amino based photoinitiators used for
polymerisation, resulting in the same change in optical properties of the solution as

observed in this work*’,

A control experiment involved removing the acrylate complex from the synthetic
route altogether, to see if the silane based material MAPTMS could facilitate the
photoequilibrium. Addition of SP to MAPTMS yielded no optical evidence of
complexation and optical switching to MC was achieved using UV light. The MC
isomer was stabilised due to the high polarity of the condensed MAPTMS solution

(figure 5.5 (a)).
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Figure 5.5: (a) UV/Vis spectra obtained for MAPTMS, and MC in MAPTMS and (b)

UV/Vis spectra obtained for SP and MC as part of MAPTMS based film.

Once a film based on MAPTMS alone was photopolymerised (figure 5.5 (b)), it was
possible to manipulate and control the SP/MC equilibrium. Unfortunately however,
MAPTMS is defined extensively in the literature as a precursor for polymer gel
formation with films described as “tacky” in one particular report*'. Even under
extreme conditions, the film does not dry fully rendering it invalid for applications

involving surface chemistry.

It was decided therefore that a new strategy should be employed which involved
variation of the central metallic element that undergoes complexation with MAAH in
the original synthesis. For this TiPO and AIPO were employed in the same

stoichiometric ratio as SZr 4.
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Figure 5.6: (a) UV/Vis spectra obtained for the complexation of STi 4 gel with SP

and (b) the corresponding IR spectra.

Figure 5.6 (a) shows the spectra obtained after addition of SP to the STi 4.
In this instance a dark orange colour is generated and new absorption maxima
produced at 461 and 567 nm respectively. It should be noted that the original
TiO/MAAH complex is yellow and so accounts for the orange colour of the complex
formed. IR analysis reveals only one new stretch (Figure 5.6(b)), at 882 cm™.
This points toward differing co-ordination geometry in this case, but again most likely
through the electron rich heterocycles. The new Ti stretch attributed to complexation
occurs at 12 wavenumbers higher when compared to Zr, which is due to the higher

electronegativity of Ti over Zr.

The final metallic sol-gel prepared was based on AIPO, it was anticipated that this
atmosphere would prove favourable to the SP — MC equilibrium due to the lack of d-
orbitals in Al. This proved true to a degree, as addition of SP to the gel resulted in a

faint yellow colour (Figure 5.7).
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Figure 5.7: Optical properties of SP in SAI 4 sol-gel. (i) is used to denote the optical

spectra of the original SAI 4 material, (ii) upon addition of SP, (iii) after irradiaton

with UV light for 60 seconds and (iv) upon titration with a base.

Spirocyclic structures are influenced by the pH of the local environment®.

This acidochromic effect means that in the presence of residual acid, ring opening is

induced and protonation of the phenolate anion occurs with a characteristic yellow

colour formed in solution®. The yellow colour obtained when SP is introduced into

SAl 4 is therefore attributed to the acidic environment of this gel.

Irradiation of the faint yellow solution for 60 seconds with UV light yielded a strong

dark yellow colour, indicating that the concentration of the protonated structure has

increased. This process is reversible under white light; titration with a small volume

of base gave the characteristic violet/purple colour of MC. The MC isomer was then

preserved within the monomer solution as the acid became neutralised in the polar

(short chain alcohol) environment.
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It was decided therefore to reduce the acidic nature of the Al gel by preparing a sol of
the stoichiometry: 10/4/0.5 (MAPTMS/AIPO/MAAH) under much milder acid
catalyst conditions (HCI, pH 3.5). The same acidochromic behaviour was observed
for this sol, rendering it easy to conclude that the acid nature is inherent to the
material studied. Al based gels are therefore the most optimum to facilitate the SP to

MC ring opening process.

5.4.3.2 Contact Angle determination

5.4.3.2.1 Photodynamic studies

As the behaviour of the SP was now fully understood in the differing sol-gel
formulations, experiments were then undertaken to examine its affect on the surface

chemistry. The first experiments undertaken were to prepare films via spin-coating of

the optimised SAI 4 gels.
Isomer: Contact Angle: (error)
SP 67.73° (2.59°%)
MC-H" 65.66 (2.73%)

Table 5.2: Contact angle values obtained for SP to MC-H" switching in SAl 4 sol-

gels.

Table 5.2 shows that the initial introduction of SP results in an increase in
hydrophobicity vs. the original SAl 4 material. As SP contains a dec-1-ene chain and
is polymerised in relatively high concentrations, one can therefore conclude that this

feature is a result of the unsaturated chain.
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Application of UV light for 60 seconds induces the ring opening and colour change in
the film, and the contact angle was again measured. Switching back to the closed
form was achieved using white light for the same time and the contact angle again
measured. Switching experiments were repeated a total of 5 times, resulting in a
change in contact angle of ~2°. This negligible change in contact angle occurs as the
acidic nature of the gel prevents the generation of the unprotonated MC isomer.
The MC isomer is essential in order to yield a significant change in the chemistry of
the surface, as it is this structure that contains much more extensively n-delocalised

electrons and ionic sites.

5.4.3.2.2 Effect of Complexation

The final experiments of the unpatterned surfaces were to examine the effects of
complexation of SP with Ti and Zr. The results across 5 measurements are shown

below in Table 5.3.

SP sol: Contact Angle:
STi 4 70.2° (1.73%)
SZr 4 70.77° (1.66°)

Table 5.3: Contact angle values obtained for complexed films of SP with STi 4 and

SZr 4 (errors in parentheses).

It can be seen in both circumstances that metal chelation causes an increase in the
hydrophobicity of the polymerised surface. Chelation of Ti induces a 5-degree

increase whilst chelation of Zr induces a 3-degree change.

159




This goes against the convention for SP systems, wherein complexation usually
occurs after the ring opening process resulting in a more hydrophilic surface**. The
surface chemistry therefore becomes more hydrophilic as the complex is usually

between the metal ion and the phenolate base of the MC isomer™.

In the cases studied the complexation of the ligand proved irreversible after
irradiation of white light, and resulted in an increase in hydrophobicity of the
polymerised surface. One can conclude from these results that the complexation does

not follow the conventions described for SP based studies.

5.4.4 Photopatterning of SP functionalised materials:

A particularly attractive feature of these materials is the ability to be photopatterned
into structures of precise dimensions. Experiments to demonstrate the compatibility of
the SP functionalised systems involved the use of direct UV laser writing and 2-

photon polymerisation based techniques.
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5.4.4.1 Direct UV laser writing

For the direct laser written sample of varying distances between the lines, contact

angles were taken to see if the line distance could influence the photochromic

equilibrium.
Line distance: (um) Contact Angle:

50 SP MC
75.78° 72.94°

100 SP MC
72.37° 68.98°

200 SP MC
72.54° 69.88°

Table 5.4: Contact angles obtained for 50, 100 and 200 um distance between UV
laser written lines. Visible light irradiated samples are on the left whilst UV irradiated

samples are on the right.

