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Abstract

Surface-active luminescent transition metal complexes are synthesised, characterised and
successfully attached to gold surfaces for the purposes of micropatterning and biomolecular
recognition. Monolayers of ruthenium(l1) and iridium(I11) complexes bearing disulfide moieties
display enchanced lifetimes on gold surfaces compared with aerated solution, and are
micropatterned through the use of microcontact printing (LCP). The monolayers also display
recognition of serum protein bovine serum albumin through surface plasmon resonance
spectroscopy and time-resolved and steady state luminescence spectroscopy. Mixed
monolayers of these respective complexes with commercially available surfactants are studied
to provide understanding of nanoparticle systems and their involvement in protein interactions.
Cyclodextrin containing transition metal complexes are synthesised and characterised for the
purposes of supramolecular micropatterning. Mixed monolayers of ruthenium(ll) and
iridium(I11) complexes bearing cyclodextrin moieties can be attached through directed
assembly afforded by the pCP technique. Surface-active cyclodextrin containing transition
metal complexes are synthesised and characterised for use in selective biomolecular recognition
and stepwise assembly. Monolayers of ruthenium(ll) and iridium(ll1) complexes bearing
cyclodextrin and disulfide moieties are shown to be luminescent on gold surfaces, and through
stepwise assembly afford a selective recognition motif for the protein streptavidin through
luminescence and surface plasmon resonance studies. The results indicate the potential of these

systems in reusable functional sensing systems.
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Chapter One

1.1 General Introduction

The drive toward nanoscale devices has led to an explosion of research in the field of
nanotechnology over the last thirty years. In particular, the work begun by Sagiv,! Nuzzo and
Allara? into the use of self-assembled monolayers (SAMs) has driven such research into a large
and multidisciplinary area.® The need for smaller devices is pushed in part by the proliferation
in computer use during the 20" century, which have pushed ‘top-down’ methods of device
fabrication, such as electron beam lithography (EBL) to their limits. As such, self-assembly
methods such as SAMs have flourished,®2?® due in part to their ease of fabrication and the

removal of the need for ‘clean lab’ chemistry.

1.2 Use of Self-Assembly in Device Formation

The use of self-assembly in device formation allows a multitude of chemistries to be performed
on many different substrates, in particular organic thiols on gold?’° or silver,® 1% as well as
chemistry that can be performed on glass. An example of each of these is shown below (Figure
1.1). In the first example by Nuzzo,® self-assembly can be achieved by immersing a prepared
gold, copper or silver substrate into a solution of an alkanethiol for a given period of time,
before washing and drying under nitrogen. In the second example by Sagiv,* a similar process
of immersing a glass substrate in a solution of an alkyltrichlorosilane results in a monolayer

through condensation polymerisation after adsorbing to the surface of the glass.

Such motifs are now widely used not only on planar substrates but also in nanoparticle
chemistry, with probe molecules also acting as capping agents to otherwise unstable
nanoparticle cores.®*-32 The two types of nanoparticles that often utilise this particular chemistry
are noble metal, and oxide nanoparticles.®>3* Noble metal nanoparticles, such as gold,3* 3537

silver®’ or platinum? are commonly used in biological applications®®2 or catalytic systems,**
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44 where their large surface areas provide more active sites for reactions to take place. Noble
metal nanoparticles, particularly gold nanoparticles offer intriguing properties that can be useful
in luminescence. Due to the inherently unstable nature of surface gold atoms, as well as the
high ratio of surface:bulk atoms that exists in nanoparticles, the free electrons in the
nanoparticle oscillate at a visible frequency to create a plasmon. Studies have shown that this
plasmon will interact with dipoles in luminescent materials to enhance or quench emission.?*
45,46 Rogers et al.3! have shown that the luminescence lifetime of a ruthenium(ll) complex
adsorbed to 13 nm gold nanoparticles is enhanced compared with its lifetime in solution,
indicating that such systems can be useful in tracking or detection motifs. The facility of
synthesis of both noble metal nanoparticles and oxide nanoparticles is offset by their lack of
reusability. Because these systems are for the majority solution based, the probes are discarded
after a test has been carried out, whereas a planar surface can be reused, provided it can be
regenerated. The reusability of planar substrates means that costs such as production can
therefore be minimised over longer periods of time, making them more attractive as sensors

and other devices.

One area of research towards controlling the deposition of molecules on a planar surface is that
of microcontact printing (LCP) originally outlined by Whitesides.*” %8 In this method (Figure
1.2), surfaces are subjected to patterning with a PDMS stamp that has been ‘inked’ with a
surface-active molecule such as an alkanethiol, before removal of the stamp and washing to
reveal a patterned monolayer. Such systems have been used as chemical resists for the etching
of substrates for electronic devices,?1% 4% %0 as well as more elaborate designs for patterned
supramolecular architectures, such as the ones outlined by Reinhoudt.* 5% |n these systems,
cyclodextrins and adamantyl groups are used as supramolecular linkages to pattern large arrays,

which allow the use of multiplex sensing.®’
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1.3 Use of Luminescent Transition Metal Complexes

Due to the high sensitivity of luminescence based techniques, luminescent molecules offer a
useful tool for studying low concentration systems such as self-assembled monolayers closely
and reliably, particularly in imaging® ®"%° and sensing applications.”® "* Traditionally,
fluorescent dyes have been used as the standard for surface based luminescence as they are
reasonably cheap to purchase and have high luminescence quantum yields. However, their
commercial potential is limited by several factors. Fluorescent dyes have small Stokes shifts
(typically less than 10 nm), as absorption and decay occur to/from the same excited state. This
small Stokes shift can mean the signal is attenuated either by self-quenching; absorption of light
emitted by proximal molecules; or signal lost through the use of filters to distinguish emission
light from excitation light. Fluorescent dyes also have short luminescence lifetimes (typically
less than 10 ns), which limit their potential when examining systems that contain biological
media, as biomolecules can also have fluorescence profiles due to chromophoric amino acids
such as tyrosine or tryptophan. The photostability of organic fluorophores is also relatively low,
as the excited states are typically reactive and form nonfluorescent photochemical products over

time, causing the device to lose efficiency.

Research into the use of lanthanide complexes as sensing architectures has also been
explored,’™ due to their attractive luminescent properties. Lanthanide complexes display
sharp line band emission profiles due to f-f transitions that are caused by the highly shielded
character of the f orbitals. However, f-f transitions are Laporte forbidden and generally direct
excitation of the lanthanide is unfavourable. This problem can be avoided by the use of organic
sensitisers which take advantage of the ‘antenna’ effect, whereby the energy from absorbed
light from the chromophore is transferred to the lanthanide before emitting. Because of these

energy transfer steps and relaxations, the emitted light is normally far red-shifted (greater than




Chapter One

100 nm) from the absorbed light. Indeed, the use of the ‘antenna’ effect can be very useful in
sensing for chromophoric ligands such as dipicolinic acid; a highly absorptive molecule found
in anthrax spores; particularly when non-absorbing complexes are used as sensors.’? ’® Due to
the Laporte forbidden transitions, lanthanide luminescence is also very long lived, with typical
lifetimes ranging from microseconds to milliseconds.”” "® However, three problems exist for
lanthanide complexes. Lanthanide ions are very toxic due to their similar size and behaviour to
important elements in biological systems such as calcium. For this reason, when designing
lanthanide systems involving biological applications, strongly chelating ligands such as EDTA
or DTPA are favoured, and as such work has gone into attaching chromophores to these types
of ligands.”* The other problems that arise in the use of lanthanide systems, particularly in
imaging is that of low luminescence quantum yield and use of organic sensitisers. Because
organic sensitisers generally absorb below 350 nm, this makes them difficult to excite in
conventional microscopy set ups due to the use of glass optics, which has an optical cut off of
ca. 350 nm. Coupled with the low quantum yield of luminescence, the use of lanthanide

complexes in biological sensing is possibly limited.

The photophysical properties for luminescent transition metal complexes such as [Ru(bpy)s]**
(Figure 1.3) are well studied.” Due to their favourable properties, such as large emission Stokes
shifts in the region of tens to hundreds of nanometres, their typically long lived excitated states
greater than 100 ns, and their reasonable luminescence quantum yields (ca. 1-10%),
ruthenium(l1) polypyridyl complexes have been particularly used in sensing applications, such
as molecular probes in cell studies,®" 88! flow tracking,®? oxygen sensing® and biomolecular
recognition.®’ 88" Ruthenium(I1) complexes of this type have also been employed in energy

transfer systems, 8-
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Figure 1.3. Jablonski diagram illustrating emission pathway for ruthenium(ll) tris-bipyridyl

complexes (left) and schematic illustration of [Ru(bpy)s]?* (right).

Indeed, such complexes are advantageous over terpyridyl complexes due to their luminescence
at room temperature, as ruthenium(ll) terpyridyl complexes are typically quenched by a low

lying 3MC state which can be populated thermally, causing the SMLCT state to be deactivated.

Iridium(I11) polypyridyl complexes behave somewhat differently, with the emissive state being
populated through mixing of the *z-n* and *MLCT states caused by spin-orbit coupling.®® %2
Because of this effect, the excited state energy of iridium(l11) complexes can be manipulated
drastically with small changes to the ligand system around the metal centre, and as such much
effort has gone into the study of such complexes in OLED systems.®" Indeed, the sensitivity
of iridium(I11) polypyridyl complexes to their environment means research has also focused on

their use in biomolecular recognition. %%
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1.4 Use of Supramolecular Chemistry in Device Formation

Supramolecular chemistry can provide a powerful tool in the fabrication of devices, as
chemistry ‘beyond the molecule’ allows reversible yet stable structures to be assembled without
the need for forming covalent bonds or the use of catalysts and other reagents. Many examples
of the use of supramolecular entities in devices for various applications are found in the
literature, from crown ethers, %1% curcubiturils,931% cyclodextrins!®11® and calixarenes,%®
101, 106, 114, 115 t9 molecule-protein interactions.®® 116118 |n particular, we are interested in the
study and use of systems incorporating cyclodextrins as supramolecular host groups.
Cyclodextrins (Figure 1.4) are cyclic sugars, made up of 5 or more glucose units, and are
typically made by enzymatic degradation of starch. The three commercial derivatives of these
types of molecules are a-(6 membered), B-(7 membered) and y-(8 membered) cyclodextrins,
and exist as cone shaped structures with hydrophilic exteriors and hydrophobic interiors.
Because of their reasonable solubility in aqueous systems, cyclodextrins can trap hydrophobic
guest molecules within their cavities, with relatively high binding constants (ca. 10 for
adamantyl or phenyl groups in B-cyclodextrins). For this reason, cyclodextrins make very good
building blocks for building supramolecular systems, and indeed there are many examples of
this in solution!!®122 as well as on planar substrates.®® 123126 |n particular, the works of
Reinhoudt, Huskens and Ravoo have used cyclodextrins on surfaces to create ‘molecular
printboards’, in which a monolayer of cyclodextrin molecules is used as the first building block
in a larger epitaxial system.'?” 122 One such example (Figure 1.5) shows how surfaces
functionalised with B-cyclodextrins can be used as hosts to adamantyl functionalised guests to
form fluorescent layers without the need for covalent bonds. One advantage to this is that the
fluorescent layer can also be removed at will by washing the substrate with a solution of free

B-cyclodextrin to desorb the bound material. Such motifs could be useful in systems whereby
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the regeneration of the surface extends the life of a sensing surface, which is a focus of research

into biomolecular recognition in particular,2°-131

T,

§ 1
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é 5 A

]ﬁ B CD-Solution
Figure 1.5. Schematic of ‘molecular printboard’ by Reinhoudt. Reprinted with permission from

bw

reference (132). Copyright 2004 American Chemical Society.
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1.5 Thesis Outline

This thesis focuses on the development of devices based on luminescent transition metal probes.
Chapter two elaborates on the synthesis and characterisation of novel surface-active transition
metal complexes. The luminescent properties of the complexes are studied in solution, as well
as on gold substrates, and protein recognition studies are carried out to determine their

efficacy.%

The first part of chapter three further explores these complexes in mixed monolayer systems
with commercially available surfactants, in a parallel to current work in the group focusing on
similar systems on gold nanoparticles.®* The luminescence properties of the systems are
studied, and protein recognition studies are also carried out. The second part of chapter three
focuses on the incorporation of cyclodextrin containing ligands into transition metal complexes
for use in surface based systems. Cyclodextrin containing ruthenium(ll) and iridium(ll)
complexes are synthesised and attached to gold substrates via supramolecular connections to
an adamantyl terminated monolayer through immersion and the use of micro-contact printing

techniques.

Chapter four expands on the use of surface-active transition metal complexes and cyclodextrin
containing transition metal complexes. The synthesis and characterisation of transition metal
complexes containing both cyclodextrin containing ligands and surface-active ligands is
described, and the properties of the complexes in solution and at the surface are studied. Using
the cyclodextrin containing ligand as a building block, a supramolecular architecture for

recognising streptavidin is created and studied.

10
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Chapter Two

2.1 Introduction

The advantages of appending transition metal complexes to surfaces for the purposes of device
fabrication are many. In this chapter, we explore the synthesis and surface attachment of
luminescent transition metal complexes, and their recognition of the serum protein bovine
serum albumin (BSA), work that has been published as a journal article during the course of

this PhD.!

2.1.1 Methods of Attachment of Compounds to Surfaces

As discussed in chapter 1, the advent of self-assembly at the interface has allowed chemists to
easily functionalise surfaces, particularly with organic molecules that bear functional groups
that react readily with the functional groups at the interface. In the case of gold (a soft metal),
the obvious choice for chemistry is essentially complexation, and indeed soft to medium ligands
such as sulfur> 3 and nitrogen donors* have been exploited to functionalise surfaces. One
interesting property of simple surface bound molecules such as alkanethiolates is their ability
to ‘hop’ between binding sites on the surface in order to reorganise into well packed
monolayers, due to hydrophobic interactions between the alkyl chains® and typically, these
monolayers have surface concentrations of ca. 1 nmol cm?2. Work by groups such as Forster,
Keyes and Constable,*® has shown that the coverage of transition metal complexes on surfaces
is generally lower than their organic counterparts. Figure 2.1 shows an example of one such
system. A ruthenium(ll) complex bearing a pyridyl based surface-active ligand is attached to
the surface and examined by electrochemical methods. In this study, monolayers of the complex
were found to form over 10-20 hours on platinum surfaces at a maximum coverage of 110 pmol

cm?, approximately one tenth that of organic thiolates. Similar results have also been found for
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similar bipyridyl based complexes on platinum* and gold,® and also for terpyridyl based

complexes of both osmium(11) and ruthenium(ll).”8

Figure 2.1. Schematic of [Ru(bpy)2Qpy]>* complex adsorbed to a gold surface. Qpy =

2,2":4,4":4' A"-quarterpyridyl.®

Because of the nature of the chemical bond to noble metal surfaces by ligating atoms, it is
reasonable to expect exchange of surface bound materials to occur. Work by Collard et al.’
studies this postulation on gold surfaces (Figure 2.2) using a mixed monolayer of a ferrocene
functionalized hexadecanethiol and hexadecanethiol. Here, the ferrocene group acts as an
electrochemical reporter group. It was found upon formation of the mixed monolayer that the
electrochemical signal from the ferrocene terminated molecules dropped by a third when
immersed in a solution of alkanethiol up to 5 days, indicating that the interactions with the gold
surface can indeed be reversed. After this time it was shown that exchange of the thiols was

much slower, which the group concluded was due to the presence of defects on the surface.