Direct laser writing allows the distance between individual lines written to be selected
by the user. In order to test the hypothesis discussed individual line distances were

varied incrementally from 50 to 100 and 200 pm between individual lines.

It was found however, that varying the distance between the individual lines altered

the contact angle very little.
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The initial contact angle is increased however, which can be attributed to an effect of
patterning the surface known as the Cassie-Baxter model®. Under this model air first
fill the voids generated by the pattern, which effectively stabilises the liquid droplet
on the surface causing an increase in hydrophobicity. Switching the chromophore
between the polar and non-polar states caused the contact angle to reversibly change

by ~4° in all cases.
5.4.4.2 2PP polymerised structures:

In keeping with the chemical nature of SP; experiments to demonstrate the 3-D
compatibility of the novel materials involved patterning them into repeating spiral
structures in sequence. Figure 5.8 (a) below first shows the complete surface area
patterned, whilst Figure 5.8 (b) details the individual repeating structures. The spiral
diameter was 1.3 um, the height was 6 um (3 pitches of 2 um), and the gaps in-
between the spirals was 0.7 um, which were patterned into an array of a 50x50 um

arca.

X1,000 10pm

Figure 5.8: 2PP spiral patterning structures of Aluminium based SP sol-gel.
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These images effectively demonstrate the complete compatibility of the materials for
photopatterning. The microstructures shown exhibit minimal-shrinkage qualities after

fabrication, meaning they avoid mechanical deformation over time.

As the first structure was first created using a supporting structure across the entire
perimeter of the patterns, it was decided to test the mechanical stability of the new
material even further by patterning them into freestanding spiral structures without the
supporting perimeter wall. The spirals were patterned to the same dimensions as

before.

$3400 5.00kV 9.2mm x9.50k SE $3400 5.00kV 9.1mm x15.0k SE

Figure 5.8: (a) and (b) Free-standing SP functionalised SAl 4 2PP produced spiral

structures.

Figure 5.8 (a) and (b) effectively demonstrate the increased mechanical stability of the
SP functionalised sol-gels. The complex structures are patterned to exact repeating

dimensions with sub-micron resolutions without the need for a supporting perimeter.
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5.5 Conclusion:

In summary this chapter focused on integrating and fully characterising how the
optical chromophore SP behaves in a variety of sol-gel environments. The nature and

the concentration of the metallate strongly influenced the optical properties of SP.

UV and IR spectroscopy convincingly show that SP undergoes irreversible chelation
to sol- gels containing d-block elements. Complexation was found to influence
strongly the surface energy of the resultant polymerised film. Irreversible
complexation is undesirable for applications involving a user-controlled energy of a

surface and therefore a new environment was needed.

Al containing gels were found to be the most optimum to facilitate the SP to MC
interconversion. Direct laser writing of these materials into pillar structures increased
the hydrophobicity over the untreated material. SP was reversibly switched to its
protonated MC isomer as part of these patterned films, which in turn reversibly
altered their surface energy moderately. 2PP demonstrated that these novel
photochromic hybrid materials are suitable for fabrication in three dimensions. 3-D
repetitive stand-alone spirals were patterned on a sub-micron scale to effectively

demonstrate this feature.

SP functionalised patterned systems have been shown in the literature to undergo a
reversible change in wettability as high as 21 degrees®. As the photopatternability of
these systems has now been demonstrated, future work must now be aimed at

optimising the sol-gel environment to improve on current switching parameters.
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Tremendous ability now lies in the possibility of developing sub-micron patterned
structures that can alter their optical properties as a function of the incident light

source.
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Chapter 6

Photopatternable, electro-
responsive ionogels
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6.1 Abstract

This chapter is focused on the photopatterning of electro-active hybrid sol-gels that
are based on the chemical composition (MAPTMS,ZrPO,MAAH) as introduced in
chapter 4. For these studies however, the hybrid materials are based solely on Zr
metallate complexes. The electroactive species that become encapsulated within the
polymer matrix are both phosphonium and imidazolium based IL’s, dispersed
graphene sheets and the electrochromic dye EV.

Initial studies were based on varying the IL content alone and were characterised by
EIS and Raman spectroscopy. The latter confirmed the non-destructive encapsulation
of the ILs whilst EIS was used to investigate the resultant conductivity trends as a
result of the variation experiments. Incorporation of a graphene dispersion within the
sol matrix greatly improved the conductivity of an ionogel based on [Pgg6,14][DCA],
whose subsequent physical properties were characterised by EIS, XRF and UV/Vis
spectroscopy.

1 and 2 photon patterned, sub-micron structures were fabricated, and again proved to
be of the right mechanical stability to exhibit minimal shrinkage and non-distortion
after etching. In order to demonstrate that these materials can facilitate a prospective
current, electrochromic ionogels were prepared by addition of EV to an ionogel based
on [Comim][FAP]. The optical chemistry of the co-encapsulated dye allowed a
patterned, electrochromic device to be fabricated that switched between both the

coloured and transparent states of EV.
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6.2 Introduction:

Of their many advantageous properties, perhaps the application with the most
potential for ionogels is in the development and fabrication of solid-state electrolytes'
2. This chapter is based on that premise, particularly on the in-situ method of
preparing ionogels, so that the IL becomes encapsulated as the polymer develops.
Ionogels offer many advantageous properties for solid-state electrolytes, including
ionic conductivities similar to that of the IL itself, transparency, mechanical
robustness, flexibility, and thermal stability over wide temperature ranges™ *.

An interesting approach to improve on the existing conductivity properties of solid-
state electrolytes is in the addition of co-encapsulants that exhibit electronic
conductivity’. Arguably the avenue of choice for many are materials derived from the
carbon allotrope graphite, which is multiple stacked sheets of aromatic sp”-hybridised
atoms that exist in the third dimension®. Graphite can exist as single two-dimensional
sheets (graphene)’, which can subsequentially be rolled up to form one-dimensional
nanotubes®. The mechanical strength, optical transparency and electronic conduction
properties of materials based on graphite make them good candidates for electro-
chemical research, particularly in the development of new electrodes’ '°.

When combined with ionogels, so called “bucky gels” therefore unite the electron
conducting properties of graphite-based materials with the ionic conducting ILs in the

solid state'!.
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Composites based on ILs and materials derived from graphite are easily prepared'”.
Simple mixing and sonicating of the two independent liquid phases', or by mixing
and grinding graphene powder with an IL in an agar plate, produces the gel-like
material'*,

In both these instances the two distinct chemical moieties exhibit negligible chemical
interactions with one another and exist as one homogenous material.
An interesting alternate approach has been to exploit the reactive chemistry of some
ILs to produce the composite material. ILs that possess polymerisable vinyl groups
have been show to undergo polymerisation in the presence of carbon nanotubes to
produce physical gels'®, whilst another report used the inherent wide electrochemical
window of an IL to facilitate the electrochemistry required to produce the composite
material. The resultant composite was used to dramatically improve the colorimetric
switching kinetics of a - conjugated electrochromic polymer film'®.

The aim of this work is two fold: (a) To develop on the knowledge of photopatterning
techniques gained in chapter 5 to explore new ways of fabricating ionogels; and (b) to
explore new ways of synthesising and fabricating bucky gels, by allowing an acidified
aqueous graphene dispersion to undergo the chemistry required to produce new,
photopatternable ionogels.

Herein, this chapter describes the synthesis and characterisation of phosphonium and
imidazolium based ionogels and shows impressive 2- and 3D photo-patternable
ionogel structures with sub-micron resolution. In order to demonstrate that these
materials can facilitate a current, the fabrication of a [C,mim][FAP] based ionogel

device containing the electrochromic dye ethyl viologen dibromide is also described.
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6.3 Experimental:

6.3.1 Chemicals and Materials

[Ps.6.6.14][DCA] and [Pe66.14][NTT2] were obtained compliments of Cytec® Industries,
the ILs were purified in the same manner as detailed previously.

[Comim][FAP] was obtained compliments of Merck® industries and used without
further purification. ITO coated polyethylene, Graphite powder, POT, MAPTMS,
ZrPO, MAAH, DMPA and EV were used as purchased from Sigma-Aldrich®
Ireland.

Igracure® 369 was obtained compliments of Ciba® chemicals and used as the

photoinitiator for all experiments involving graphene dispersed ionogels.

6.3.2 lonogel preparation

eg. SZr 4: [P6,6,6,]4][DCA] 60:40 w/w

600 mg of SZr 4 was mixed thoroughly with 400 mg of [Pe¢6.14][DCA] and 5 wt% of
photoinitiator (DMPA). SZr 4 was prepared in the same manner as in section 5.3.2.
The ionogel solution was sonicated for 5 minutes to ensure the photoinitiator was
dissolved fully. It was then transferred to the relevant substrate for analysis and
photopolymerized with a UV BondWand (20 W, 365 nm) for 10 minutes. All ionogel
combinations, as described in table 6.1 were prepared in accordance to the above

procedure, with adjustments only to the hybrid organic sol-gel and IL proportions.
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6.3.3 Graphene dispersed ionogel preparation

For the analyses involving the preparation of graphene-dispersed ionogels, Zr based
sol-gels of stoichiometry 10/4/4, 10/6/6 and 10/8/8 (MAPTMS/ZrPO/MAAH) were
first prepared. However to incorporate the electroactive material, an aqueous
graphene dispersion (0.22 mg/ml, stabilised by NaDBSA (0.5 mg/ml)) was used as
the hydrolysis agent (Step 1, Scheme 5.1). The dispersion was acidified to pH 2.3
using HCI (5 x 10 M). Once this step was complete, the reaction followed the same
manner found in Scheme 5.1.

After 24 hours of stirring, the ionogel was prepared according to section 6.3.2 by

adding [Ps6.6.14][DCA] (40 wt.%) to the sol-gel solution.

6.3.4 Electrochromic device fabrication:

The construction of the electrochromic device slightly differs in this chapter in that
the ionogel solution was doped with an ethyl quaternised viologen derivative.
The ionogel containing EV was first photopolymerised into square patterns for 10
minutes onto ITO using a specialised UV filter mask.

Once polymerised the resultant patterns were etched with ethanol and allowed to dry
for a further 10 minutes (figure 6.12 (left)). The original ionogel material (without
dye) was then applied around the electro-active patterns to facilitate the prospective

current being passed through the device.
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An electrical seal was generated in the same manner as before by placing the top ITO
layer atop of the liquid supporting ionogel, and photo-polymerising through it for a

further 10 mins.

6.4 Results and Discussion

6.4.1 Phosphonium and Imidazolium ionogel characterisation

6.4.1.1 Raman spectroscopy

Raman spectroscopy was first used as a technique that could confirm the
compatibility of both liquid systems (IL and SZr 4) as part of a polymerised structure.
As in the previous chapter, the initial hybrid material SZr 4 excluding the IL was
initially characterised, to identify the specific functional groups that arise within it

(figure 6.1).
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Figure 6.1: Raman spectrum obtained for the hybrid SZr 4 sol-gel.

As expected, the signature groups present of the SZr 4 from the IR analysis are also
prevalent in the Raman spectrum. The strongest contributions to the spectrum are
those arising from the polymer backbone (C-H) at ~2900 and 1480 cm™, which
confirm that polymerisation has occurred. Residual alkenes stretching at 1640 cm™
can be attributed to unreacted methacrylate, while the condensed siloxane groups
contribute at 1000 cm™. The carbonyl stretch of the MAPTMS moiety is seen as 1700
cm' whilst contributions from the zirconate complex are seen in the region spanning

from 400 — 900 cm’.
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In order to confirm the encapsulation of the IL within SZr 4, individual overlays were
constructed of the ionogel in question vs. the SZr 4 sol-gel.

Figure 6.2 (a) shows the Raman spectrum of the SZr 4 hybrid material, and the 40
wt% based [Pgs6:4][DCA] ionogel overlayed. This spectrum clearly shows the
incorporation of [Py :4][dca] within the ionogel structure, as the signature nitrile
(-C=N) stretch originating from the [DCA] anion in the IL is now located at
2188 cm™. This is similar to the reported nitrile stretch in liquid [Py, 4][DCA]."”
Figure 6.2 (b) represents an overlay based on the 40 wt.% [P¢66.14][NTf,] 1onogel.
In this case, the first assignable vibration from the [NTf,] anion is the SO, symmetric
stretching located at 1136 cm™. The terminal trifluoromethane groups of the anion
exhibit a clear signature stretch at 740 cm™. Based on this spectral overlay, one can
conclude that no significant vibrational deviations for [Py, 4][NTT;] were observed
when immobilised within the SZr 4 matrix.

Figure 6.2 (c) presents the Raman spectrum obtained for the 50 wt.% [Comim][FAP]
ionogel. This spectrum again clearly shows the non-invasive encapsulation of the IL,
as indicated by the presence of the signature C-F stretching again at 740 cm™.