18



Chapter Two

Figure 2.2. Schematic of one of the mixed monolayer systems studied by Collard et al.®

Thiols are widely used as anchoring groups to gold surfaces,> * 1%13 however other sulfur
containing functional groups have also proven to be effective for immobilising transition metal
complexes on gold surfaces. Work by Murphy et al.** (Figure 2.3) exploits the dithiocarbamate
(DTC) functionality, as a surface-active moiety for terpyridyl based ruthenium(ll) and
osmium(1l) complexes. Through electrochemical experiments it was shown that the SAMs were
stable to potentials up to +1 V vs. the Fc/Fc* redox couple, while at +1.1 V only 10% of the
coverage was lost, indicating that SAMs utilising the DTC linkage are indeed robust. A second
experiment, immersing the SAMs in a solution of 2-mercaptoethanol, commonly used to
remove monolayers by exchange reaction, showed only a 31% decrease in electrochemical
signal, where an organic thiol monolayer would have been predicted to have been completely
removed. From these experiments the group concluded that the monolayers were very resilient

and thus showed potential in device formation.
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N N N
CS, DMF \’\lﬂ‘ \I\lll \JA‘
Au surface /I\ /I\ /’\
N N N

Figure 2.3. Schematic of formation of terpyridyl functionalised transition metal complexes
adsorbed to gold surfaces outlined by Murphy et al. Image reproduced with permission from

reference (14). Copyright 2009 John Wiley and Sons

One other functionality that can be used to tether molecules to gold surfaces is disulfides.
Disulfides (Figure 2.4) have been widely used in self-assembly,*>" however o-lipoic acid
functionality in particular is postulated to allow the formation of stronger surface binding, as
the disulfide bond typically breaks upon binding to the surface, causing normal alkyl disulfides
to split into two separate molecules each with one Au-S bond. a-Lipoic acid however contains
a disulfide in a 5-membered ring system, so when the bond breaks upon binding to the surface,
the a-lipoic acid has two Au-S bonds. Work by Zanarini et al.!® (Figure 2.5) exploits this
functionality in a different approach to previous examples, with a monolayer of a-lipoic acid
being formed first, followed by an amide coupling on the carboxylic acid terminated surface
with an amine functionalized tris-bipyridyl ruthenium(ll) complex to create an

electrochemiluminescent (ECL) device. Time of Flight Secondary lon Mass Spectrometry (ToF
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SIMS) of the monolayer showed uniform coverage of both a-lipoic acid and ruthenium group
fragments, indicating that SAMs formed in this way are homogeneous across the substrate. The
group studied the ECL properties of the monolayers and found that they were indeed
luminescent when subjected to a positive voltage vs. reference. It was found that using the two-
step method of surface functionalization more compact monolayers were formed compared

with immersion of surfaces with preformed surface-active complexes.

T

S-S S—S8

R [ 4

L\Lj¥j\;s AF/JL
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Au-S bond strength ~ 100 kJ mol”’

Figure 2.4. Schematic of surface binding of simple alkyldisulfide (left) and a-lipoic acid (right).
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Figure 2.5. Schematic of ruthenium(l1) complex attached to gold via a-lipoic acid linkage.'®
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Work by Yasutomi et al.X® (Figure 2.6) shows the potential use of ruthenium(ll) complexes in
photodiode systems. Here, they present a helical hexadecamer peptide tethered with a lipoic
acid moiety to allow attachment to a gold substrate at one end, and either an N-ethylcarbazolyl
(ECz) group or a tris-bipyridyl ruthenium(ll) complex at the other end. Utilising electron
transfer pathways and a mixed monolayer of the two components, the group were able to switch
the direction of photocurrent, either by exciting at 351 nm, causing an electron to be transferred
from triethanolamine (TEOA) to the N-ethylcarbazolyl group resulting in an anodic current, or
at 459 nm causing a cathodic current arising from electron transfer from the excited state of the
ruthenium(ll) complex to methylviologen (MV?*). The photocurrents generated by these
electron transfer pathways are enhanced by the presence of the peptides, due to their respective
dipole moments, which accelerates electron transfer to or from the surface in order to complete
the electrical circuit. Such a system illustrates the usefulness of ruthenium(Il) complexes in

device formation.
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Figure 2.6. Schematic of photodiode system where photocurrent is switched depending on
excitation wavelength. Image reproduced with permission from reference (19). Copyright 2004

American Association for the Advancement of Science.

Controlling the deposition of molecules on surfaces has many advantages, as the scope for
potential device formation is increased greatly.?® 2 In the field of electronic devices
particularly, techniques such as lithography have enabled device features to come down to a
nanometre scale.?? However, these techniques can be very time consuming and expensive. One
alternative to this is that of microcontact printing (UCP), developed by the group of
Whitesides.?® As discussed in chapter 1, preformed PDMS stamps can be used to pattern a
variety of substrates and molecules,?" 24 % and in particular, early work in this technique by
Whitesides? focused on the use of thiols on gold surfaces. Figure 2.7 illustrates the versatility

of the stamping technique for producing well defined arrays with minimal pattern defects when
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stamping simple alkanethiols onto gold surfaces to form chemical resists, before etching of the
surface to reveal the patterns. Indeed, the method has also been used to pattern silver substrates
by chemical etching,?® and also to perform chemistry through patterning, such as amide

coupling over very short (less than 1 hour) timescales.?’

| H &

H

LISSYRS Ul R

20 pm

Figure 2.7. Scanning electron micrographs of various features that can be produced by
stamping and subsequently chemically etching gold substrates. Reprinted with permission from

reference (23). Copyright 1994 American Chemical Society.
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However, patterning metal complexes on planar substrates is not well studied, with only few
examples in the literature?® such as the work by Rapino et al.?® In this example (Figure 2.8), a
reactive surface is formed by electrodepositing N-succinimidylacrylate onto gold or indium tin
oxide (ITO) electrodes, causing polymerisation to occur and terminating the surface with N-
succinimidyl groups. A platinum ultramicroelectrode is then brought into close proximity with
the surface in a solution of an amine terminated ruthenium(ll) complex, and a potential is
applied so that the complexes can react with N-succinimidyl groups in the local area of the
ultramicroelectrode, thus allowing patterning of the substrate. The group showed that using this
method, ruthenium(I1) complexes can indeed be patterned locally by drawing the complex onto
the surface, thus allowing devices to be formed by this method with any molecular species

displaying an amino or nucleophilic group.

(0]
j/ electrodeposition
7 \ and polymerisation

Figure 2.8. Left - Schematic of electrodeposition of poly-N-succinimidylacrylate onto surface
for microdrawing. Right — Scanning electrochemical microscopy results (A) and luminescence
microscopy image (B) of patterned ruthenium(ll) complex on the surface. Reproduced from

reference (29) with permission of the Royal Society of Chemistry.
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2.1.2 Luminescence Quenching of Surface Bound Systems

One of the potential problems with functionalising conductive surfaces with luminescent metal
complexes is that of quenching. Earlier work into the luminescence lifetimes of such complexes
by Kuhn and Drexhage®® 3 showed that luminescence decays were influenced greatly by their
distance from metal mirrors due to interactions between the emitter and the interface. Indeed
the work has since been extended to allow the prediction of energy coupling between gold
nanoparticles and emitting dyes as shown by Strouse.? On surfaces, quenching of the excited
state of ruthenium(Il) complexes is shown on gold by De Cola®* 3 and Pikramenou,® and
electron transfer between ruthenium(ll) complexes and titania surfaces is shown by Gréatzel**
% and many others,>** where quenching of the excited state is relied upon to induce

photocurrent generation.

Quenching between the interface and the emitter is not the only consideration to be taken into
account when examining these systems, energy or electron transfer can also happen between
luminescent metal complexes. In particular, quenching of ruthenium complexes on gold
nanoparticles has been shown by Kamat,** 4> (Figure 2.9), which was ascribed to lateral
interactions between complexes, causing the excited states to be deactivated. Indeed, studies
showed that lower loadings of the complexes on the nanoparticles led to less quenching being

observed.*®
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Figure 2.9. Schematic of lateral electron transfer between ruthenium(ll) complexes on gold
nanoparticles. Reprinted with permission from reference (44). Copyright 2006 American

Chemical Society.

Quenching by other molecules on surfaces is also shown by Meyer et al.*® In this example
(Figure 2.10), ruthenium(ll) complexes were adhered to silica or ITO surfaces through
carboxylate groups on one of the bipyridyl ligands. Once adsorbed to the surfaces, they
exhibited quenching by lateral energy or electron transfer in mixed monolayers of the
ruthenium(ll) complex and the analogous osmium(ll) complex, phenothiazine or
methylviologen quencher, as shown by a decrease in the luminescence lifetime of the
ruthenium(l1) complex. In the case of the phenothiazine quencher, an increase in lifetime of the
quencher was also recorded. The results help to show that many factors on the surface influence
the excited state properties of metal complexes, and thus great care must be taken when
designing surface bound systems or devices. The influence of external factors on the properties

of these complexes can, however, be exploited in sensing systems.
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[Os(bpy)s]**

phenothiazine

methylviologen

Figure 2.10. Schematic illustrating quenching pathways between ruthenium(I1) complexes and

other adsorbed molecules.*®

2.1.3 Biomolecular Recognition with Transition Metal Complexes

The use of transition metal complexes as luminescent sensors is well established,*” due to their
intrinsically favourable properties such as large Stokes shifts, high photostability and relatively
long lifetimes, as outlined in chapter 1. Indeed, luminescence lends itself to sensing as well,
due to the high sensitivity of the techniques used to study it. Biomolecules are of particular
interest for sensing as they are a wide ranging class of molecules useful in medical
diagnostics.*®-° Many of these probes are based in solution, and utilise the many accessible

biomolecular recognition motifs afforded by the wide scope of binding sites.
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One such recognition motif is that of ruthenium(ll) polypyridyl complexes and DNA, > such
as outlined by Kumar et al.>* In this example, the binding of calf-thymus DNA to the complexes
in Figure 2.11 is examined, and shows that upon mixing between [Ru(phen)s]** or [Ru(dpp)s]**
with DNA, the emission of the complexes increased, indicating binding to the DNA. Further
studies revealed that this binding was in part due to intercalation with the DNA, due to the flat
aromatic structures of the ligands. The conclusion was further evidenced by the lack of emission
enhancement and therefore binding from [Ru(bpy)s]?*, which does not contain this extended

aromatic structure.

[Ru(bpy)s)** [Ru(phen);** [Ru(dpp)s**

Figure 2.11. Schematic of ruthenium(ll) complexes used in study of interaction with calf-

thymus DNA.>*

Interactions between proteins and transition metal complexes can also be studied,*® as work by
Lau et al.>® shows. Here, a series of iridium(l11) complexes (Figure 2.12) bearing indole
functionalised bipyridyl ligands was mixed with bovine serum albumin (BSA), revealing up to
a 13 fold increase in the intensity of the iridium emission band. The group rationalised that the
increase in emission intensity was indeed due to binding, more specifically the increase in

hydrophobicity in the environment that the emitting complexes found themselves in.
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Figure 2.12. Schematic of synthesised iridium(I11) complexes that were tested for recognition
of BSA. Reprinted with permission from reference (56). Copyright 2009 American Chemical

Society.

Muldoon et al.>” have shown that ruthenium(l1) complexes can also be synthesised with groups
to recognise proteins. In this particular example, complexes in Figure 2.13 were synthesised
and mixed with a range of proteins, including cytochrome c, lysozyme and myoglobin. It was
found that emission quenching was observed for all complexes apart from 4 (Figure 2.13) when
mixed with cytochrome c. More interestingly, when tested with similar proteins such as
lysozyme (which has a similar pl and surface composition to that of cytochrome c), very little
binding was observed.” This result indicated that the complexes were selective in the proteins
they would bind to, meaning that the concept could be employed in effective sensors in more

complex biological media.
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Figure 2.13. Schematic of synthesised ruthenium(l1) complexes that were tested for recognition
of cytochrome c. Imaged reproduced with permission from reference (57). Copyright 2009 John

Wiley and Sons.

Polymers including transition metal complexes have also been employed to detect biomolecular
recognition. Chung and Yam®® reported (Figure 2.14) the use of a fluorescent polymer PPE-
SOz which exhibited FRET with platinium(I1) complexes 1 and 2 when associated with the
polymer through = stacking interactions in high concentrations. When this polymer was
introduced to human serum albumin (HSA), the loosely bound platinum(ll) complexes
deaggregated from the polymer, allowing the polymer to fluoresce, indicating that binding had

occurred. The results obtained by the group demonstrated the polymer-complex aggregate
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allowed label free detection of HSA with high selectivity and sensitivity by monitoring the

fluorescence output of the system.

mE
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Partial energy transfer FRET NIR PL Decreasein FRET
W !L‘ ' Aggregation W
hv
PPE -S04
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CV' 1 Pt(ll) complex 1

@y :PPE-SO,

. :Human Serum Albumin (HSA)

Figure 2.14. Top - Schematic of complexes used to quench polymer emission (1, 2) and
polymer used to recognise HSA. Bottom — Schematic of binding of Pt(ll) complex and
subsequent recognition of HSA. Reprinted with permission from reference (58). Copyright

2011 American Chemical Society.

The use of fluorescent materials in surface bound recognition systems has been studied,®®
however these systems generally do not involve the use of metal complexes, due to the problems
with quenching as described earlier. Particularly for transition metal complexes, surface bound
recognition typically employs electrochemical methods, due to the favourable redox behaviour
of many transition metals, allowing a well-established detection method that is also
environment sensitive. One example of this is the work of Blankespoor et al.®® which involved

the use of copper(ll) and nickel (II) complexes (Figure 2.15). Here, chelating ligands were
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attached to the surfaces of carbon electrodes by diazotisation of the aniline group of the ligand
(step 1), followed by electrodepositing the ligand (step ii). From there, the group immersed the
electrodes in a solution of CuCl, to immobilise the complex (step iii). A histidine-tagged
horseradish peroxidase could be chemically attached to the complex (step iv), utilising the
imidazole rings of histidine as ligands. XPS and CV data confirmed monolayer coverage of the
complex at a concentration of ca. 140 pmol cm, and showed through electrochemical methods
that the enzyme was indeed active on the surface of the electrodes. To further test their method
for immobilisation of proteins at the surface, a second histidine-tagged green fluorescent protein
(GFP) was synthesised, and tested by fluorescence microscopy, revealing immobilisation of the
protein only when Cu?* was also present at the surface. The group concluded that such a method
would be very useful in device formation, particularly to create catalytic systems utilising

complex but energy efficient biological processes.

33



Chapter Two

" COOH COOH H

N N N
HN — . N HN COOH HN — — COOH
o COOH : o
COOH
4-aminophenyl-NTA d-aminopheny]-1DA d-aminohippuric acidl

o HO._.O o
H)N‘Q“(NH,-\/\IN/_‘(OH
krrOH

i l o
. o HO._.O o
N‘“_Q_(NH/\/\IN/_(OH

|MI

I—.—< ,\/\IN__CU il

Electrode

Figure 2.15. Schematic of attachment of copper complex to carbon electrode and subsequent
protein attachment. Adapted with permission from reference (60). Copyright 2005 American

Chemical Society.
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The literature illustrates the many facets and pathways to device formation with transition metal
complexes, from the choice of surface and surface-active group, to controlled deposition and
the creation of sensors based on planar or nanoparticle scaffolds. Due to the complex
interactions between the interface and the complex, careful design of complex must be

employed in order to reduce or eliminate quenching at the surface.

2.1.4 Preliminary Work

The work in this chapter builds on previous work in the group concerning the immobilisation
of transition metal complexes on gold surfaces. Figure 2.16 shows the surface-active complexes
previously synthesised. The short chain complex RubpySH showed an expected luminescence
signal in acetonitrile solution but was almost entirely quenched on platinum and gold
substrates.® In order to try and improve the surface luminescence, a second complex with longer
‘legs’ (RubpySAc) was designed and synthesised, and showed some quenching on planar
surfaces.® The complex was also successfully attached to gold nanoparticles and displayed
very acceptable luminescence properties.®? It was postulated that by extending the complex
further from the surface through longer surface-active ‘legs’, that the problem of quenching
could be eliminated entirely. To do this, the surface-active architecture from a terpyridyl
ruthenium(l1) complex RutpySS designed for molecular wire growth®® was used to create a
‘long-legged’ luminescent ruthenium(II) complex RubpySS (Figure 2.17) which displayed

favourable luminescence properties when attached to gold surfaces.
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Figure 2.16. Schematic of previous complexes synthesised in the group, RubpySH (left),’

RutpySS (middle)®® and RubpySAc (right).5?
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Figure 2.17. Schematic of RubpySS attached to a gold surface.
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2.1.5 Chapter Outline

This chapter expands on the previous preliminary work carried out for RubpySS. The synthetic
routes to the analogous osmium(ll) complex OsbpySS will be introduced, alongside an
attempted alternative synthetic route to RubpySS. The characterisation and photophysical
properties of the precursor complexes RubpyNH> and OsbpyNH: will be discussed. The
published work outlines the synthesis and characterisation of RubpySS, OsbpySS and the
iridium(I11) complex IrbpySS. The photophysical properties of these three complexes in
solution is discussed, and the surface properties and characterisation for RubpySS and IrbpySS
will be introduced. Through uCP, the micropatterning of these complexes will be shown, and

the biomolecular recognition of serum protein bovine serum albumin (BSA) will be discussed.
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2.2 Synthesis and Properties of Surface-Active Transition

Metal Complexes

2.2.1 Attempted Synthesis of MbpySS Complexes via Alternative Synthetic

Route

= ‘ O _~_~_NHBoc N O _~_~_NHBoc
N L N, Ny
. . (PFg)2
N (i) EtOH, reflux, 4 h B N/ \ \
(if) sat. NH,PFg (MeOH) N
N0 " NHBoc Z [ O/\/\/\NHBoc
=
bpyBoc MbpyBoc (Ru = 63%, Os = 69%)
M=Ru,Os (0] J<
Boc= k)ko TFA,RT., 1h
2+ 2
" s—s
= ] O\/\/\/NM O~ NH,
o
(PFe)2  Thioctic acid/HOBYEDG/N-Em, DMF (PFe)2
o (i)0-5°C, 1h (i)RT., 16 h
= ‘ NN O/\/\/\NW 0" " NN,
H s—s
MbpySS MbpyNH, (Ru = 36%, Os = 45%)

Scheme 2.1. Attempted synthetic route to MbpysSS.