The characteristic C=N contributions of the imidazolium cation to the spectrum are
located at both 1596 cm™ and 744 cm™. Similar to the phosphonium based ionogels,
[Comim][FAP] vibrational bands were not strongly influenced by the hybrid silicato-

zirconate material ionogel matrix.
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Figure 6.2: Raman spectra obtained for (a) [Ps¢6.14][DCA], (b) [Pesc14][NTT2] and

(¢) [C,mim][FAP] based ionogels (red) vs. the original sol-gel (blue).
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6.4.1.2 EIS Spectroscopy

EIS was first used to determine the effects of increasing the concentration of the

phosphonium IL within the SZr 4 ionogel. This is best analysed via the “Bode” plot

(Figure 6.3 (a) and (b)) which depicts the relationship between the impedance of the

sample and the frequency scanned.
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Figure 6.3: Bode plots obtained for increasing concentrations of [Pe¢¢.14][DCA] and

[Ps6.6.14][NTf:] incorporated in SZr 4 matrix.

By increasing the concentration of the IL in the SZr 4 matrix, the expected

complementary decrease in impedance was observed across the whole frequency

range for all IL concentrations. The ionogels display stable ionic conductivity, given

that a linear increase in impedance is seen at both the high (electronic) and low

(proton) frequency extremes.
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The Nyquist plot was used to graphically illustrate the difference in conductivity of
the phosphonium based ionogels as a function of the IL anion. Figure 6.5 shows an
overlay of the two Nyquist plots obtained; whilst the calculated conductivity values
can be seen in table 6.1. These values were again calculated according to equations
3.4 and 3.5. The results of the thickness analyses used for these equations can be seen

in figures A8 — All.
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Figure 6.4: Nyquist plots obtained for [Ps¢6.14][DCA] and [Psg6,14][NTE:] (60 wt.%)

ionogels.

This clear difference in conductivity as a function of the IL anion can be seen from
both table 6.1 and figure 6.4. It was found that ionogels containing the [DCA] anion
were of higher conductivity than their [NTf;]" counterparts, which is in agreement
with previous studies'®. The viscosities for [Ps6.6.14][DCA] and [Psge6.14][NTE:] are

quoted in the literature as 490 cP and 450 cP at 20 °C respectively .
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Viscosity obviously does not completely govern conductivity in this case, the lower
value obtained is most likely due to extensive electron delocalisation present in the
[DCA] ion and it being a comparably smaller ion than [NTf;]".

In order to improve the conductivity of the ionogels further, a lower viscosity IL

[Comim] [FAP] (75 cP at 20 0C) was added at 50 and 80 wt% concentrations and

analysed again by EIS.
2000 1| = SZ4-[emIm] [fap]50wt%
1500 4| = SZ4-[emIm][fap]80wt%
£
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0 T T )
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Figure 6.5: Nyquist plots obtained for (a) 50wt% [Comim][FAP] and (b) 80wt%

[Comim][FAP] in SZr 4 gel.

The resultant Nyquist plots from the [Comim][FAP] ionogel analysis can be seen in
figure 6.5, and the conductivity values are again quoted above in table 6.1.
The conductivity of both films dramatically increased when compared to previous
results, which is most likely due to mainly the comparatively low viscosity but also

due to increased charge distribution.
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The cationic charge distribution in imidazolium based IL’s is much increased as the
whole heterocycle contains delocalised electrons. Contrarily, the cationic charge of

the phosphonium cation is much more centered and shielded by extensive alkylation.

Ionogel Rer: (22) o: (S/cmz)
Composition:
[Ps.6.6.14/ [DCA]
40 wt.% 12,100 (445) 72x10°
60 wt.% 2664 (23) 327x 107
[Ps.6.6.14] [NTS]
40 wt.% 84,730 (976) 1.03x 10°
60 wt.% 13,106 (535) 6.65x 10°
[Comim] [FAP]
50 wt.% 576 (24) 1.51x 10"
80 wt.% 258 (2) 3.38x 10™

Table 6.1: Ionogel w/w composition, Rcr (errors in parentheses) and conductivity

values obtained from EIS for IL’s in SZr 4 gel.
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6.4.2 Graphene encapsulated ionogels characterisation

6.4.2.1 Raman Spectroscopy

Raman spectroscopy was again employed to confirm the co-encapsulation of the

electroactive materials within the same hybrid sol-gel matrix. In order to form a valid

comparison the spectra obtained for the original ionogel material (10/4/4; 40 wt.% IL)

was overlayed against the new ionogel containing the same stoichiometry and IL

content plus graphene (figure 6.6). The figure was first baseline corrected using the

1800-2000 cm™' region where no spectral activity was seen, and normalised according

to the C-H contributions of both samples at ~2900 cm™.
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Figure 6.6: Raman spectra obtained for 10/4/4 ionogel containing 40 wt%

[Ps6.6.14][DCA] (red) and 10/4/4 ionogel containing 40 wt% [Peee.14][DCA] and

graphene (blue).
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This allows the spectral contributions of the graphene dispersion to be fully analysed.
The raman spectroscopy of, and the underlying physics behind the raman
spectroscopy of graphene are quiet well understood and are the subject of a previous
reviews>" *!.

The encapuslation of graphene within the sol-gel matrix is confirmed via the presence
of the G’ band at 2590cm™ arising from a two phonon inelastic scattering process;
and the disorder induced D’ band at 1572cm™ . An increase in intensity of the band at
1592cm™ can be attributed to the doubly degenerate G phonon mode. All spectral
bands arising from the sol-gel matrix and the IL (as highlighted in previous sections)
appear unperturbed and at the same frequencies.

Similiar to the original ionogel experiments therefore, one can then conclude that the

encapsulation of the conducting materials occurs undisturbed within the sol-gel

matrix.
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6.4.2.2 EIS Spectroscopy

It was anticipated that the introduction of graphene sheets dispersed within the

ionogel matrix would increase the conductivity of the ionogels, which were again

investigated using EIS. For these analyses the concentration of both [Ps ¢ 14][DCA]

and the graphene dispersion were kept constant across all samples.
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Figure 6.7: (a) Nyquist plot and (b) Bode plot analysis of graphene encapsulated

ionogels. In both cases the black dashed line represents the original [Ps¢614][DCA]

40wt% ionogel, the graphene encapsulated ionogels are in red (10/4/4), blue (10/6/6)

and green (10/8/8).
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This anticpation was based on the electronic conductive properties of graphene, which
have been well documented in the literature®. By first analysing the initial Nyquist
and Bode plot results for 10/4/4 IL and 10/4/4 IL G (Figure 6.7 (a) and (b)); one can
see the initial change in (a) the Rcr x-axis intercept and (b) the uniformal decrease in
impedance across all frequencies scanned. The introduction of graphene causes a
37.46 % decrease in x-axis intercept and a 59.9 % improvement in the calculated
conductivity (table 6.2).

In order to study the effects of increasing the metallate complex of Zr on the
conductivity endowed on the ionogel, ionogels of stiochiometry 10/6/6 and 10/8/8
(MAPTMS/ZrPO/MAAH) were next prepared and analysed.
In both cases the conductivity of the ionogels is increased by 189 % and 455 %
respectively (table 6.2). The remarkable increase in conductivity is therefore a
combination of the graphene content and the increased elements of the sol which
undergo condensation reactions. The increased concentration of condensed material
serves to encapsulate the electro-active materials more and more -efficiently,
which causes the conductive network encapsulated within to operate more efficiently.

Ionic conductivity as a result of these measures therefore increases in tandem.
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Sample: Rer: () Rer o: (S/em”) | o increase:
decrease: (%)
(%0)
10/4/4 IL 12,100 521x10°
10/4/4 IL G 7567 37.4 8.34x10° 59.9
(£312)
10/6/6 IL G | 4185 (+21) 65.4 15x 107 189.1
10/8/8 IL G | 2180 (+ 19) 81.9 2.89x 107 455

Table 6.2: Tonogel composition, Rcr values (errors in parentheses) and conductivity

values obtained from EIS for graphene encapsulated ionogels.

6.4.2.3 XRF and UV/Vis analysis

As the effects of increasing the Zr content had now been effectively documented by
EIS, it was decided to exhibit the increasing Zr concentration further using XRF.
XRF is a suitable technique to exhibit this as Zr is a heavy metal element which
exhibits the photo-electronic effect under x-ray irradiation. The results of the XRF

analysis are shown in figure 6.8 (a).
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Figure 6.8: (a) XRF analysis and (b) UV/Vis spectra of 10/4/4, 10/6/6 and 10/8/8

graphene/IL encapsulated ionogels.

It can be seen from these results that increasing the Zr content from 10/4/4 to 10/6/6
and 10/8/8 causes the intensity of the photon count attributed to Zr at the XRF
detector to increase accordingly. This effectively exhibits that the concentration of the
Zr content does increase from ionogel to ionogel, and so ratifies the trend observed
previously using EIS.

The UV/Vis spectra of all three graphene encapsulated ionogels can be seen in figure
6.8 (b). All three ionogels exhibit optical transparency in the visible region spanning
from 900 nm to ~430 nm, meaning the graphene content does not affect the optical
properties of the ionogels in this region. The broad shoulder centered at 395 nm is
attributed to the photoreactivity of the initiator, as this shoulder is only evident after
polymerisation was performed. The absoption maximum at 325 nm is due to

unreacted photoinitiator.
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6.4.3 One and two photon patterning of ionogel structures

Experiments to demonstrate the photopatternability of these novel materials were
carried out using the SZr 4 material containing 20 wt.% [Psgs6.14][DCA] in
conjunction with a direct laser writing process. The microstructures shown (figure
6.9 (c) and (d)), exhibit both a cross-sectional and top-down view of the
photopatterned ionogel thin films. It can be seen from these images that as the UV
exposure dose is decreased (from left to right in Figure 6.9(c)), that the size of the
resulting microstructures also decreases. This demonstrates that the dimensions of
these microstructures are sensitive to the UV exposure dose as is the case for standard
photocurable hybrid sol-gel materials. These results clearly demonstrate the potential

of these conductive materials to be exploited in high resolution photopatterning

Processes.

Figure 6.9: (a) and (b) SEM images of three-dimensional crystals fabricated from
SZr 4 - 20 wt.% [Ps66.14][DCA] (¢) and (d) Photopatterning of SZr 4 - 20 wt%

[Pe.6.6.14][DCA] with photolithography.
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A three-dimensional woodpile structure fabricated employing the 2PP technique is
presented in figure 6.9 (a) and (b). In comparison with commonly used liquid resins in
2PP processing, this material allows the fabrication of a woodpile type structure
exhibiting negligible shrinkage, which avoids any further mechanical compensation.
This is attributable to the particular molecular structure of the hybrid ionogel, in
which both organic and inorganic moieties can form interconnected networks leading
to high molecular cohesion. First, the hydrolysis and condensation reactions taking
place during the sol-gel synthesis allow the formation of polycondensable M-OH (M
= Si, Zr) groups capable of forming strong and irreversible covalent bonds (Si-O-Si,
Zr-O-Zr, and possibly Si-O-Zr). Upon 2PP irradiation, the pendant methacrylate
groups contained in the MAPTMS are crosslinked, resulting in the formation of
irreversible and fully saturated aliphatic C-C covalent bonds, which penetrate
throughout the irradiated region of the film. It is thought, in agreement with a
recently reported study®, that this has the effect of confining the other constituents of
the sol (in this case the IL and the graphene sheets). Figure 6.10 shows the graphene-
dispersed ionogels 2PP patterned to mimic the crystal lattice structure of graphene.
Similar to the previously patterned ionogels, the graphene-dispersed materials were
found to be of the optimum mechanical stability to be stable in the 3 dimension after

etching.
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Figure 6.10: 2PP graphene - dispersed phosphonium ionogels, patterned to mimic

the crystal lattice structure of graphene. Honeycomb diameter: 8pum.

6.4.4 Viologen spectroelectrochemistry and device fabrication:

In order to demonstrate the conductive nature of the novel photopatternable materials,
it was decided to encapsulate an electrochromic dye using the same methods that form
the basis of chapter 4. In keeping with the EIS data obtained, an ionogel containing
50wt% [Comim][FAP] and SZr 4 was chosen as it displayed the highest conductivity
value. The viologen derivative chosen was EV, as its increased polarity over MAV
ensured its miscibility within the [Comim][FAP] ionogel solution.

EV exhibits the same equilibria as the viologen derivatives discussed in section 4.4.6,
in that one electron reduction of the colourless dicationic state produces a coloured
monocationic radical. This radical can also be reduced further to the quinoid state.
The concentration of EV was kept at 5 x 10> M for the spectroelectrochemical

experiments.
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The initial experiments based on SZr 4 proved invalid as electroplating under
cathodic conditions was observed. The high concentrations of Zr leached out of the
ionogel and coated the electrode under negative potentials, which hindered the optical
properties of the gel. In order to prevent this effect a sol containing 10/0.5/0.5
(MAPTMS/ZrPO/MAAH) was synthesised, and was prepared for electrochromic
experiments in the same manner as previously described, the results of which are

shown in figure 6.11.
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Figure 6.11: (a) Cyclic Voltammogram obtained of EV in [Comim][FAP]/SZr 4 gel,

and (b) UV/Vis redox spectra of EV in [Comim][FAP]/SZr 4 gel.