To extend the work carried out with RubpySS, we sought to synthesise a complex with the
same surface-active ligand bpySS which had luminescence in the far red/NIR region of the
spectrum. To achieve this, we wished to synthesise the analogous osmium(ll) complex.
However, due to osmium(II)’s affinity for soft ligands such as sulfur, we decided to design a
synthesis that allowed sulfur groups to be attached after complexation. This new synthetic route
is outlined in Scheme 2.1. The Boc protected bipyridyl ligand bpyBoc, Ru(bpy).Cl, and
Os(bpy)2Cl, were obtained by synthetic methods described previously.™  M(bpy).Cl, was
reacted with bpyBoc in ethanol and precipitated with ammonium hexafluorophosphate to afford

MbpyBoc. The Boc groups were then deprotected in TFA to yield the MbpyNH2 complex.

38



Chapter Two

Attempts at attaching the thioctic acid via standard amide coupling conditions were attempted,

but yielded impure products.

OsbpyBoc and RubpyBoc were characterised by *H and *C NMR spectroscopy. 'H NMR
spectroscopic data for OsbpyBoc shows that the product is formed, as evidenced by the peaks
at 8.29 ppm (H-d/d") and 6.72 ppm (H-5), which integrate for 4 and 2 respectively, indicating
complexation between the bpyBoc ligand and the osmium(I1) complex. **C NMR spectroscopy
indicates that the product is formed, with all peaks visible in the spectrum aside from C-13 and
C-4, which is most likely attributable to the weak response from the sample. The product was
deemed pure enough at this stage and was thus carried forward to the next step without further
characterisation. Very similar results were also observed for RubpyBoc and this was also

carried forward.

OsbpyNH; and RubpyNH: were characterised by *H and *3C NMR spectroscopy and UV-Vis
spectroscopy. *H NMR spectroscopy for OsbpyNH; indicates that Boc deprotection is
successful, with the loss of the large methyl peak at 1.23 ppm. Figure 2.18 shows the aliphatic
region of the *H NMR spectrum, which reveals that H-11 at 2.90 ppm and 3.55 ppm (2.82-2.94
ppm in OsbpyBoc) is now in two separate environments. We attribute this effect to salt
formation in the product at one of the terminal amine groups, which in turn gives rise to a
downfield shift of the peak. The peak for the terminal amine groups centred at 6.02 ppm also
has a larger integration of 5H than expected for the product (4H in product), indicating the
formation of an NH3z* group on one of the legs. Very similar results are observed in the *H NMR
spectrum of RubpyNH: and indeed the above conclusion is further evidenced when the isolated
product of RubpyNH: is dissolved in NaOH and reprecipitated in NH4.PFg, as the integration
of the peak for H-11' decreases in magnitude. The 3C NMR spectra for both complexes agree

well with each other. A mass spectrum for RubpyNH> was also obtained, revealing three ion
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envelopes at 917 ([M-PFe]"), 1063 ([M+H]") and 1102 ([M+K]") Da, indicating that the product
does form. However the yields of the Boc deprotections were very low; 45% and 36% for
OsbpyNH: and RubpyNH3, respectively; compared with other boc deprotections with TFA
(approaching quantitative yield), which is a probable result of the difficulties arising from salt

formation at the terminal amine.

2.06—
2.17

Figure 2.18. Aliphatic region of *H NMR spectrum of OsbpyNH, in CDsCN.

2.2.2 Photophysical Properties of Amino Functionalised Transition Metal

Complexes

Despite the difficulties in moving forward with the synthesis, the photophysical properties of
both RubpyNH: and OsbpyNH> were studied by UV-vis absorption, and steady state and time-
resolved luminescence spectroscopy, with the results summarised in Table 2.1. Figure 2.19
shows the UV-vis absorption spectra of both complexes, revealing typical spectra containing
n-n* transitions at 289 and 291 nm for RubpyNH: and OsbpyNH2, respectively, and also
IMLCT transitions at 461 and 488 nm for RubpyNH, and OsbpyNH,, respectively. The
IMLCT bands for both complexes are significantly redshifted from those of [Ru(bpy)s]** and

[Os(bpy)s]?* by 9 nm for RubpyNH: and 7 nm for OsbpyNH,, an effect also observed in both
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RubpySS and OsbpySS.! Excitation spectra for both complexes (Figure 2.19) agree well with

their respective absorption profiles.
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Figure 2.19. UV-vis absorption (solid) and steady state excitation spectra (dash) of RubpyNH>
(left) (14 pM, Aem = 640 nm) and OsbpyNH: (right) (17 pM, Xem = 745 nm) in acetonitrile

solution. Excitation spectra corrected for instrument response.

Figure 2.20 shows the emission spectra for RubpyNH> and OsbpyNHo>, revealing typical broad
SMLCT emission centred at 650 and 785 nm, respectively. The emission bands are again
significantly redshifted from those of [Ru(bpy)s]** and [Os(bpy)s]** by 35 and 62 nm,
respectively, agreeing well with the similar complexes RubpySS (645 nm) and OsbpySS (790
nm).! The luminescence quantum yield of both complexes was measured by the optically dilute
method,®® with [Ru(bpy)s]Cl. as the standard®® and gave rise to a 1% quantum efficiency in
aerated acetonitrile solution for RubpyNH2, which increased to 4% upon deaerating the
solution. This result corresponds well with similar ruthenium(ll) complexes,® ¢ with the
increase in quantum yield upon deaerating attributed to the removal of oxygen which can

quench the *MLCT state.®® The luminescence quantum yield results for OsbpyNH (Table 2.1)
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are expectedly low and agree well with the similar osmium(ll) complex OsbpySS.! The
luminescence lifetimes of both complexes were found to be monoexponential in acetonitrile
solution, with aerated lifetimes of 137 ns for RubpyNH: and 22 ns for OsbpyNH>. Both of
these lifetimes increase upon deaerating the solution, with values of 745 and 27 ns for
RubpyNH: and OsbpyNH.. All of the lifetimes measured for both complexes were shorter
than their simpler counterparts [Ru(bpy)s]** and [Os(bpy)s]?*, but comparable to those of

RubpySS and OsbpySS.!

Emission Intensity

550 600 650 700 750 800 850

A/ nm

Figure 2.20. Steady state emission spectra of RubpyNH: (solid) (14 uM, Aexc = 465 nm) and
OsbpyNH: (dash) (17 UM, Aexc = 488 nm) in acetonitrile solution. Spectra corrected for

instrument response, intensities are not to scale.
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Table 2.1. Summarised emission data for RubpyNH2, OsbpyNH: and similar complexes in

acetonitrile solution.

t/ns D/ %
Complex }“maxl\//lﬁngr;i; 10° x;mm/ aerated  deaerated aerated deaerated
RubpyNH> 289 (3.4)461(0.7) 650 137 745 1 4
OsbpyNH: igé Eg:% %g Eg:% 785 22 27 0.1 0.1
[Ru(bpy)s]?* 452 (1.3) 615 172 840 1 10
[Os(bpy)s]?* 482 (1.1) 723 39 58 03 05

2.2.3 Synthesis of bpySS Complexes via Complexation with bpySS

In order to synthesise OsbpySS, a new route (Scheme 2.2) was formulated based on complexing

bpySS with Os(bpy).Cl. using a modification to a previously published method,®® but utilising

microwave irradiation to achieve the desired product, as such methods have been successfully

employed to produce osmium(ll) complexes before.”” The iridium(l11) complex IrbpySS

(Scheme 2.2) was also synthesised by reacting with the p-chloro bridged tetrakis-(2-

phenylpyridine)iridium(l11) dimer via a modification to a method outlined by Slinker et al.”*

The syntheses and characterisation of both of these complexes is elaborated below.
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Scheme 2.2. Synthetic route to OsbpySS and IrbpySS.

OsbpySS was characterised by *H, *3C and 2D NMR spectroscopy, ES(+) mass spectrometry,
UV-vis absorption spectroscopy and microelemental analysis. NMR assignments were
confirmed by COSY, HSQC and HMBC experiments. Figure 2.21 shows the *H NMR spectrum
of OsbpySS, revealing all of the expected environments. The peak integrations of the
compound agree well, particularly those of H-a/a’ (7.61 ppm, 2H) and H-5 (6.85 ppm, 2H)
indicating that the desired product has been formed. The **C NMR spectrum of OsbpySS also
agrees well with the expected environments, and also that of RubpySS. ES(+) mass
spectrometry reveals one adduct at 1383 Da corresponding to (M-PFe)* and calculated
elemental percentages agree well with the observed results, confirming that the product has

been successfully formed.
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Figure 2.21. *H NMR spectrum of OsbpySS in CD3sCN.
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CDiCN

IrbpySS was characterised by *H, 3C and 2D NMR spectroscopy, ES(+) mass spectrometry,

UV-vis absorption spectroscopy and microelemental analysis. NMR assignments were

confirmed by COSY, HSQC and HMBC experiments. Figure 2.22 shows the *H NMR spectrum

of IrbpySS, revealing all of the expected environments. Again, the peak integrations of the

spectrum agree well, particularly those of H-3 (8.29 ppm, 2H), H-k (6.21, 2H) and H-18 (ca.

2.3 ppm, 2H), indicating that complexation between the dimer and bpySS has occurred. The

13C NMR spectrum also fits the expected environments. The ES(+) mass spectrum reveals one

ion envelope at 1235 corresponding to (M-PFe)* and microelemental analysis results agree well

with calculated atomic percentages, confirming the formation of the desired product.
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Figure 2.22. *H NMR spectrum of IrbpySS in acetone-de.
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2.3 Published Work

As part of this chapter, a summary of work undertaken and published in ACS Materials and

Interfaces in 2014 and also shown below is as follows:

Novel transition metal complexes based on the ruthenium(Il) complex RubpySS developed by
Dr David J. Lewis were synthesised and fully characterised. The complexes contained long
spacer groups between the metal centres and the disulfide moieties to mitigate the potential
effects of luminescence quenching from the gold substrates. It was shown that contrary to
quenching on the surface, the complexes RubpySS and IrbpySS exhibited enhanced
luminescence lifetimes of 210 ns and 130 (83%), 12 (17%) ns respectively, compared with
aerated acetonitrile solutions of 130 ns and 25 (68%), 80 (32%) ns respectively. Binding of the
complexes to gold substrates was confirmed by kinetic ellipsometric studies, SPR spectroscopic
studies and XPS studies. It was shown through the use of p-contact printing that complexes of
this type can be micropatterned on gold substrates, albeit over longer time periods than their
organic counterparts, with luminescent micrographs of RubpySS and IrbpySS in various
patterns shown in the manuscript. Finally, it was shown that the complexes can participate in
biomolecular recognition. In solution and particularly in the case of IrbpySS, an 80-fold
increase in luminescence intensity coupled with an increase in aqueous luminescence lifetime
from 15 ns to 37 (8%), 283 (92%) ns was observed, along with a decrease in the a-helical
folding of BSA as evidenced by CD spectroscopy. On gold substrates, both complexes
exhibited enhancement in their luminescence lifetimes upon the addition of BSA, as well as

increases in the SPR response compared with blank gold substrates.
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ABSTRACT: Luminescent transition metal complexes are introduced for
the microcontact printing of optoelectronic devices. Novel ruthenium(II},
RubpySS, osmium (IL), OsbpySS, and cyclometalated iridinm(IIL), TrbpySS,
bipyridyl complexes with long spacers between the surface-active groups and
the metal were developed to reduce the distance-dependent, nonradiative
quenching pathways by the gold surface. Indeed, surfaceimmobilized RubpySS
and IrbpySS display strong red and green luminescence, respectively, on planar
gold surfaces with luminescence lifetimes of 210 ns (RubpySS-Aun} and 130 and
12 ns (83%, 17%) (IrbpySS-Au). The modified surfaces show enhancement of
their luminescence lifetime in comparison with solutions of the respective metal
complexes, supporting the strong luminescence signal observed and introducing
them as ideal inorganic probes for imaging applications. Through the technique
of microcontact printing, complexes were assembled in patterns defined by the
stamp. Images of the red and green patterns rendered by the RubpySS-Au and
IrbpySS-Au monolayers were revealed by luminescence microscopy studies. The potential of the luminescent surfaces to respond to
biomolecular recognition events is demonstrated by addition of the dominant blood-pool protein, bovine serum albumin (BSA).
Upon treatment of the surface with a BSA solution, the RubpySS-Au and IrbpyS5-Au monolayers display a large luminescence signal
increase, which can be quantified by timeresolved measurements. The interaction of BSA was also demonstrated by surface plasmon
resonance (SPR) studies of the surfaces and in solution by circular dichroism spectroscopy (CD). Overall, the assembly of arrays of
designed coordination complexes using a simple and direct y-contact printing method is demonstrated in this study and represents a
general route toward the manufacture of micropatterned optoelectronic devices designed for sensing applications.

KEYWORDS: imaging optical active mr_fm@ printing, luminescence, recognition

B INTRODUCTION

“Bottom-up” approaches for surface fabrication toward nanoscale
devices have flourished in recent years, as “top-down” methods
have begun to reach the limits of their pntmtial.l's In particular,
microcontact printing (gCP), initially developed by Whitesides,”’
allows controlled deposition of molecules on planar substrates
such as gold or glass for the fabrication of surfaces for sensing
devices for the detection of analytes® ' Photoactive teansition
metal co m{:lexes offer many attractive properties for imaging appli-
cations =" including photostability and excitation and emission
profiles within the visible region that are more compatible with

Albumins especially are popular proteins for employment in
immunodiagnostics and devices.” """ In this paper, we
introduce the design of transition metal complexes for stable
luminescent films patterned by uCP, suitable for imaging of the
surface pattern and also as surface-immobilized probes for protein
binding, In order to prodoce robust monolayers for use with
pi-contact printing techniques, we have designed a lipoicacid based
surface attachment on a bipyridine ligand, bpySS (Scheme 1), with
a long spacer chain to reduce luminescence quenching from
the gold surface. We have examined the formation of monolayers
of ruthenium(Il}, RubpySS, and cyclometalated iridinm(IIL},

conventional imaging techniques and larger Stokes shifts {greater
than 100 nm). Luminescent thin films have been developed using
noncovalent assembl;,' of photoactive metals wvia Langmuir—
Blodgett methods'*" or “layer-by-layer” approaches. 1 How-
ever, applications of gold surfaces modified with transition metal
complexes have been dominated by electrochemical studies™
due to the repo rted luminescence quenching of the excited state by
the gold.r'_'s Despite this, the covalent attachment of metal
complexes to gold is attractive as a platform to build recognition
sites and develop sensing motifs.

Complexes of ruthenium(IT) and in particular iridium (11T} have
been shown to have significant affinities for biomolecules **~*

A 4 ACS Publications — ©2014 Amescan Chemical Socety

IrbpySS, bipyridyl complexes on gold and analyzed their
photophysical properties for promising optoelectronic device
development (Scheme 1). The osmium(Il ), OsbpySS, monolayers
on gold did not show any luminescence and were not fur
ther examined. Transition metal complexes have not been used in
microcontact printing, and our method for attachment to the
surface was used to test the potential formation of stable stamps
that can be used in sensing applications. The patterning of
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Scheme 1. Transition Metal Complexes for Surface Patterning

the complexes to surfaces is examined, and luminescence micro-
scopy studies are used to reveal the pattern. The response of the

luminescent surfaces to the serum protein bovine serum albumin
(BSA) has also been studied.

B EXPERIMENTAL SECTION

Materials and Methods. Starting materials were obtained from
Sigma-Aldrich, Fluka, Fisher Scientific, or Acros Chemicals and used
without any further purification. Dimethylformamide (DME) was
obtained from AGTC Biuprnduds Ltd. and dried with 3 or 4 A mole-
cular sieves before use. Gold slides (30 nm on silicon with 5 nm Ti
priming layer) were purchased from Georg Albert PVD, Germany. A
Sylgard 184 Elastomer Kit (Dow-Corning) was used to create the
polydimethylsiloxane (PDMS) stamps. Flash column chromatography
was Pm‘fnrmbd using LC60A 40—63 pm silica glﬂ. All reactions were
performed under a nitrogen atmosphere unless stated otherwise.
Os(bpy),Cl, was prepared via the method of Kober et al™ (0.69 g,
53%). [Ir{ppy),C1]; was prepared via a method outlined by Sprouse et
al®® (036 g, 519%). 44"-Dihydroxy-2,2"-bipyridine (4) was prepared by
the method of Gorman et al.**

Instrumentation. 'H NMR spectroscopy was caried out on a
Briiker AVII300 spectrometer. “C and 2D NMR spectroscopy was
carried out on a Britker AVIII400 spectrometer. Electrospray mass
spectrometry was carried out on a Micromass LC-TOF. MALDI mass
spectrometry was carried out on a Micromass MX MALDI-TOFE, UV—
vis spectroscopy was carried out on a Varian Cary 50 or Cary 5000
spectrophotometer. UV—vis spectra were collected using 1 cm path
length quartz cuvettes. Luminescence spectroscopy was carried out by
aPhoton Technology International luminescence spectrometer witha 75
W xenon arc lamp as the illumination source and also on an Edinburgh
Instruments FLS920 stl:ad}' state and time-resolved spectrometer fitted
with an Olympus IX71 inverted microscope. The detection system used
incorporated R928 (visible) and R5509-72 (NIR) Hamamatsu photo-
multiplier tubes. The emission monochromator is fitted with two
interchangeable gratings blazed at 500 and 1200 nm. FO00 spectrometer
analysis software was wed to record the data Luminescence lifetime
experiments were carried out using an Edinburgh Instruments EPL-445 or
EPL-375 laser as the excitation source. Lifetimes were fitted using
Edinburgh Instruments F900 software, with errors of +10%.
Luminescence experiments were carried out using 1 cm path length
quarte cuvettes with four transparent P-D]ishtd faces. Dl:gasscd samp]u
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were obtained by lmbb]ing nitrogen 'H'l:m:lghthc cvettes for 30—40 min.
Circular dichroism experiments were carried out on a Jasco J-810 spec
tropolarimeter using 1 cm path length quartz cuvettes. Surface plasmon
resonance studies were carried out on a Reichert SR7S00DC surface
plsmon resonance (SPR) system at 15 “C. Microwave reactions were
performed in a CEM Discovery SP Microwave under open vessel condi-
tions unless otherwise stated.

Synthetic Procedures. 44-Dif5-lipoamido-T-pentoxy)-2.2-bi-
pyridine (bpy53). A solution of a-lipoic acid (048 g, 2.3 mmeol) and 1-
hydroxybenzotriazole hydrate (0.36 g, 2.7 mmol) in dry DMF (8.8 mL)
was cooled to 0—5 “C, upon which I-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide (EDC) (041 g, 2.6 mmol) was added and stirred,
maintaining this temperature until the EDC had fully dissolved (ca. 1 h).
The solution was allowed to warm to room temperature and stirred for a
further hour. A solution of N-ethylmorpholine (027 g 2.4 mmol) and 6
(.35 g, 9.8 mmol) in diy DMF (123 mL) was added to the reaction
mixture and stimred overnight. The resulting cream precipitate was filtered,
dried in air, triturated in CHCl, (150 mL), and isolated by fltration,
following washings with CHCI (2 % 10 mL) (041 g, 39%). Found: C,
58.9  H, 7.1; N, 7.7. Cale for CoHa N, 0,5, C,58.8; H, 74, N, 7.6%. &y
(300 MHz; CDCL) 1.35-165 (12 H, m, H-89,15), 161-1.78 (8 H,m,
H-14,16), L79-1.96 (6 H, m, H-10, H-18"), 2.17 (4 H, , ] = 7.4, H-13),
2.38-250 (2 H, dddd, ] = 0.8, 5.6 6.3, 6.6, H-18), 3.04=3.10 (4 H, m,H-
197, 320 (4 H, t,] = 61,67, H-11),3.50=3.61 (2 H, tdd, | = L5 65,65,
H-17),4.13 (4 H, t, [ = 6.3, H-7), 548 (2 H, brs, NH), 6.82 (2 H, dd, | =
537,25H-5),795 (2H,d,J=25H-3) and 845 (2 H,d,] = 5.7, H6); &
(100 MHz; CDCl;) 234 (C-9), 25.4 (C-14]), 2856 (C-15), 289 (C8),
204 (C-10), 346 (C-16), 365 (C-13), 385 (C-19), 393 (C-11), 402 (C-18),
56.4 (C-17), 67.7 (C-7), 106.8 (C-3), 111.3 (C-5), 1502 (C6), 1578
(C-2), 166.1 (C-4), and 1727 {C-12); MS (ESI') m/z: 757 (M + Na)".
NMR assignments were confirmed by COSY, HSQC, and HMEC.

Rubpyss.
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RubpySS was prepared wia a modification to a method outlined by
Sullivan et al. ¥ Asolution ofbpySS (0.19 g,0.3 mmol) and Ru(bpy),Cl,
(0.13 g, 0.3 mmol) in ethanol {100 mL) washeated under reflux for 16 h.
The red ,"'nrangc solution was cooled to reom temperature and concen-
trated in vacue (~25 mL). H,0 (35 mL) was added, forming a fine
cream precipitate, which was filtered. A saturated methanolic solution of
ammonium hexafluorophosphate (025 g, 1.5 mmol in 2mL of MeOH)
was added to the fillrate to give an orange precipitate. The precipitate
was filtered and washed with ice cold H;O and ice cold EtO to give
the crude product as an orange/red solid. The solid was dissolved ina
minimal amount of acetonitrile and the solvent removed in vacuoto give
ared erystalline solid RubpySS (0. 14 g 65% ). Found: C, 47.2; H, 4.8; N,
7.6. Cale. for C,H N0 RuS (CH,CNJ,,.: C, 46.8; H, 49; N, 7.8%.
A (MeCN )/ nm (e/dm? mol™" em™") 289 (77200) and 461 {14600);
e (300 MHz; CDyCN) 129-1.65 (16 H, m, H-89,15,16), L.68—1.78
(4 H, m, H-14), 1.80=1.92 {6 H, m, H-10,18"), 211 {4 H, t, ] = 7.2,
H-13), 2.37=249 (2 H, dddd, | = 6.3, 6.6, H-18), 3.02=315 (4 H, m,
H-19), 3.15-3.21 (4 H, dt, ] = 67,62, H-11), 3.532-361 (2H,tdd, | =
26,63,6.5H-17), 421 (4 H,t, ] = 6.5 H-7), 640 (2H,t, ] = 5.1, NH),
692 (2H, dd, J=6.5,27 H-3), 743 (2H,d, J = 65, H6), 743 (2 H,
ddd, J= 1.3, 5.8,7.8 H-b/b"), 7.44 (2 H, ddd, | = 13,58, 7.8, H-b/b"),
773 (2H, 4, J= 5.8 H-a/a"), 7.85 (2 H, d, ] = 5.8, H-a/a"), 8.00-8.10
(4H,dd, J= 1.3, 7.8, H-¢c"), 807 (2H, d, ] = 2.7, H-3), and 8.47-8.53
(4H,d J=7.8,H-d,d"); & (100 MHz CD,CN) 22.6 (C-9), 252 (C4),
278 (C-15), 284 (C-8), 289 (C-10), 3.2 (C-16), 35.6 (C-13), 38.1
(C-199, 38.2 (C-11), 40,0 (C-18), 56.4 (C-17), 69.6 (C-7), 111.3{C-3),
1140 (C-5), 1240 (C-dd’), 1275 (C-bb'), 1372 (C-ce’), 1515
(C-afa’), 1507 (Cafa’), 1519 (C-6), 157.1 (C-2fee’), 157.2(C-2/ee),
and 166.6 (C-12); MS (ESI') m/z: 1294 (M-PE_)", 574 (M-2(PF))*.
NMR assignments were confirmed by COSY, HSQC, and HMBC.

Osbpy35 OsbpySS was B;rcparcd in a modification to the method
outlined by Gandiello et al™ Os(bpy),ClL, (21.8 mg, 0.04 mmel) and
bpySS (26.6 mg 004 mmol) were suspended in degassed ethylene
glycol (30 mL) and heated under microwave conditions ( power = 300°W,
T = 250 *C) for 7 min. The grec‘n,-"bmw‘nmi:durfwas allowed to cool to
room temperature, upon which saturated aqueous ammonium hexa-
flucrophosphate (50 mL) was added. The black precipitate was filtered
and washed with copious amounts of H,0 and Et,0, dissolved in a
minimal amount of acetone and the solvent removed in vacuo to give a
black erypstalline solid OsbpySS (47.6 mg, 78%). Found: C, 42.9; H, 4.3;
N, 7.3, Cale. for CoeHooFaNeOy 0Py S (NHPF, Jas: C,42.9; H, 46; N,
T A% A (MeCN) /nm (/dm’ mol ™" em™) 292 (77300, 334 (13600),
459 (13700), and 487 (13500); &, (300 MHz; CD,CN) L28-161
(16 H,m, H-8,9,1516), L61-168 (4 H, m, H-14), 1.74-1.89 (6 H, m,
H-10,187), 204212 (4 H, m, H-13), 232247 (2 H, dddd, [ = 6.1, 6.3,
H-18), 298304 (4 Hym, H-19), 304321 (4 H, td,] = 6.1, 6.5, H-11),
349360 (2H m H-17), £19 (4 H, £ J = 6.5,H-7), 635 (2 H, t, [ = 4.8,
NH), 685 (2H, dd, ] = 6.5, 2.7, H-5), 7.19=734 (4 H,ddd, ] = 1.3, 5.8,
7.8, Hbb), 723 (2H, d, [=65,H6), 7.61 (2 H,d, [=5.8 H-a/a"), 7.73
(2H,d, J=58H=a/a"),779(4H,dd, ] = 7.8, 1.3, H-cc"), 800 (2 H,d, [ =
27, H-3), and 8.45 (4 H, t,] = 6.8, H-dd"); d (100 MHz; CDyCN) 22,3
(C-9), 249 (C-4), 27.6 (C-15), 282 (C-8), 28.6 (C-10), 340 (C-16),
3530(C-13), 380 (C-11,19), 39.8 (C-18), 56.1 (C-17), 694 (C-7), 1112
(C-3), 1142 (C5), 1239 (C-dd'), 1276 (Chb'), 1362 (C-oc'), 1502
(C-6/afa"), 1506 (C-6/afa’), 1509 (C-6/a/a"), 1590 (C-2/ee’), 1593
(C-2/ee’), and 1659 (C-12); MS (ESI') m/z: 1383 (M-PE.)". NMR
assignments were confirmed by COSY, HSQC, and HMBC.

Irbpy3s.

IrbpySS was synthcsin‘d via a modified method outlined by Slinker
et al™ [Ir(ppy)aCl]; (66.6 mg, 006 mmol) and bpySS (1008 mg,

.14 mmol) was suspended in ethylene glycol (65 mL) and heated
to 150 “C for 19 h. The yc]]nw mixture was allowed to cool to room
temperature, upon which H,0 (150 mL) was added, and the mixture
heated to 60—70 “C. Saturated aqueous ammonium hexafluorophos-
phate (1 gin 2.5 mL H,O) was added, immediately forming a yellow
precipitate, which was cooled on ice, filtered, and washed with H,0. The
solid was dissolved in minimal acetone and the solvent removed i wacus
to give IrbpySS (1038 mg, 61%). Found: C, 50.4 H, 5.5 N, 5.9
Cale. for C H FJIrNPS: C, 505 H, 5.1 N, 6.0%. 4 (MeCN)/nm
(e/dm® mol ™ em™") 224 (44800), 255 (50000), and 342sh (8200); 5,
(300 MHz; acetone-dg) 1.21—-150 (16 H, m, H-89,15,16), 1.50— 161
(4H, m, H-14), 1.66— 181 (6 H, m, H-10,18), 2,00 (4 H,t,J = 7.1, H-
13),2.25-238 (2 H, dddd, [ = 0.9, 5.9, 6.3, 6.7, H-18), 290-3.05 (8 H,
m, H-19), .09 (4 H, td, 6.5, 6.0), 3.37-347 (2 H, m, H-17), 4.17 (4 H,
tJ=64,H-7),6.21 (2H,d, ] =76 H-k), 675 (2 H,td, [ = 1.3, 7.5, Hj),
688 (2H, td, [= 13,75, H4), 6.95 (2H, t, [ = 5.5 NH), 706 (2 H, dd,
J=13,58H-d), 708 (2 H,dd, J=2.5 H-5),769(2H,d, ] = 64, H-6),
7.72-778 (4 Hym, H-¢h), 783 (2 H, dd, J = L3, 8.0, H<), 8.10 (2 H,d,
J=8.0,Hb),and8.29 (2H, d, J = 2.5, H-3); & (100 MHz; acetone-d,)
23.7 (C9), 26.3 (C4), 28.9 (C-13), 29.3-304 (C-8, masked by NMR
solvent), 354 (C-16), 366 (C-13), 39.1 (C-19), 392 (C-11), 410
(C-18), 57.3 (C-17), 70.4 (C-7), 1127 (C-6), 1152 (C-5/d), 1206
(C-b), 1231 (CH) 1244 (C-5/d), 125.8 (C-3/k), 1311 (C-i), 1326
(C-h) 1393 (C-c), 1450 (C), 1520 (C-g), 1523 (C-3/k), 1542
(C-e), 15385 (C-2), 168.3 (C-4), 1688 (C-a), and 172.8 (C-12); MS
(ESI') m/z: 1235 (M-PE,)". NMR assignments were confirmed by
COSY, HSQC, and HMBC.

Surface Preparation. Gold substrates were cleaned using a UVO
cleaner (1 h) and immersed in MeCN for at least 10 min before use.
Slides were immersed ina 1 mM solution of complex and 2 mM TCEP-
HCl (1:1 MeCN/H,0) and seded from the outside atmosphere to
prevent solvent evaporation. The slides were left immersed for a
stipulated amount of time, before immersion in clean MeCN and drying
under N,.

Micropatterning Surface via the Micro-Contact Printing
Method. Gold slides were cleaned by the general method described
above. Stamps were made as per the method outlined by Whitesides
et al.*' from PDMS. PDMS/PDMS curing agent (%:1) was mixed for
10 min and poured onto the masters. The mixture was allowed to cure at
room temperature for 1 h, and the bubbles that formed on the top of the
mixture were removed manua]]y. The mixture was then cured in the
oven at 60 °C for 1 h. The PDMS stamps were peeled away from the
masters and cut into shape. The stamps were then oxidized by UVO
cleaner (1 h) and immersed in MeCN for 10 min. The stamps with inked
by immersion in a 5 mM solution of complex and 10 mM TCEP-HCl
(1:1 M{:CN,-"HlD) for 30 min brfnrcdrying under N,. The stamps were
placed firmly (with the aid of a small weight) on the clean gold slides
(~12 kPa) for 16 h before peeling the stamp away to leave the
micropatterned surface. The slides were then washed by immersion in
clean MeCN and dried under N,.