The CV (figure 6.11 (a)) was obtained by scanning in the potential range from -1.6 V
— 0.1 V at a scan rate of 1 mV/sec. It can be seen from this figure that it exhibits the
classical two reduction steps expected for viologen based devices® Z.
This ensures that the equilibrium of the viologen derivative can be facilitated as part
of a solid-state photopatternable ionogel. The radical cationic state was generated by
maintaining the voltage potential on the working electrode at the first reduction point

in the CV (in this case -0.7 V). This resulted in the generation of a dark blue colour,

and a strong absorbance at 610 nm (figure 6.11 (b)).
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The next step was the construction of the electrochromic device, where the
photopatternable ionogel was expected to act as a solid electrolyte for the reversible
viologen redox process. The fabrication process for the patterned electrochromic
device is described above in section 6.3.5. Once the device was complete it was
connected to a power supply, the perturbation voltage was 1 V, which resulted in the

patterned squares turning blue (figure 6.12 (right)).

EV.+

Mooy, 610 NM

max

Figure 6.12: Patterned electrochromic ionogel exhibiting both viologen redox states.

This device exhibited the same stabilisation of the coloured form as the devices in
chapter 4. Some strategies to quantify and optimise this effect are suggested in
section 7.2.3. It can also be noted from figure 6.12 that the viologen doped, patterned
squares change their morphology after the initial voltage was applied. This is an
interesting phenomenon as the material appears to actuate as a function of the voltage
applied. This feature is however outside the scope of the present study and will be the

subject of future work investigating this effect.
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6.5 Conclusion

In summary, this chapter provided a facile method to photo-pattern ionogel materials
containing phosphonium and imidazolium based ILs. The lonogels have been
characterised by EIS and Raman spectroscopy, from these results the organic-
inorganic matrix does not seem to affect the physical or chemical behaviour of the
encapsulated IL.

Once an appreciation of the effect of IL encapsulation had been gained, experiments
aimed at improving the conductivity of an ionogel based on [Pe¢6.14][DCA] were then
undertaken, which involved the use of an aqueous graphene dispersion as the
hydrolysis agent for sol-gel preparation. The addition of this electronic conductor -
coupled with the incremental increase of condensing agents within the sol — resulted
in a dramatic improvement in the resultant conductivity of the ionogel as
characterised by EIS.

XRF analysis documented the increase in Zr content whilst UV/Vis spectroscopy
showed these materials exhibited good optical transparency in the visible region.

A particularly attractive quality of these ionogels is the ability to spatially define their
precise location and structure by optical exposure. Tremendous potential lays in the
ability to photopattern flexible opto-electronic materials with high precision.
The incorporation of an electrochromic dye also highlights further future potential
applications in the development of a patternable electrochromic display those

functions under a comparatively low voltage perturbation signal.
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Chapter 7

Conclusions and future
work
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7.1 Thesis Conclusions

The main topics discussed in this thesis are the design of polymer gels with novel and
stimuli responsive materials encapsulated within. This conclusion section aims at
summarising the highlights of the thesis under the two main research themes.
The future work section outlays some experiments that are designed to generate new

information that could lead to exciting future developments.

7.1.1 Sensor component simplification

Chapters 3 and 4 discussed the many positive outcomes that arose out of the use of

IL’s as multifunctional agents encapsulated within solid-state platforms.

Chapter 3 started this premise by discussing the novelty of using the IL as the ligand
in a charge transfer metal complex (and thereby producing an optical response).
The multifunctionality of the IL provided the foundation for very simplified yet
functional optodes. Whilst ILs have found use within the literature as plasticisers for
PVC, this has mainly been put to use within electrochemical sensing platforms.
Indeed in some cases the inherent charge of the membrane eliminated the need for an
ion-exchanging salt. To our knowledge further simplification by using the IL as the
optical responsive agent within this and other sensing platforms has been explored

very little.

Incorporating [Pg6.14][DCA] with PVC fulfilled multiple roles within the optode
template. The IL functioned as an effective platiciser yielding a transparent flexible

film.
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It also acted as a diverse ligand for the analytes studied, the transducer dye yielding
the optical response; whilst the binding mechanism eliminated the need for an ion-

exchanger.

When exposed to a solutions containing various mixtures of the two analytes,
[Ps6.6.14][DCA] simplified optodes were able to behave as dual analyte recognition
platforms. The great importance of this finding is that this two-component system is
effectively self-indicating. It clearly shows whether ions of interest are present as

individual or as a mixture without the need to add a dye.

Of equal importance is the idea of developing sensors with multiple detection
channels, which ultimately allows for greater freedom when choosing the detection
method. The inherent conducting properties of the membranes gave a measured
sensor response across three distinct instruments. In this case the instrumentation used

were XRF, EIS and WREF.

The latter’s response was principally based on the inherent ionic conductivity of
[Ps.6.6.14][DCA] - which upon co-ordination to Cu®", Co>” and a mixture of the two —
gave a discriminatory increase and decrease in the documented EIS and WRF

responses respectively.

Chapter 3 therefore is an effective demonstration of two-component ionogels
behaving as mixed opto/electronic functional materials. This raises the possibility to
develop single use platforms that work under simplified conditions, that are capable
of detecting multiple species via multiple detection channels with acceptable limits of

detection (depending on the application).

200



In fact the main obstacle to the realization of this vision are the current detection
limits. This can be addressed if a good understanding of the complexation process is
achieved. Equally, ILs allow great freedom and variation in their design, and it is this

exciting prospect that forms the basis of future work for this chapter (section 7.2.1).

This idea of a multifunctional agent that will simplify the design template of a given
platform provided the basis for the topics discussed in chapter 4. However this time a
synthetic approach was used to produce a new novel material for this purpose. Going
backward one step in the phosphonium IL synthetic route allowed the design of an IL

with multiple traits at the final synthetic step.

'H and *'P NMR served to validate the products obtained at both stages within the
synthetic route, whilst DSC and TGA thermal analyses verified that the [Py 3 353][3X]
behaves in similarly to conventional phosphonium based ILs. Encapsulation of the
novel IL material within an ionogel formed the basis of a simplified device that

produced a change in optical properties of the gel upon voltage reduction.

The simplified template was then scrutinised according to classical performance
parameters for devices of its kind. The device exhibited colouration kinetics that were
almost two orders of magnitude faster than the initial documented kinetics for

electrochromic ILs published recently.

The simplified device exhibited a prolonged optical memory under open circuit
conditions, but poor colouration efficiency as the charge maintained within the device
was low. EIS related the low charge within the device to the low conductivity of the
ionogel; it also explained the prolonged optical memory as the capacitance of the

device increases upon reduction of the chromophore.
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The large, stable electrochemical window of the IL based device allowed reproducible

absorbance switching experiments to be performed over a 20-minute time scale.

Chapter 4 therefore is equally effective at demonstrating the idea of employing ILs as

multifunctional agents within solid-state platforms.