Procedure for 5PR Studies. Gold chips {50 nm on glass, Reichert)
were cleaned in Piranha solution { CAUTION: Piranha solution reacts
violently with organic material) for 10 min, washed with ultrahigh purity
(UHQ 18 ME2 cm ) water followed by ethanol, and stored in ethanol
until used. During the experiments, the chips were equilibrated in the
solvent system used for each experiment for at least 10 min to ensure a
steady baseline. The system was then injected with the appropriate
solution at an initial flow rate of ISO’DFLmin_] followed byaﬂuw rate of
10 0r 0 gL min " The slides were then washed with the solvent system
at a flow rate of 1500 gL min™".

X-ray photoelectron spectroscopy was carried out at the University
of Leeds by Dr. Benjamin Johnson. The instrument is a VG ESCAlab
250 with a monochromated Al Kar source. Experiments wrrrpl.'rfnrmcd
in UHWV (~ 107" mbar). Survey scans were recorded at a pass energy
of 130 eV, detaled scans at 20 ¢V. Offline analysis of the spectra was
p-l:rfnn'm:d using Casa 2.3.15 XPS software.
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Scheme 2. Synthetic Route for Preparation of RubpySS, IrbpySS, and OsbpySS
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B RESULTS AND DISCUSSION

Synthesis. The ligand explored in this study was synthesized
by appending 5-amino-1-pentanol ‘legs’ to dihydroxy-2,2"
bipyridine, followed by an amide coupling with a-lipoic acid to
yield the surface-active bpyS8 ligand (Scheme 2).

The ruthenium(Il) and osmium(I} complexes were syn-
thesized by reaction of M{bpy),Cl, (M = Ru,Os) with the bpySS
ligand followed by precipitation with NH,PF; (Scheme 2).
The cydometalated iridium (I} complex was synthesized via
reaction of the bpySS ligand with [Ir(ppy),Cl],, followed by
precipitation with NH,PF,. All complexes were synthesized with
acceptable (60—80%) yields and fully characterized by 'H and *C
NMR spectroscopy, mass spectrometry, elemental analysis, and
UV—visible absorption spectroscopy (Supporting Information ).

Photophysical Properties of RubpySS, IrbpySS, and
OsbpyS5 in Solution. The absorption and luminescence prop-
erties of the complexes are summarized in Table 1. The absorp-
tion spectrum of RubpySS shows two characteristic absorption

11601

bands at 289 and 461 nm, corresponding to the '(x—x*) and
singlet metal-to-ligand charge transfer ('MLCT) bands,
respectively (Supporting Information). OsbpySS has a similar
absorption spectrum, with two absorption bands at 292 and
487 nm, in agreement with similar osmium (1T) unmplexes.“_:"‘
It is noteworthy that the 'MLCT bands of RubpySS and OsbpySS
are red-shifted by 9 and 5 nm, respectively, compared to tris-
bipyridyl analogues of each of the complexes, in agreement with
other complexes with 4,4'-disubstituted bipyridine ligands with
electron donating substituents, as evidenced by 4,4'-dimethoxy
bipyridyl ruthenium (1) complexes. 4% The absorption spec-
trum of [tbpySS shows a peak in the UV region, centered at
255 nm, in agreement with other iridium (I} complexes with
functionalized bipyridyl ligands.***” The luminescence properties
of the complexes are summarized in Table 1. IrbpySS has the highest
energy emission state, with an emission maximum at 580 nm,
comparable to similar iridium(I1) complexes,'**** originating
from significant mixing between the Sp—a*, 'WLCT, and *MLCT

) ' 353949 .
states due to spin—orbit coupling” 5342 The luminescence spectra
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Table 1. Absorption and Luminescence Properties of Metal Complexes

complex A/ (/10 M em ™)
RubpyS S 289 (7.8), 323 (1.3), 461 (15}
Osbpyss 292 (7.7), 317 (1.3), 487 (1.4}
Irbpys s 255 (5.0), 295 (1.8) sh, 337 (0.8) sh
[Ru(bpy);]Cl, 452 (13"
[Os(bpy), [(PF,). 482 (1.1}

[1x{ppy)fdib-bpy)] (PE }*
“dtb-bpy = 4,4"-di-tert-butyl-2,2"bipyridine.

T/ns e
A1y aerated deaerated serated  deserated
645 130 07 1 4
To0 20 25 ol .l
580 25 (68%) BO (32%) 35 (3% ) 246 (66%) 05 3
615" 172 840 1 10
723 39 38 03 03
580" P 557 a4%

of RubpySS and OsbpySS show *MLCT based broad emission
centered ab 643 and 790 nm, respectively. Both spectra are
significantly red-shifted from their tris-bipyridyl analogues (30 and
67 nm, respectively), suggesting that the bulky moieties have a
stabilizing effect on the excited state, in agreement with other similar
rutheninm( 1} and osminm{Il} mmplexes.“’h'”"l The range of
emission profiles of the three complexes, from the yellow of iridium
to the far red of ruthenium and osmium, implies their usefulness
in participating as donor/acceptor photoactive units (Figure 1) in

Emission Intensity

500 600 700 800 900
Wi nm

1000

Figure 1. Photoliminescence emission spectra of IrbpySS (solid line,
A = 280 nm), RubpySS (long dash line, 4, = 465 nm), and Osbpy5S
(short dash line, 4, = 491 nm) in acetonitrile solutions. Spectra corrected
for instruction response for detection. Intensities are not to scle.

energy cascades, as has been reported previously for supra-
molecular systems."'z""‘ The complexes possess lifetimes
characteristic of the nature of their excited states. The longer
lifetimes of RubpySS and IibpySS solutions in deaerated
conditions demonstrate the extent of *0, quenching of their
excited states.

Immeobilization of RubpySS, IrbpySS, and OsbpySS on
Gold Surfaces. To study the surface attachment of the metal
complexes on gold, elipsometric, surface plasmon resonance,
and X-ray photoelectron spectroscopy (XPS) studies were
carried out. Surfaces were treated with aquecus acetonitrile (1:1)
solutions of the complexes with two equivalents of a reducing agent,
tris-(2-carboxyethyl Jphosphine hydrochloride (TCEPH'CI™)
added to aid the reduction of the disulfide attachments. The
time-resolved ellipsometric plots of monolayer formation on
gold for RubpySS and IrbpySS show an increase in layer
thickness over a period of 10 min, with full coverage achieved
within 30 min (Figure 2a,b ). A 24 h study confirms the stability of
the RubpySS-Au monolayer (Supporting Information). The
layer thickness at 30 min is 1.8 + 0.1 nm for RubpyS5-Aun and
1.7 + 0.1 nm for IebpyS5-Au These values were compared with
simplified models of the height of the complexes on planar sur-
faces, at a tilt angle of 40° reported for lipoic acid™ (Figure 2d)
and were found to be in good agreement (ca. 2 nm) with the
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experimental values obtained. These results also agree well with
ellipsometric results rom the growth of a palladium film formed
by a layer-by-layer method*®

Surface plasmon resonance (SPR) spectroscopy studies were
performed to examine the formation of monolayers of RubpySS-
Au and [rbpySS-Au on gold substrates. SPR studies measure a
change in refractive index, which is calculated from the angle of
minimum intensity from a light source which is shined at a prism
on the back of a gold sensor chip. This change in refractive index
at the surface is due to adsorbates coming into proximity with the
surface of the sensor chip. For larger adsorbates such as proteins,
this change is generally high (ca. 0.4” or 4000 pRIU where RIU =
refractive index unit),”” ™ with smaller adsorbates expected to
have lower responses, as molecular weight can contribute to the
response.'ﬂ Adsorption kinetics for adsorbates with molecular
weights as low as hexadecanethiol have been previously studied b
The solid lines (Figure 2c) show the kinetics of adsorption of a
1 mM RubpySS or IebpySS solution in 1:1 acetonitrile /water. For
Rubpy5S, we observe an increase in response units over 30 min
from O to 0.30% showing an association of the complex with the
substrate, Subsequent washing in clean 1:1 acetonitrile /water at a
flow rate of 1500 gL min~' followed by 10 min at a flow rate of
50 pl min~" shows that some complex is specifically adsorbed to
the surface, with an average response of 020 even after solvent
wash, which we expect for smaller adsorbates.® A similar trend is
observed for IrbpySS, with the response increasing over 30 min
from 0 to 037 Following the wash step, the signal drops to 0317,
also indicative of specific binding to the gold substrate. Control studies
were also conducted, examining any possible adsorption of reducing
agent or solvent effect (Figure 2c). The TCEPH'CI™ control shows
that there is some association during the course of the experiment, but
it is only nonspecifically adsorbed, with all ofthe reducing agent being
removed to leave 005° following a wash in clean solvent. The clean
solvent control also shows negligible adsorption (0.05°) to the
substrate within experimental error. These results confirm the stability
of the monolayer as shown in the ellipsometric stadies, with the same
final response units recorded for RubpySS-Au (ca. 0.19°) after 30 min
or 24 h (Supporting Information).

KPS analysis of the RubpyS5-Au and IrbpyS5-Au monolayers
reveals the presence of each of the elements present in the com-
plexes on gold. The Ru 3d;,, and 3d,, photoelectron peaks
present at 281.1 and 286.1 eV, respectively, while the Ir 4f;,, and
4, peaks appear at 61.8 and 64.8 eV, respectively ( Supporting
Information). The RubpySS-Au monolayer was examined
under two preparation routes, with and without treatment
using TCEPH'CL™. The § 2p region of the spectrum of the
monolayer RubpySS-Au without the TCEPH'CI™ treatment
shows only two environments, with S 2py; peaks at 1616 and
163.1 eV corresponding to thiolate (66%) and disulfide (34%),
respectively, previously assigned for thioctic acid monolayers.™
A monolayer of RubpySS-Au treated with TCEPH'CI™ also
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Figure 2. Flot of ellipsometric data for time dependence of monolayer formation of (a) RubpySS and (b) IrbpySS. (¢) SPR sensorgram to monitor
monelayer formation of IrbpySS (1 mM), RubpySS (1 mM), control solution (TCEPH'C17), dotted line (2 mM), and solvent control (1:1, H,0/
CH,CN) ona gold substrate over 30 min. Solutions were injected across clean gold surfaces. (d) Schematic of RubpySS-An and IrbpySS - Au adhered to

gold substrates,

shows only two environments at the same peak positions with a
thiolate (75%) and disulfide (25%), respectively (Figure 3).

Counts | a.u.

168 185 184 183 182 @1

Binding Energy | eV

180 158

Counts | a.u.

72 1M

164 162
Binding Energy / eV

168 166 160 158

Figure 3. XPS S 2p spectra of RubpySS-Au (top) and IrbpyS5.An
(bottom ). Recorded spectra (dots) are fitted with linear backgrounds
and show curve fitting components (solid lines).

These results show that the great majority of the disulfide
anchors are reduced to thiolate to bind to gold and that the
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treatment with the reducing agent has a small effect on thiolate
formation. The estimated Ru/S ratio from the peaks is 1:4 which
is in agreement with the molecular formula of the complex.

The S 2p region of the spectrum of the IrbpySS-Au reveals the
S 2py, peaks at 1618 and 163.5 eV with an additional peak
identified as oxidized sulfur between 167 and 169 eV (Figure 3).
The peaks at 161.8 and 163.5 eV are assigned to thiolate and
disulfide species as previously reported.”™ The peak of the
oxidized species is usually attributed to sulfonate; the peak can be
fitted to two environments at 167.3 and 1690 eV.** For this
monolayer, 48% of the overall sulfur region exists in the disulfide
form. The oxidized species account for 32% of the total sulfur.
The peaks for C 15 N 1s, and O 1s for both complexes were
also observed. The formation of oxidized species has been
cbserved previously®™ and has been shown to be eliminated
by longer monolayer assembly times. Although the difference
of the binding mode of the anchoring group in RubpySS-Au
and IrbpyS8-Au monolayers is not apparently linked to the
preparation method, it is dear that in both cases the metal
complex is bound to the gold surface.

Monolayer samples of RubpySS-Au and IrbpySS-Au display
the characteristic charge transfer based emission at 630 and
532 nm, respectively (Figure 4). Blue-shifts of 15 and 48 nm
for Rubpy5S-Au and IrbpySS-Au ocour, respectively, from the
solution spectra. A similar trend is also observed for the powder
spectra of RubpySS and IrbpySS, with blue-shifts of 4 and 26 nm
from the solution spectra, respectively. Neat solid iridium(TIT}
complexes with blue-shifts similar to that observed in acetonitrile
solutions have been previously re orted,"” as have those for
similar mathenium(I1) mmplexes.ﬁ For the case of ruthenium-
(I} complexes, these shifts are attributed to the lack of solvent
influence in the stabilization of the charge transfer states and
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Figure 4. Overlays of luminescence specta of RubpySS (top), 4, =465 nm,
and IrbpySS (bottom), 4., = 360 nm; monolayer (solid line), powder (long
dash line), and solution in acetonitrile (short dash line). Emission specta
corrected for instrument response for detection. Intensities are not to scale

possibly the effect of lack of free movement of the complexes.
The blue shifts on the surface indicate the influence of the
anchoring to the substrate, resulting in a reduction in vibronic
coupling associated with excited states in the solution and
thus leading to a tightening of the excited state bands which
renders the transition higher in energy. The excitation spectra
show similar 4., values to those of solution samples, with no
discernible shifts in the bands of the spectra. OsbpySS-Au
monolayers on gold swfaces were also prepared; however,
luminescence from these surfaces was too weak to detect.

The luminescence lifetime of the Rubpy55-Au monolayer is
210 ns (Table 2}, which is considerably longer than the aerated
solution (130 ns}), and comparable to the powder (200 ns).
This enhancement of lifetime is in contrast to previous studies
that quenching of ruthenium (I1) emission was observed when
at small distances (within ca. 10 nm) of the surface ™ The
luminescence lifetime of IrbpySS-Au on the surface was calculated
to be biexponential, with a long component of 130 ns (83%) and
ashort component of 12 ns (17%). These lifetimes are longer than
those calculated in aerated solution (23, 80 ns) and again com-
parableto that of the powder ( 110, 30 ns). These results suggest that
not only is there no quenching from the gold surface but also there is
enhancement of luminescence compared with solutions of the
complexes. The luminescence signal is also strong enough to allow
luminescence microscopy images of the monolayers of the com-
plexes to be collected (Supporting Information ).

To demonstrate the usefulness of transition-metal complex
systems in lab-on-chip opto-responsive devices, we used the
microcontact printing method outlined by the group of
Whitesides." Such formed stamps from transition metal com-
plexes can be used in sensing applications if the metal complexis
firmly attached to the surface and does not wash away during
cleaning steps designed to remove unbound complexes.

Poly(dimethylsiloxane) (PDMS) stamps pattemed with
10 pm-wide inking areas were inked with 5 mM RubpySS or
IrbpySS and 10 mM TCEPH'CI™ for 30 min by immersion in a
1:1 acetonitrile /water solution, followed by drying and stamping

Table 2. Photoluminescence Data for Interaction of
Complexes with 10 Mol Equiv of BSA®

T/m

complex before BSAaddition  after BSA addition

RubpySS in 0.5% CHON in water 210 B4 (4%, 250 (96%)
IrlpySS in 0.5% CH{CN in water 15 37 (8%), 283 (92%)

[Rufbpy),]* in 0.5% CH,CN in 393 387
water
RubpySS Au surface 210 183
IrbpySS-Au surface 12 (17%), 15 (30%), 170 (708%)

130 (83%)
“Concentrations of complexes, ca. 1 uM. Surfaces immersed in 15 uM
solution of BSA for 30 min.

for 16 h. Luminescence microscopy of the patterned surfaces
shows emission from ruthenium iridium(II) complexes,
revealing that the patterning was successful. In the image of
the RubpySS-Au pattern (Figure 5), the lines show brighter spots

z
g
£
8
e
&

450 500 S50 600 &S0 TOO TS0 BOO
A l'nm

Fignre 5. (Top) Luminescence microscope images of patterned
complexes on gold substrates. (a) Rubpy5SaAu; (b) Irbpy5S-Aun
(Bottom ) Steady state emission spectra of stamped surfaces. Solid line,
IrbpySS-Au; dashed line, Rubpy55-Aw. Spectra corrected for instrument

response for detection. Intensities are not to scale.

that may originate from the stamping process or the quality of the
features of the stamp. The image of stamped IrbpySS (Figure 5)
reveals the 10 gm wide areas and illustrates that many patterns
can be utilized in order to create functional devices.
Luminescence spectroscopy studies (Figure 5) of the patterned
complexes confirm the distinct MLCT emission from the
ruthenium (11} center and emission from the iridium (11} center.

We noted that, in order to create more robust patterns, the
stamping time is considerably longer than those of simple
alkanethiols. Luminescence microscopy of different substrates
with stamping times up to 2 h often led to most or all of the
complex being removed from the surface during the washing stage.
We speculate that this could be due tolipophilic interactions with
the legs of the complexes due to the innately higher concentrations
of complex at the stamp surface that inhibits the gold—thiolate
interaction. We believe that this observation also contributes to
some defect formation in the finished patterns, as shown by the
round defects in the IrbpySS pattem.

Biomolecular Recognition Studies on Surfaces and in
Solution. The interaction of the modified gold monolayers
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Rubpy55-Au and IrbpySS-Aun with bovine serum albumin (BSA)
was studied by SPR and luminescence spectroscopy, accom-
panied by solution steady state and time-resolved emission
spectroscopy, as well as circular dichroism spectroscopy. To
monitor the changes on the gold surfaces upon BSA addition, we
employed SPR studies. A solution of BSA (15 gMin water) was
added to monolayers of RubpyS5-Au and IrbpySS-Au, and the
SPR response was recorded (Figure 6). A large change in A was

Injaction Solvent Wash
0.5
BSA over
0.4 wAu
BSA over
0.3 /f"_——_LFEﬁsMu
L]
@ 2]
= ammmm—————— BSA over
u  Biankau
0.1
Waler aover
RubpySS-Au
0 e A bpy SSeAu
0 500 1000 1500 2000 2500 3000

Time | s

Figure 6. SPR sensograms of BSA injected across monolayers of
Rubpy55-Au or IrbpyS55-Au (solid line), BSA injected across a blank
gold substrate (long dash line), and a blank solution of water injected
across a monolayer of RubpyS5 Au or Irbpy55-Au (short dash line).

observed for both surfaces upon introduction of BSA, displaying
an increase of more than double the interaction of BS A with clean
gold surfaces. We speculate that this affinity is most likely due to
two possible factors, (a) hydrophobic interactions in the binding
pockets of BSA, such as fatty acid binding sites IIT and IV, which
can change shape and accommodate up to six fatty acid chains
through nonpolar interactions® and (b) Coulombic inter-
actions through an increase of the net positive charge at the
surface. Upon injection of water across monolayers of RubpySS-
Au and IrbpySS-Au used as a control study, we observe no
increase in response, confirming that the change in response is
only due to specific adsorption of BSA molecules.

The interaction of the BSA was also studied by the change in
the environment of the metal complex using luminescence
lifetime measurements. Addition of a solution of BSA (15 uM in
water) to RubpySS-Au and [rbpySS-Au monolayers was
monitored by the luminescence lifetime decays (Table 2).
Upon interaction with BSA, we observe a luminescence lifetime
increase for [rbpySS-Au monolayers, with the major component
increased from 130 to 170 ns, indicating that interactions
between the complex and BSA occur when anchored to gold
substrates. This change is expected on the basis of charge transfer
state character of the complex, which is sensitive to changes in the
environment and consequently to interactions with BSA. In
solution experiments, where 10 mol equiv of BSA was added to
ca. 1 uM solutions of rbpySS or RubpySS, a similar trend is
observed for IrbpySS, with an increase in luminescence lifetime
from 15 ns to 37 and 283 ns. Similar results for iridium(III)
complexes have also been reported where binding ocours
through hydrophobic chains and indole moieties specific to the
binding of BSA that lead to increased lifetimes and emission
intensities due to the increased hydrophobicity of the iridium-
(I} environment.”” The lifetime of Rubpy$S-Au monolayers
increased from 210 to 283 ns upon immersion in BSA solutions,
and a change in solution experiments also indicated some bind-

ing, with the lifetime changing from monoexponential in solution
(210 ns) to biexponential upon addition of BSA (84, 250 ns)
(Table 2). No observable change in luminescence lifetime was
observed when solution samples of the control complex
[Ru(bpy),|Cl, were examined (Table 2).

To monitor the interaction of the metal complexes with BSA
in solutions independently, we studied the effect of BSA addition
to the luminescence signal of the metal complex. Solutions of
IrbpySS displayed a large 80-fold increase in the integrated
emission intensity signal corrected for BSA absorption at 350 nm
(Figure 7 ) with a concurrent 13 nm blue shift. The luminescence

Emission Intensity

Figure 7. Steady state emission spectra of IrbpySS (0.7 pM) solution
before (long dash line) and after (solid line) BSA (15 uM) addition.
Spectra corrected for instrument response for detection. 4., = 350 nm.

signal of RubpySS was less affected; a 90% increase was observed
upon BSA addition. The signal of complex [Ru(bpy),]Cl,
changed only by 30%.

To further demonstrate the biomolecular interactions in
solution, circular dichroism spectroscopy was employed. The
spectra (Figure 8} show the presence of BSA, with two negative

CD / mdeg
(-

RubpySs
A0 - v 1 . - "
180 200 220 240 260 280 300
Al nm
Figure 8. Circular dichmoism spectra of BSA (001 M) with the additions

of IrbpySS (100 4M) (top) in 0.1, 0.4 0.8,4.1,8.2,41.0,and 82.2equiv and
RubpySS (100 M) (bottom ) in 0.1, 0.4, 0.8, 4.0, 8.1, 40.5, and 8 1.0 equiv.

peaks at 209 and 222 nm, as well as a positive peak at 190 nm. ™
Upon the sequential addition of a solution of IrbpySS (10 pM), a
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decrease in intensity of these peaks is observed, indicating change
on the structural features of the protein, attributed to interaction
with [rhpySS. In contrast, we see no interaction between BSA
and RubpySS (Figure 8) or [Ru(bpy)y"*] (Supporting
Information). We speculate that the stronger interaction of
IrbpySS is assisted by the more hydrophobic nature of iridium
increasing the hydrophobic interactions with BSA and allowing
the complex to bind into a cavity, changing the secondary
structure of the BSA.

B CONCLUSIONS

We have presented three novel luminescent transition metal
complexes with surface-active moieties designed to attenuate
quenching associated with luminescent thin films on planar metal
surfaces. The results show that not onlyis quenching reduced but
also the luminescence lifetimes of the complexes are enhanced
when the complexes are anchored to gold surfaces. We have
shown that complexes of this type can be patterned directly using
a simple stamping methodology and explored the possibility of
multimodal sensing applications of these surfaces using SPR and
luminescence studies in the detection of bovine serum albumin.
The iridium{III} monolayers show the most sensitive response
upon protein binding based on luminescence detection, and they
can also be used for sensing by SPR, proving the concept of
multimodal detection. Future studies will invariably be focused
onimproving these systems with novel designs for the remaining
bipyridine /phenylpyridine ligands to create complexes with
specific sensing properties for antibodies and other biomolecules,
The stability of these complexes to stamping makes the
methodology attractive for developing surfaces in optoelectronic
lab-on-chip devices, that incorporate flow systems or other
platforms in which luminescence can be introduced as a very
sensitive detection method together with SPR. Luminescence
imaging can provide very sensitive detection in lab-on-chip
devices for multianalyte binding fabricated with microcontact
printing methods.
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Synthetic methodology of the reactions for preparation of the
ligand, 2D NMR and UV—vis spectra of the complexes,
additional circular dichroism spectra, control ellipsometry data,
and further XPS spectra showing all the regions. This material is
available free of charge via the Internet at http:/ /pubs.acs.org/.
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2.4 Conclusions

In this chapter, the synthesis of surface-active transition metal complexes is described and fully
characterised. The photophysical properties of the complexes are examined and show
comparable properties to similar compounds. Monolayers of the complexes are shown to form
on gold substrates through ellipsometric, SPR and luminescence studies. The luminescence data
reveals that not only is quenching eliminated for monolayers of RubpySS and IrbpySS, but
the luminescence lifetimes are in fact extended when attached to gold surfaces. Through the use
of LCP we have shown that monolayers of both RubpySS and IrbpySS can be deposited in a
controlled manner. We have also shown that RubpySS and IrbpySS will interact with BSA in
both solution and on gold substrates, changing the environment in which the complexes sit,
resulting in red shifts in luminescence and extended lifetimes, attributed to the increase in
hydrophobicity around the metal centres. We envisage that these types of metal complexes can
be used in device formation as recognition platforms, particularly if the ancillary ligands of the
complexes can be functionalised to incorporate more selective binding motifs. Indeed, in

chapter 4, this concept is elaborated.
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2.5 Experimental

Os(bpy).Cl:

Chapter Two

Os(bpy)2Cl> was prepared following a synthetic route outlined by Kober et al.®*. Briefly,

ammonium hexachloroosmate(IV) (1.00 g, 2.3 mmol) and 2,2’-bipyridyl (0.72 g, 4.6 mmol)

were suspended in ethylene glycol and heated to 200 °C for 1.5 hours. The resultant black

mixture was cooled naturally to room temperature, to which saturated aqueous sodium

dithionite (50 mL) was added. The precipitate was filtered under vacuum and washed with

copious amounts of water and diethyl ether before air drying to give the black microcrystalline

title compound in a 53% yield (0.69 g, 1.2 mmol); Amax (MeCN) / nm (¢ / M cm™) 239 (27500),

297 (43800), 382 (9900), 459 (9100), 551 (10600): 51(300 MHz, ds-DMSO) 6.80 (2H, dd, J =

6.0, 1.4, H-b/b"), 7.26-7.35 (4H, m, H-c/c’), 7.52-7.65 (4H, m, b/b’, a"), 8.38 (2H, dd, J = 8.5,

1.1, H-d/d"), 8.60 (2H, dd, J = 7.2, 1.8, H-d/d") 9.68 (2H, dd, J = 5.0, 1.8, H-a); MS (ESI+) m/z:

574 (M+H)*.
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OsbpyBoc

s

(PFe)2

Os(bpy)2Cl> (0.17 g, 0.3 mmol) and bpyBoc (0.16 g, 0.3 mmol) were suspended in ethanol (100
mL) and heated to reflux for 17 hours. The black mixture was then allowed to cool to room
temperature, and the solvent was concentrated in vacuo to ca. 20 mL. Water (50 mL) was added,
followed by a saturated methanolic solution of ammonium hexafluorophosphate (2 mL). The
resulting black precipitate was filtered under vacuum and washed with copious amounts of
water and ether. The compound was dried under vacuum for 8 hours to give the OsbpyBoc in
a 69% yield and used in the next stage without further purification (0.27 g, 0.2 mmol); 64(300
MHz, CDsCN) 1.23 (18H, s, H-14), 1.26-1.38 (8H, m, H-8,9), 1.66 (4H, qu, J = 6.8, H-10),
2.82-2.94 (4H, m, H-11), 4.05 (4H, t, J = 6.6, H-7), 5.13 (2H, s, NH), 6.71 (2H, dd, J = 6.7,
2.7, H-5), 7.08 (2H, dd, J = 5.8, 1.3, H-b/b), 7.15 (2H, d, J = 6.7, H-6), 7.16 (2H, dd, J = 5.8,
1.3, H-b/b"), 7.46 (2H, d, J = 5.8, H-a/a’), 7.58 (2H, d, J = 5.8, H-a/a’), 7.65 (4H, td, J = 7.8,
1.3, H-c,c’), 7.80 (2H, d, J = 2.7, H-3), 8.29 (4H, dd, J = 7.8, 7.8, H-d,d"); 5c(100 MHz, CD3sCN)
22.6 (C-9), 27.6 (C-14), 28.0 (C-8) 29.4 (C-10), 39.8 (C-11), 69.7 (C-7), 114.5 (C-5), 124.3 (C-
d,d’), 127.9 (C-b,b’), 136.5 (C-3), 150.5 (C-c,c"), 151.0 (6/a,a"), 151.3 (6/a,a"), 159.4 (C-2,e,€"),

166.0 (C-12).
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RubpyBoc

(PFe)2

Ru(bpy).Cl> (0.14 g, 0.3 mmol), bpyBoc (0.16 g, 0.3 mmol) and ethanol (100 mL) were reacted
as above to give RubpyBoc as a red solid in a 63% yield (0.23 g, 0.2 mmol) and used in the
next step without further purification; 64(300 MHz, CD3CN) 1.40 (18H, s, H-14), 1.44-1.56
(8H, m, H-8,9), 1.84 (4H, qu, J = 6.9, H-10), 3.00-3.10 (4H, m, H-11), 4.20 (4H, t, J = 6.5, H-
7), 5.30 (2H, s, NH), 6.92 (2H, dd, J = 6.6, 2.6, H-5), 7.37 (2H, dd, J = 5.6, 1.3, H-b/b’), 7.43
(2H, d, J = 6.6, H-6), 7.44 (2H, dd, = 5.6, 1.3, H-b/b"), 7.73 (2H, d, J = 5.6, H-a/a’), 7.83 (2H,
d, J=5.6, H-a/a"), 7.98-8.10 (6H, m, H-3,c,c"), 8.49 (4H, dd, J = 8.1, 3.3, H-d,d"); 5¢(100 MHz,
CD3CN) 22.6 (C-9), 27.6 (C-14), 28.0 (C-8), 29.4 (C-10), 39.8 (C-11), 69.6 (C-7), 111.3 (C-3),

114.1 (C-5), 124.3 (C-4,d,d), 127.1 (C-b,0’), 151.6 (C-a,a"), 152.0 (C-6), 157.1 (C-2,e,¢').

OsbpyNH:

OsbpyBoc (0.26 g, 0.2 mmol) in trifluoroacetic acid (15 mL) was stirred at room temperature
for 1 hour. After this time, the solvent was removed in vacuo to yield a brown oil, which was
purified by flash column chromatography (eluting with 70:29:1 MeCN:H20:sat. ag. KNOs3)

collecting the black/green band. The fractions were concentrated in vacuo to remove the
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acetonitrile and a saturated methanolic solution of ammonium hexafluorophosphate (3 mL) was
added. The product was extracted with dichloromethane (3 x 50 mL) and the combined organic
extracts were washed with water (50 mL), with the solvent removed in vacuo to leave a glassy
black solid OsbpyNH: in a 45% vyield (0.10 g, 0.09 mmol); Amax (MeCN) / nm (¢ / Mt cm™)
291 (42000), 378 (6400), 455 (6700), 489 (6500); 51(300 MHz, CD3CN) 1.36-1.51 (4H, m, H-
8/9), 1.55-1.80 (8H, m, H-8/9,10), 2.89 (2H, t, J = 7.5, H-11), 3.54 (2H, t, J = 7.5, H-11"), 4.07-
4.19 (4H, m, H-7), 6.02 (s, NHy), 6.79 (2H, dd, J = 6.6, 2.5, H-5), 7.16 (2H, dd, J = 6.0, 0.9,
H-b/b’), 7.20-7.28 (4H, m, H-b/b’,6), 7.55 (2H, d, J = 5.5, H-a/a’), 7.66 (2H, d, J = 5.5, H-a/a)),
7.73 (4H, dd, J = 7.8, 1.1, H-c,c’), 7.87 (2H, d, J = 2.5, H-3), 8.38 (4H, t, J = 7.8, H-d,d");
8¢(100 MHz, CD3CN) 22.1 (C-9), 26.2 (C-8), 27.4 (C-10), 39.8 (C-11), 69.0 (C-7), 111.1 (C-
3), 114.2 (C-5), 124.0 (C-d,d"), 127.6 (C-b,b"), 136.2 (C-c,c’), 150.2 (C-a/a'/6), 150.6 (C-a/a’/6),

151.0 (C-a/a’/6), 159.3 (C-2,e,¢").