The main issue raised that is specific for this chapter is the physicochemical
properties of the synthesised molecule. Fortunately enough the chemistry behind
optimising the liquid properties of ILs are well understood. These chemistries are

discussed in section 1.2.1.2 and 7.2.2, with a view to improving existing parameters.

The optical performance of electrochromic devices was observed and discussed in
chapter 5, and forms the basis for experiments designated as future work to optimise

these features for future platforms (section 7.2.3).
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7.1.2 Photopatterning of stimuli responsive sol-gels

Chapters 5 and 6 detailed the novelty of photopatterning electro- and photo-
responsive materials within matrices whose chemical compositions were altered
systematically. Photopatterning is an important technique that allows the user to
design the polymer shape to intricate dimensions. The work was aimed at exploiting
this technique in order to bring the chemistry of the stimuli responsive materials to the

fore.

Chapter 5 discussed the idea of encapsulating electroactive materials within the
photopatternable matrix. These included a diethyl substituted viologen derivative and
an aqueous suspension of graphene. Subsequent characterisation via Raman
spectroscopy confirmed their encapsulation within the medium, whilst EIS, CV and
UV gave a good understanding of how to optimise the optoelectronic chemistry of

these materials.

It was found that altering the composition of the IL within the photopatternable matrix
affected the ionic conductivity of the resultant solid state. lonogels that exhibited the
most favourable conductivity were chosen to demonstrate the redox chemistry of the

viologen analogue.

Addition of the electronic conductor graphene significantly improved the conductivity
of a [Peec14][DCA] 40 wt% based ionogel. Another novel strategy employed to
improve the conductivity of this ionogel was to incrementally the Zr/methacrylate

complex within the initial sol-gel solution.
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This complex acted as the condensing agent within the polymeric medium,
incrementally increasing it therefore encapsulated the conductive materials within
further and further. An increasing linear relationship was observed between ionic

conductivity and the concentration of the condensation agent.

An improved understanding of how the electroactive materials behave within their
respective hybrid sol-gel environments allowed sub-micron structures to be fabricated
via optical exposure. These 3-D structures definitively encapsulate the electroactive

materials within and exhibit minimal-distortion after etching.

Based on the knowledge gained from chapter 5 and the previous expertise of group
members on photo responsive systems, the final experimental chapter discussed the
advantages of co-polymerising a SP monomer within the same class of hybrid sol-
gels. The variant in this chapter, unlike those within the first three experimental

chapters, was the chemical nature of the polymer matrix and not the materials within.

Varying the concentration and nature of the metal alkoxide/acrylate complex allowed
UV/Vis and contact angle trends to be elucidated. The trends were then effectively

related to the molecular structure using IR spectroscopy.

Addition of a metal alkoxide that does not exhibit d-orbital phenomena (i.e the ability
to participate in charge-transfer complexes) allowed the SP/MC equilibrium to dictate
the surface energy of the resultant polymerised sol-gel. These findings made the Al

based SP sol-gels ideal candidates for direct photopatterning.
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Direct UV laser writing of pillar structures allowed the effects of the photodynamic
equilibrium to be realized on the macro scale. Ultimately a new, novel,
photoresponsive sol-gel was photopatterned. 2PP polymerisation produced spiral

structures in tandem with the theme of the research.

The new photoresponsive material was of the optimium mechanical stability to be
patterned as stand-alone structures without a supporting perimeter scaffold. Chapter 5
is therefore provides an insight into the behaviour of the photoresponsive SP dye
within various photopatternable matrices, and relates macrocopic behaviour to

molecular structure.
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7.2 Future Work

7.2.1 Strategies to improve the limit of detection of two component optodes

Throughout the duration of the work on two component optodes, we discussed at
length and concluded that the mode of ion transfer into the membranes was the co-
extraction mechanism. In order to confirm this a quick, well defined experiment

involving salts of Co®” was conducted.
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Figure 7.1: Absorption spectra obtained for Co-DCA complexation based on nitrate,

chloride and acetate salts of Co>".

The spectra in Figure 7.1 were obtained by exposing three individual membranes to
the Co®" salt of the same concentration over the same time (0.IM, 10 minutes).
It can be seen in the first instance that exposure of Co (II) acetate to the membrane
yield no observable optical response. This is easily explained as the cobalt assumes
tetrahedral geometry as part of a hydrated acetate salt. We can therefore conclude that
the initial salt must be of octahedral geometry in order to recomplex within the

membrane and produce a distinguished optical signal.
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The co-extraction convention is experimentally established by looking at the response
obtained for the chloride salt. A diminished response is seen over the same time

period.

The polarity (relative to PVC) and the rate of transfer of the co-extracted anion
therefore plays a crucial role in the detection process. There are some reports of a
similar nature for electrochemical sensors based on PVC. In these the Hofmeister

. . . 1,2
series plays a crucial role in the sensors response ™ “.

The Hofmeister series was initially developed to study the solubility of proteins in
solution, and relates to the relative hydration energy of the anions in question’.

It is also well established for cations but for anions it follows the order:

ClO; > SCN >T > NO; > Br > CI > HCO; > CH;COO > SO/ > HPO/

The above list is by no means extensive but it does include some of the more
conventional anions used in research. The anions on the extreme left are regarded as
being more hydrophobic in nature opposed to the extreme right, which are more

hydrophilic.

In this series the chloride and nitrate ions are of the same relative polarity, the latter
being slightly more hydrophobic. From the experiment described, this suggests that
tuning and optimising the polarity of the anion (relative to PVC) by following the
series in the non-polar direction should increase the rate of ion transfer into the
membrane. The limit of detection can therefore be decreased, as complexation should

increase as a result.
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Annealing is a process where a material is heated at elevated temperatures over time
causing changes in its physical properties. It has found previous use in metallurgy for
solids®, and also in IL media where they were used as a stable solvent for the

preparation of block copolymer dispersions at high temperatures’.

At elevated temperatures (>310 ° C) group 1 salts of dicyanamide have been shown to

undergo trimerisation to form tricyanomelaminates® ’.

I
N e
/

Figure 7.2: The trimerisation of the [DCA] anion.
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This unique property of [DCA] salts allows the formation of anionic species with an
increased conjugation and increased co-ordination sites. Once trimerised, the new
species can be ion-exchanged according to the experimental conventions to form new
IL’s, that can simplify optodes in the same manner as discussed previously (Section

2.4.3).

Experiments can then be designed to study the coordinating properties of the new IL
species within optical sensing. If co-ordination occurs with either Cu®” or Cu®’, it is
proposed that the increased conjugation of the anionic ligand will decrease the limit of

detection below existing results.

7.2.2 Strategies to improve the liquid properties of electrochromic ionic liquids

7.2.2.1 lon exchange metathesis

There are several strategies documented within the literature aimed at optimizing the
physicochemical properties of IL’s. Of these arguably the most popular method of
choice to alter these properties is the use of m-electron delocalised anions that exhibit

mere electrostatic interactions with the cation (Section 1.2.1.2).

[Pv.sss][3X] 1s a trihalide, which can undergo ion-exchange metathesis with highly -
electron delocalised anions such as [DCA] and [NTf;]. Experiments can then be
designed to understand how the ion-exchange reaction manifests itself in the liquids

physical form.
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7.2.2.2 Variation of the linker

[Pvsss][3X] has a propyl linker between its phosphonium core and the pyridinium
ion of the viologen moiety. This, coupled with the high density packing of the halides
favours high viscosity and high melting point sytems. Modifying the structure of the

linker will provide an effective study on relating chemical structure to IL liquidity.

Dihaloalkanes are readily available variants in both chain size and terminal halides. It
is proposed that increasing the distance between the phosphonium and pyridinium

centres will exhibit favourably in the liquid properties of the material.

Other reports on tuning the liquid properties of IL’s involve the introduction of
unsaturated aliphatic chains® and ethers’ that induce “disorder” along the chain. In
both cases the physicochemical interactions of the functionalised chains dominate
over the previous structure. To this end the authors introduce unsaturated sites at
specific points along the chain, with a decrease in melting point of 74.4°C reported in

one specific case.

For the case involving ethers, the authors reported an increased density and viscosity
in most cases as the exclusive hydrogen bonding in compounds of this nature

prevailed over previous interactions in the saturated systems.
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Combining the strategies discussed will deliver electrochromic ILs with tailored
liquid properties. They can be characterised via density, viscosity, thermal phase
transitions, redox potentials and visible spectroscopy including the kinetics of the
electrochromic equilibrium. It is anticipated that the latter experiments will be

governed by the liquid properties of the parent molecule structure.

7.2.3 Strategies to quantify and optimize the capacitance effect of electrochromic

device design

The electron-mediated equilibrium between the di- and monocationic states of a

viologen molecule is shown above in figure 7.3.

x© x© k, = f(o) x©
R—Né \ / gN—R ‘+—e—'~R—N ®N—-R
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Colourless

Figure 7.3: Equilibria of the viologen compounds.
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In this instance the kinetics of the forward reaction (k;) are a function of the
conductivity of the ionogel; while the kinetics of reversion back to the colourless state

(k;) are a function of the capacitance of the device.

As the viologen equilibria are manipulated via potentiometry, the reactions that
produce the change in optical density take place initially at the electrode interface. In
order to produce a change within the film, charge diffusion must therefore migrate
back out into the electrolyte phase. The rate of charge diffusion is therefore the

limiting step under current experimental conditions.

It is proposed that this limitation can be improved via two routes:

(1) The forward reaction in figure 7.3 is governed by the ability of the electrolyte to
facilitate a current i.e. its conductivity. The discussion in section 4.4.4 relates the
physical liquid properties of individual ILs to the conductivity of the solid-state
device. It is anticipated that using a low viscosity, high conductivity IL will improve

the kinetics of the forward, coloration reaction.

(2) Charge diffusion can be limited by simply making the ionogel layer between the
tow electrodes thinner. As the current dropcasting technique produces acceptable
reproducible devices thicknesses, decreasing the volume of the liquid used will make

the ionogel layer thinner.

The ideal technique to monitor how these strategies will impart on the functionality of
the new devices is EIS. The various electrochemical processes that govern the
reactions taking place within the electrochromic devices can be individually

quantified by fitting the EIS responses obtained to equivalent circuitry.
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Figure 7.4: The Randles equivalent circuit used in EIS.

The Randles circuit is easily the simplest yet most popular circuit used in EIS, fitting
it to the Nyquist plot obtained allows an independent estimation of the various

electrochemical processes taking place within the cell (figure 7.4).

Here R, is the solution resistance (KCI in the current system setup), Rcr is used to
estimate the conductivity (as described, section 3.4.10), C; is the double layer

capacitance and Z, is the Warburg impedance.

A series of ionogels based on ILs of differing liquid properties can be scrutinised
under the topic of device performance. Using this strategy device performance can be

optimised to suit a particular purpose.

The kinetics of the forward reaction can be tuned by the use of ionogels with ILs of
differing viscosities. If a prolonged optical memory is required then the use of a

device with a relatively thick ionogel that possesses a high Cgy; value should be used.
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Figure Al: Membrane thickness reproducibility analysis used to obtain results in

sections 3.4.4 and 3.4.5.
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Figure A3 (i): 'H NMR spectrum obtained for trioctylphosphine.
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Figure A3 (ii): *'P NMR spectrum obtained for trioctylphosphine.
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Figure A3 (v): >'P NMR spectra of [P3ci8.5.8][Br].
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Figure A3 (vi): "H NMR spectrum obtained for MAV.
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Figure A3 (vii): "HNMR spectrum obtained for the [Py gsg][3X] .
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Figure A3 (viii): 3P NMR spectrum obtained for the [Py s3s3][3X] .
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Figure A4: CV obtained for ionogel based on 2:1 PVC: [Psg6,14][DCA] on a screen-

printed working electrode (Ag/AgCl reference electrode, Pt wire counter electrode,

scan rate 0.05 V/sec).
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Figure AS5: CV obtained for ionogel based on 40 wt.% [P¢66.14][DCA] and 60 wt.%

SZr 4 on a screen-printed working electrode (Ag/AgCl reference electrode, Pt wire

counter electrode, scan rate 0.01 V/sec).
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Figure A6: CV obtained for ionogel based on 50 wt.% [emIm][FAP] and 50 wt.%

SZ4 on a screen-printed working electrode (Ag/AgCl reference electrode, Pt wire

counter electrode, scan rate 0.01 V/sec).

1.5

1.0

(1x10-4 A)

=
)

Current

-1.0

Potential (V)

Figure A7: CV obtained for ionogel based on 40 wt.% [Ps¢.6.14][NTT;] and 60 wt.%

SZ4 on a screen-printed working electrode (Ag/AgCl reference electrode, Pt wire

counter electrode, scan rate 0.01 V/sec).
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Figure AS8: Ionogel thickness reproducibility analysis used to calculate the

conductivity of 40 wt.% SZ4 ionogels (Table 6.1).
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Figure A9: Ionogel thickness reproducibility analysis used to calculate the

conductivity of 60 wt.% SZ4 ionogels (Table 6.1).
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Figure A10: Ionogel thickness reproducibility analysis used to calculate the

conductivity of 50 wt.% [emIm][FAP] SZ4 ionogels (Table 6.1).
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Figure Al11l: Ionogel thickness reproducibility analysis used to calculate the

conductivity of 80 wt.% [emIm][FAP] SZ4 ionogels (Table 6.1).
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