RubpyNH>

RubpyBoc (0.23 g, 0.2 mmol) and trifluoroacetic acid (15 mL) were treated as above to yield
RubpyNHz as a sticky red solid in a 36% yield (0.07 g, 0.07 mmol); Amax (MeCN) /nm (¢ / M
cm™) 289 (34000), 461 (6600); 51(300 MHz, CD3CN) 1.46-1.62 (4H, m, H-8/9), 1.64-1.92 (8H,
m, H-8/9,10), 2.99 (2H, t, J = 7.4, H-11), 3.64 (2H, t, J = 7.4, H-11'), 4.16-4.27 (4H, m, H-7),
6.93 (2H, dd, J = 6.4, 2.7, H-5), 7.34-7.50 (4H, m, H-b,b"), 6.48 (2H, d, J = 6.4, H-6), 7.74 (2H,
d, J =5.3, H-a/a’), 7.84 (2H, d, J = 5.3, H-a/a’), 7.99-8.11 (6H, m, H-c,c’,3), 8.50 (4H, dd, J =

8.0, 3.0, H-d,d); 5c(100 MHz, CDsCN) 21.9 (C-8,9), 27.1 (C-10), 38.9 (C-11), 69.0 (C-7),
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111.0(C-3), 114.0 (C-5), 123.8 (C-d,d"), 127.1 (C-b,b"), 137.0 (C-3,c,c"), 151.2 (C-a/a'/6), 151.4
(C-a/a'l6), 151.5 (C-a/a'/6), 156.8 (C-ele'/2), 157.0 (C-e/e'[2), 157.8 (C-ele'/2); MS (ESI+) m/z:

1102 (M+K)* 1063 (M+H)*, 917 (M-PFs)"*.
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Figure 2.A1. *H NMR spectrum of OsbpyBoc in CDsCN.
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Figure 2.A2. C NMR spectrum of OsbpyBoc in CDsCN.
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Figure 2.A3. HSQC spectrum of OsbpyBoc in CD3CN.
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Figure 2.A6. 3C NMR spectrum of RubpyBoc in CDsCN.

73



Chapter Two

ff//ff/// [ s s /

i e 1 T —_— T T — T
™ R ) m (=] [Te] oW ired ~ m D
- onooS Mo S o S o = Mmoo
= [ e ] T+ ™ ~ wn - ™ ~ o -+
85 8.0 75 70 6.5 6.0 55 5.0 45 4.0 35 3.0 25 20 15
ppm

Figure 2.A7. *H NMR spectrum of OsbpyNH, in CDsCN.
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Figure 2.A10. 3C NMR spectrum of RubpyNH; in CD3CN.
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3.1 Surface Properties and Recognition of Proteins on Gold
Surfaces Functionalized with Transition Metal Complexes

and Surfactants

3.1.1 Introduction

As discussed in chapter two, the area of self-assembly to surfaces is very diverse and complex,
with a wide range of chemistries available to exploit to create nanofabricated devices. However,
the composition and density of adhered layers at the surface can also have significant effects
upon the properties of the surface, for example with interactions with the surface,™* or
orientation of bound species.> ® In particular, interactions with the surface may not always be
favourable, such as in biological systems where biomolecular interactions may interfere. One

example of this is in the use of nanoparticles for cellular uptake.

The Pikramenou group has been interested in the formation of nanoparticles bearing tethered
metal complexes for nearly a decade.” The attractive properties and ease of synthesis® of
nanoparticle systems makes them attractive in cell® % and flow imaging.'* 2 However, until
recently, the use of charged metal complexes such as those of ruthenium(I1) and iridium(lIl) in
these systems was unfavourable due to the inherent instability of the modified particles due to
a drastic reduction in overall negative charge instigated by the addition of the positively charged
complexes. The use of commercially available surfactants in these systems as co-adsorbents

has allowed the synthesis of these systems without the instability caused in their formation.*

With the proliferation of nanoparticle research in biological systems, many studies have been
carried out into the role of serum or media proteins in nanoparticle interactions. It is generally

accepted that materials will be coated in proteins upon their introduction to a biological
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environment,** and therefore it is of no surprise that there is a growing body of evidence that

supports the formation of a protein ‘corona’ (Figure 3.1) around polystyrene,*® ° silver!’ and

gold®® 19 nanoparticles when they are subjected to cell media.'* 2

%

Figure 3.1. Schematic of protein corona formation through fast (left) or slow (right) exchange

processes. Adapted with permission from reference (15). Copyright 2010 American Chemical

Society.

Surface Plasmon Resonance (SPR) spectroscopy is a valuable tool for detecting biomolecular

interactions on surfaces. In essence, the technique monitors refractive index changes (Figure

3.2) at a plasmonic interface (commonly gold or silver). Monochromatic incident light is

directed at the surface and excites the plasmon at the interface. At a certain angle known as the

resonance angle (®), the light is fully absorbed, and this is measured by the detector. The change

in resonance angle directly relates to the amount of adsorbate within the area of the evanescent

wave (ca. 300 nm depth from the surface), and so can be used to estimate surface coverage.

Multiple reviews on the topic have also been published.?2®
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Figure 3.2. Schematic of typical SPR system.

3.1.2 Section Outline

In this section we seek to examine through luminescence and SPR spectroscopy, the changes
in properties of the previously examined (Chapter two) complexes RubpySS and IrbpySS on
gold surfaces co-coated with four commercially available surfactants (Figure 3.3). We examine
the subsequent adsorption of the protein BSA and the more biologically relevant Fetal Bovine
Serum (FBS). Utilising these techniques, we seek to establish whether gold nanoparticles
functionalised with these complexes would be more or less susceptible to protein corona

formation when co-coated with surfactants.
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Figure 3.3. Schematic diagram of co-adsorption of complexes and surfactant and subsequent

addition of BSA or FBS.

3.1.3 Photophysical Properties of Transition Metal Complex and Surfactant

Mixed Monolayers

In order to examine the photophysical properties of the mixed monolayer systems on gold, a
cleaned gold substrate was immersed in a 1 mM solution of RubpySS or IrbpySS containing
ca. 50 pL of surfactant for 24 hours. Following this, the substrates were washed in acetonitrile
and examined by steady state and time-resolved luminescence spectroscopy. Substrates were
then further examined for changes upon the immersion of the substrates in a 16.5 puM solution

of BSA in water for 30 minutes, followed by washing with water.
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The data collected is summarised in Table 3.1 for RubpySS surfaces and Table 3.2 for IrbpySS
surfaces. In general, it is observed that the addition of surfactant to RubpySS surfaces (Table
3.1) causes little or no shift in emission maximum. The changes in emission maxima for
IrbpySS surfaces are more stark, in particular for IrbpySS:PEG-Au, where a 30 nm red shift
is observed. It is also observed for surfaces of IrbpySS co-coated with Zonyl® 7950 and
Zonyl® FSA (Figure 3.Al) that artefacts also form in the spectra, as a result of possible Raman

scattering caused by the presence of the surfactant.

A large red shift of the emission maxima for both complexes immersed with ZonyI® 7950 upon
the addition of BSA are observed, particularly a shift of 40 nm for RubpySS (Figure 3.4). Upon
the addition of BSA to the other co-coated surfaces (Figure 3.4 and Figure 3.5), it is observed
that the emission spectra exhibit small blue shifts, or do not shift at all, as is the case with

RubpySS:PEG-Au and IrbpySS:FS-300-Au.
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Figure 3.4. Steady state emission spectra of RubpySS co-coated with ethylene glycol
containing surfactants before (solid) and after (dash) addition of BSA. Xexc = 465 nm, spectra

corrected for instrument response. Spectral intensities are not to scale.
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Figure 3.5. Steady state emission spectra of IrbpySS co-coated with ethylene glycol containing

surfactants before (solid) and after (dash) addition of BSA. Aexc = 360 nm, spectra corrected for

instrument response. Spectral intensities are not to scale.

Table 3.1. Photophysical properties of RubpySS co-coated with surfactant on gold. Aexc = 445

or 465 nm. Aem (t) = 620 nm.

Aem / NM T/ 1ns
SULfggéant wggg\ut évsltg ngZ“t with BSA
(Rub';)?gg-Au) 630 640 210 263
ZonyI® 7950 610 650 47 %83?3 o1 gg??ﬁ?
zowi®Fsa 635 e ettt
Zomgé% Fs- 640 620 o 0(7(303)% ) 267
- - 630 59(E%) 24 (6%)

546 (95%)

475 (94%)
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Table 3.2. Photophysical properties of IrbpySS co-coated with surfactant on gold. Aexc = 330,

360 or 376 nm. Aem (1) = 480 or 520 nm.

Aem / NM T/ns
Surfactant without with without .

used BSA BSA Bsa  WIthBSA
None 532 sso  12(7%) 15 (30%)
(IrbpySS-Au) 130 (83%) 170 (70%)
7 (52%) 133 (18%)

Zonyl® 7950 480 520 Lihmh a1 (a0
31 (14%) 67 (21%)

Zonyl® FSA 530 530 245 (86%) 381 (79%)
Zonyl® Fs- 106 (23%) 41 (13%)
300 540 S0 g2 (18%) 310 (87%)
PEG 560 sso  80(11%) 30 (16%)

428 (89%) 351 (84%)

The time-resolved data (Figure 3.6 and Figure 3.7) however does appear to show larger
differences with respect to each surfactant. In particular, large increases in lifetimes for both
complexes upon the addition of BSA for Zonyl® 7950 (Figure 3.A2 and Figure 3.A3)
containing surfaces is observed, as well as an increase in lifetime for IrbpySS:FSA-Au
surfaces, of which both contain perfluorinated methylene groups. However, a significant
decrease in luminescence lifetime is observed for RubpySS:FSA-Au (Figure 3.6), with the
major component of the lifetime falling from 765 (86%) ns to 444 (90%) ns upon the addition
of BSA. When ethylene glycol ether groups are present in the surfactant, we observe a decrease
in the luminescence lifetime of the complexes upon the addition of BSA (Figure 3.6 and Figure
3.7), as evidenced by both the Zonyl® FS-300 and PEG mixed monolayer systems. In
particular, Zonyl® FS-300 contains both perfluorinated methyl groups and ethylene glycol
ether groups in its structure (Figure 3.3) suggesting that these ethylene glycol groups may affect

the luminescence lifetimes of the complexes more than the fluorinated groups in the studied
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systems. It is also observed that the lifetimes of all of the complex:surfactant systems on gold
substrates are longer than when no surfactant is present with the exception of
IrbpySS:7950-Au, which has a lifetime of 7 (52%), 64 (48%) ns compared with 12 (17%), 130

(83%) ns without a surfactant present.

RubpySS:FS-300-Au RubpySS:PEG-Au
(7] [72]
c =
D <]
£ £
c =
2 o
wn w
2 @
£ £
L 1]
0 500 1000 1500 2000 0 500 1000 1500 2000
Time / ns Time/ns
RubpySS:FSA-Au
2
(/2]
=
<]
=
=
2
w
(]
£
1]

0 1000 2000 3000 4000 5000

Time / ns
Figure 3.6. Fitted luminescence decays (dots with fitting lines) of RubpySS surfaces co-coated
with surfactants, before (red) and after (black) BSA addition. Aexc = 445 nm, Xem = 620 nm.

Luminescence intensities are not to scale.
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Time I ns
Figure 3.7. Fitted luminescence decays (dots with fitting lines) of IrbpySS surfaces co-coated
with surfactants, before (red) and after (black) BSA addition. Aexc = 376 nm, Xem = 520 nm.

Luminescence intensities are not to scale.

Given the increases in lifetimes observed when a surfactant is present for RubpySS and
IrbpySS, we sought to determine whether this approach could be used to observe osmium(ll)
luminescence on a gold substrate. Previously, OsbpySS, an osmium(ll) centred analogue of

RubpySS was synthesised, however on gold surfaces we could not observe luminescence,?*
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and so therefore, we created a mixed monolayer system with Zonyl® 7950 as the surfactant as
described above. Figure 3.8 shows the steady state emission spectrum obtained, demonstrating
that with complex:surfactant mixed monolayers we can observe the characteristic *MLCT
OsbpySS luminescence at the surface, centred at ca. 740 nm. The lifetime of the emission is
determined to be 38 ns, which is longer than the lifetime of OsbpySS in aerated solution (20

ns).2*

Emission Intensity

640 680 720 760 800

A/ nm

Figure 3.8. Steady state emission spectrum of OsbpySS:Zonyl® 7950-AuU. lexc = 480 nm.

Spectrum corrected for instrument response.

3.1.4 Surface Plasmon Resonance Recognition Studies of Transition Metal

Complex and Surfactant Mixed Monolayers

In order to examine the interaction between the mixed monolayer systems and biological media,

we employed SPR spectroscopy to measure the recognition of the substrates by both BSA, and
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fetal bovine serum (FBS), a proteinous mixture extracted from bovine blood. FBS was chosen
because of its common use in in vitro cell studies as a cell medium.*®2° Substrates were formed
as above, before equilibrating the substrates by flowing water over them at 50 pL min®,
followed by injecting the protein across the surface at 1500 puL min for 10 seconds. The flow
rate was then reduced to 10 uL min to allow recognition to occur, before 2 minutes of washing
at 1500 pL min? and a further 10 minutes at 50 uL min™. The results are shown in Figure 3.9

for RubpySS systems and Figure 3.10 for IrbpySS systems.

The results show that for all mixed monolayer systems, injection of either BSA or FBS results
in a large increase in response (A®) from the surfaces, indicating that both BSA and FBS do
indeed bind to the mixed monolayer surfaces. In particular, it is observed for all surfaces with
the exception of RubpySS:Zonyl® FS-300-Au (Figure 3.9 c), that after washing of the
surfaces, the response for BSA is decreased when compared with the same system without co-
coating with surfactant. (Figure 3.9 and Figure 3.10). In the case of RubpySS:Zonyl® FS-
300-Au (Figure 3.9, c) we observe that the response is the same (0.42°), subsequent to the
washing step. Interestingly, the response of FBS when injected across the mixed monolayer
systems was lower than that of BSA, with the exception of substrates where Zonyl® 7950 was
used as the surfactant. We postulate that the increased hydrophobicity of the surfactant
compared with the other surfactants may induce binding with a more hydrophobic component

of FBS, causing the increase in response compared with that of BSA.
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Figure 3.9. SPR sensorgrams of RubpySS and surfactant mixed monolayers. Surfactants used

in each graph are Zonyl® 7950 (a), Zonyl® FSA (b), Zonyl® FS-300 (c) and PEG (d).
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Figure 3.10. SPR sensorgrams of IrbpySS and surfactant mixed monolayers. Surfactants used

in each graph are Zonyl® 7950 (a), Zonyl® FSA (b), Zonyl® FS-300 (c) and PEG (d).

3.1.5 Conclusions

In this section we have shown that transition metal complexes RubpySS and IrbpySS can be

co-coated with various commercially available surfactants, whilst still allowing observable

luminescence. Strikingly, OsbpySS luminescence could also be observed by co-coating in this

way. Interestingly, but unsurprisingly, the luminescence lifetimes of RubpySS and IrbpySS

are altered upon co-coating with surfactants, most likely due to the effects of being presented

with more hydrophilic or hydrophobic environments. In general, it was observed that the
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luminescence lifetime of the complexes in the presence of BSA was enhanced when co-coated
with hydrophobic surfactants, and quenched in the presence of more hydrophilic surfactants.
Through SPR spectroscopy we show that in general, BSA adsorption is decreased when the
surfaces are co-coated, again with the exception of RubpySS:Zonyl® FS-300. The results with
FBS treated surfaces proved more complex, however the results indicate that surfaces co-coated
with Zonyl® 7950 are most susceptible to biomolecular recognition in FBS, while less so in
BSA. The results illustrate the complexity of interactions between protein mixtures and
functionalised surfaces, but continued research in this field will invariably lead to targeted
design of bionanosystems, and indeed solution and nanoparticle studies with these complexes

are ongoing.
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3.2 Preparation and Properties of p-cyclodextrin containing

transition metal complexes

3.2.1 Introduction

Microcontact printing (LCP) provides a facile and inexpensive alternative to ‘bottom-up’
approaches of nanofabrication.?® Despite its commercial failings in the semiconductor industry,
the technique, first outlined by Whitesides,?’ has allowed researchers to utilise and expand the
technique to improve its usefulness in other fields.?® In its infancy, UCP was used as a method
for directing assembly of thin films onto surfaces in order to create a chemical resist in order to
allow the etching of the surface to create patterned substrates for microelectronics. Further
studies of the technique however also allowed chemistry to be performed. An early example by
Yan et al.?® (Figure 3.11) illustrates this through a patterned amide coupling reaction. Here, a
gold surface functionalised with a carboxylic acid terminated alkanethiol was deposited on the
surface through self-assembly and reacted to form an acid anhydride terminated surface.
Through UCP, poly(ethylene)imine was brought into close contact with the surface allowing a
reaction to take place, leading to the patterned surface. Atomic force microscopy experiments
indicated that indeed, patterns could be formed on surfaces through the microcontact chemistry
method. As such, many other studies have emulated this, employing other chemistries such as
‘click’ chemistry,®® 3! photochemistry®? and even metal complexation,® as well as other amide

coupling conditions such as through acid fluoride terminated surfaces®** and aminolysis.®> %
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Figure 3.11. Schematic of patterned amide coupling of poly(ethylene)imine on carboxylic acid
terminated surfaces. Reprinted with permission from reference (29). Copyright 1999 American

Chemical Society.

The technique however is not only limited to chemical processes, but can also be utilised using
supramolecular interactions. The development of cyclodextrin functionalised surfaces as

‘molecular printboards’ has allowed the formation of nanostructures in a facile manner, due to
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the removal of the need for bond formation. The design of these systems is simple (Figure 3.12),
cyclodextrin terminated monolayers are brought into contact with the molecule of interest,
which generally bears adamantyl groups, and a host-guest complex of the cyclodextrin and
adamantyl group is formed, leading to the creation of nanostructures through supramolecular
interactions. Using this technique, many different nanostructures can be formed, and indeed
many examples exist in the literature of complex patterned nanostructures created using this

technique.3"*

SeY A R Q,
S,y AR
\C,LB; %gﬁ'gg ¥

B) "'
0 ¢ )
0

?
Triazole-CD

Figure 3.12. Example of mixture of microcontact chemistry and supramolecular pCP.

Reprinted with permission from reference (43). Copyright 2010 American Chemical Society.

3.2.2 Section Outline

In this section we seek to expand the UCP protocol used in chapter two to allow more facility
in the directed assembly of luminescent metal complexes at interfaces. We report the synthesis
and characterisation of cyclodextrin containing complexes with ruthenium(I1) or iridium(lI11)
centres for the purposes of supramolecular pCP. Utilising adamantyl functionalised gold
surfaces, it is shown that layers of the complexes can be formed through supramolecular
interactions, and that pCP can be carried out under much shorter timescales than the chemically

bound systems of RubpySS and IrbpySS. We also show that utilising this technique, we can
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direct assembly of both the ruthenium(l1) and iridium(l11) complex onto the surface to create

multicomponent patterned surfaces.

3.2.3 Synthesis of pB-cyclodextrin containing transition metal complexes

The synthetic route to the functionalization of 2,2'-bipyridine with B-cyclodextrin is elaborated
and discussed in chapter 4. Scheme 3.1 shows the synthetic route used to obtain Rubpy-CD (2)
and Irbpy-CD (3) in acceptable yields. Briefly, the complexes were synthesised by modified
routes originally outlined by Sullivan et al.** and Slinker et al.*® where Ru(bpy).Cl. or
[Ir(ppy)2Cl]2 are heated in solution with bpy-CD (1), followed by purification of the complexes

by size exclusion chromatography.

The multiplet peak at 5.04-5.28 ppm corresponds to the anomeric centre H-g-1. The aromatic
region displays 4 prominent environments — H-5 at 7.32-7.46 ppm, H-6 at 7.67-7.79 ppm, H-4
at 8.01-8.12 ppm and H-3 at 8.49-8.55 ppm. Interestingly, the environments in each of the
bipyridyl ligands are not split by the asymmetric nature of bpy-CD (1), however the peaks are
observed to be broader than expected, most likely due to that reason. The *C NMR spectrum
agrees well with similar cyclodextrin containing complexes produced in the group.*® 4° The
ESI(+) mass spectrum shows one ion envelope at 998 Da corresponding to (M-2[PFe])?*
confirming the formation of the product. The yield of the synthesis is low (8%), which is
attributed to the difficulty of separation. In particular, it was found that precipitation of the
hexafluorophosphate salt was very wasteful, due to the solubility of the cyclodextrin moiety in
a wide range of organic solvents. For this reason, subsequent syntheses were performed without

salt exchange.
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Scheme 3.1. Synthetic route to the formation of cyclodextrin containing complexes.
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Figure 3.13. *H NMR spectrum of Rubpy-CD (2) in CD3CN.

Irbpy-CD (3) was characterised by *H, *C and 2D NMR spectroscopy, and ESI(+) mass
spectrometry. The *H NMR spectrum (Figure 3.14) reveals a similar pattern of peaks, with the
region at 2.96-4.27 ppm agreeing well with the spectrum of Rubpy-CD (2). In this spectrum
we can see the peak at 3.98-4.20 ppm, corresponding to H-g-6, and again we see peaks at 4.29-
4.87 ppm corresponding to H-7. A broad multiplet at 5.08-5.23 ppm is observed corresponding
to H-g-1. The aromatic protons appear between 6.20-8.93 ppm and integrate fairly well with H-
g-1, however exact assignments could not be made. The pattern of peaks is expectedly different
to that of Rubpy-CD (2) due to the inherent asymmetric nature of the ancillary ligand 2-
phenylpyridine compared with 2,2'-bipyridine. This, coupled with the formation of many
possible stereoisomers around the iridium(l11) centre leads to the arisal of many peaks. Once

again the *C NMR spectrum agrees fairly well with similar cyclodextrin containing
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complexes.*® 4° The ESI(+) mass spectrum reveals one ion envelope at 1051 corresponding to

(M-CI+NH.)" confirming the formation of the product.

H-g-2,9-3,9-4,
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ppm

Figure 3.14. *H NMR spectrum of Irbpy-CD (3) in CDsCN

3.2.4 Photophysical Properties of p-cyclodextrin Containing Transition

Metal Complexes

To elucidate the photophysical properties of the complexes, each were studied by UV-vis
absorption spectroscopy and steady state and time-resolved luminescence spectroscopy in
acetonitrile solutions. The results are summarised in Table 3.3. The UV-vis absorption spectrum
of Rubpy-CD (2) (Figure 3.15) reveals two large absorption bands at 288 and 451 nm
corresponding to the *n-m* and *MLCT transitions respectively.*” The UV-vis spectrum is very

comparable to that of [Ru(bpy)s]?*, with a very small hypsochromic shift of 1 nm in the 2MLCT
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transition for Rubpy-CD (2). It is also observed that the molar absorptivity of the IMLCT band
for Rubpy-CD (2) is approximately half that of [Ru(bpy)s]**, which is attributed to the large,
non-chromophoric cyclodextrin moiety. A similar picture emerges for Irbpy-CD (3) (Figure
3.16), with a large single peak at 249 nm, agreeing fairly well with [Ir(ppy)2bpy]*.>° The
luminescence properties of both Rubpy-CD (2) (Figure 3.15) and Irbpy-CD (3) (Figure 3.16)
also agree well with their less functionalized counterparts, with emission maxima of 620 and
605 nm respectively, compared with 615 nm for [Ru(bpy)s]** and 610 nm for [Ir(ppy)2bpy]*.
The luminescence lifetimes of Rubpy-CD (2) in both aerated and deaerated acetonitrile
solution are comparable to those of [Ru(bpy)s]?*, and luminescence quantum yield data is also
very similar, with identical (10%) deaerated quantum yields, and relatively similar aerated
quantum yields of 2% and 1% for Rubpy-CD (2) and [Ru(bpy)s]** respectively. The
luminescence lifetimes of Irbpy-CD (3) were found to be biexponential, with values of 37 (9%)
ns and 84 (91%) ns reported in aerated solution, and 306 (87%) ns and 714 (13%) ns in dearated

acetonitrile solution. The major component of the deaerated lifetime is comparable to that of

[Ir(ppy)2bpy]*.
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Table 3.3. Summarised photophysical properties of Rubpy-CD (2), Irbpy-CD (3) and

comparable complexes in acetonitrile solution.

T/ns D/ %
4
Complex }‘maxl\//lﬁngé{i; 10 Aem/nm  aerated  deaerated aerated deaerated
R“bg'CD 288 (3.6)451 (0.5) 620 189 934 2 10

249 (2.4) 266 (2.3) 37 (9%) 306 (87%)

Irbpy-CD (3)  sh 3142 0(13)(2 rfh 380 605 84(01%) 714 (13%) 1 6
[Ru(bpy)s]?* 452 (1.3)% 61551 172 840 1 10
230 (7.0) 250 (6.5)
[Ir(ppy)zbpy]*  sh 310 (3.0)sh 380  610%° 35050
(0.45) sh%®
L *MLCT
o
0.8] m
© 3
3} 7
8 06 o
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S =
o] (0]
< 0.4+ g.
<
0.2 MLCT
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A/ nm

Figure 3.15. UV-vis absorption spectrum (left) and steady state emission spectrum (right) of
Rubpy-CD (2) in acetonitrile solution (28 nuM). Aexc = 460 nm. Emission spectrum corrected

for instrument response.
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Figure 3.16. UV-vis absorption spectrum (left) and steady state emission spectrum (right) of
Irbpy-CD (3) in acetonitrile solution (27.4 pM). Aexc = 350 nm. Emission spectrum corrected

for instrument response.

3.2.5 Preparation of Adamantyl Containing Surface-Active Linker for

Recognition of Cyclodextrin Groups on the Surface

In order to study the photophysical properties of Rubpy-CD (2) and Irbpy-CD (3) on the
surface, a necessary scaffold needed to be created in order for the complexes to bind. To this
end, a simple surface-active linker bearing an adamantyl group (Scheme 3.2) was synthesised
to facilitate surface binding of the cyclodextrin (AdSS, 4). Such a molecule had been
synthesised previously in the group, for studying a similar homoleptic tris-bipyridyl
ruthenium(11) complex bearing three cyclodextrin moieties.? In this study, 1-adamantylamine
and a-lipoic acid were subjected to amide coupling conditions to yield AdSS (4) in a low but

acceptable yield.
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Scheme 3.2. Route to adamantyl functionalized surface-active linker AdSS (4).

AdSS (4) was characterised by 'H, *C and 2D NMR spectroscopy, and ESI(+) mass
spectrometry. NMR assignments were confirmed by COSY, HSQC and HMBC and
assignments agree with previously published results.>® Figure 3.A12 shows the 'H NMR
spectrum of the product, revealing the expected number of environments, while the integrals of
protons associated with each of the moieties agree well with each other, particularly H-6 (1H)
against H-b (3H, partially masked by H-2) and H-c (6H, partially masked by H-7"). The ESI(+)
mass spectrum reveals 3 ion envelopes at 340 (M+H)*, 362 (M+Na)* and 701 Da (2M+Na)*,

confirming the formation of the product.

3.2.6 Surface Studies of B-Cyclodextrin Containing Transition Metal

Complexes

In order to study the properties of Rubpy-CD (2) and Irbpy-CD (3) on gold surfaces and to
test the efficacy of functionalising surfaces with these complexes via a u{CP method, a scaffold
was first formed by immersing plain gold substrates in a 1 mM solution of AdSS (4) in ethanol.
The substrates were then washed in acetonitrile and methanol, allowing the functionalization

of the surfaces with the complexes, as shown in Scheme 3.3.
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AdSS monolayer formation

Immersion in Rubpy-CD or
Irbpy-CD to form single layers

Immersion in mixed Rubpy-CD and Irbpy-CD

solution to form mixed layers

Scheme 3.3. Schematic diagram illustrating the route to formation of AdSS (4) monolayers and

CD complexes.

subsequent functionalisation with Mbpy

To elucidate whether the complexes would indeed bind to the AdSS (4) functionalised

-resolved luminescence studies were

ellipsometric, steady state and time

substrates (AdSS-Au)

carried out. AdSS-Au substrates were immersed in 1 mM solutions in acetonitrile of each

washed (acetonitrile) and tested. The results (Figure 3.17) reveal the layer thickness

complex

of AdSS-Au to be 1.5£0.2 nm. This result is slightly higher than the expected thickness (ca. 1

nm) suggesting a well packed monolayer is formed. The results for the compexes show

increases in layer thickness, particularly for Rubpy-CD:AdSS-Au, which has increased to
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2.9+£0.5 nm, agreeing fairly well with the expected height, and indicating that the host-guest
complex between Rubpy-CD (2) and AdSS (4) forms at the interface. A similar result is

reported for Irbpy-CD:AdSS-Au, with a layer thickness of 2.2+0.6 nm.

3.5

2.5

Layer Thickness / nm

0.5

AdSS-Au  Rubpy-CD: Irbpy-CD:
AdSS-Au  AdSS-Au

Complex

Height
Mbpy-CD:AdSS-Au

Height AdSS-Au ~2.5 nm

~1nm
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)
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Figure 3.17. Top — Ellipsometric data for AdSS-Au and host-guest complexes at surface.

Bottom — Schematic of AdSS-Au monolayer and host-guest complexes at surface.
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The luminescence data is summarised in Table 3.4. The luminescence emission spectra (Figure
3.18) reveal broad emission bands centred at 590 and 525 nm for Rubpy-CD:AdSS-Au and
Irbpy-CD:AdSS-Au respectively. These bands have large blue shifts compared with those in
acetonitrile solution, with shifts of 30 nm for Rubpy-CD (2) and 80 nm for Irbpy-CD (3). Such
blue shifts have been observed previously for transition metal complexes on gold surfaces.?*
An instrumental artefact is also observed on the spectrum for Irbpy-CD:AdSS-Au centred at
ca. 720 nm, and is due to second order scattering arising from the excitation source (360 nm).
Luminescence experiments were also carried out on plain gold substrates immersed in each
complex and washed as above. Neither Rubpy-CD nor Irbpy-CD substrates produced any
detectable luminescence, indicating that the method of binding to the surface for both of these

complexes is through the terminal adamantyl groups of AdSS.

Table 3.4. Summarised luminescence data of Rubpy-CD and Irbpy-CD complexes on the

surface and in solution. 2In aerated acetonitrile solution.

Aem /
nm

Complex T/ns

. 209 (15%)
Rubpy-CD:AdSS-Au 590 1042 (85%)

Rubpy-CD (2)? 620 189

116 (13%)

Irbpy-CD:AdSS-Au 525 987 (87%)

37 (9%)

Irbpy-CD (3)? 605 84 (91%)
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Emission Intensity
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Figure 3.18. Steady state emission spectra of Irbpy-CD:AdSS-Au (solid, Aexc = 360 nm) and
Rubpy-CD:AdSS-Au (dash, Xexc = 460 nm). Spectral intensities not to scale, spectra corrected

for instrument response.

To examine whether the spectrum of luminescence in such systems could be increased, a mixed
monolayer of Irbpy-CD and Rubpy-CD on AdSS-Au was formed and examined by steady
state and time-resolved luminescence spectroscopy. AdSS-Au substrates were formed as
above, before immersing them in a 1:1 mixture (1 mM in acetonitrile) of the two complexes,
before washing (acetonitrile) and drying. The luminescence spectra (Figure 3.19) illustrate two
similar emission bands when subjected to different excitation wavelengths. All of the bands are
centred at ca. 610 nm, however when using an excitation wavelength of 320 nm, where the
molar absorptivity of Irbpy-CD (3) is relatively high, and Rubpy-CD (2) is relatively low, we
observe the FWHM of the emission band increase from 130 nm (Aexc = 290, 460 nm) to 140 nm

(Aexc = 320 nm), indicating the presence of both complexes on the surface of the substrate.
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Emission Intensity
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Figure 3.19. Steady state emission spectra of mixed monolayer Rubpy-CD/Irbpy-

CD:AdSS-Au. Aexc = 290 nm (solid), 320 nm (dash), 460 nm (dot dash). Spectra corrected for

instrument response.

To examine whether a WCP protocol could be used to stamp Rubpy-CD (2) or Irbpy-CD (3)
on AdSS-Au substrates, luminescence microscopy studies were carried out. Scheme 3.4, step
i) illustrates the protocol carried out. AdSS-Au substrates were produced as above, before
immersing PDMS stamps (10 um long square features) with a 1 mM solution of Rubpy-CD
(2) or Irbpy-CD (3) in methanol for 20 minutes and subsequently drying. The complexes were
then stamped on the AdSS-Au substrates for 2 minutes and washed with 10% methanol in

water.
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i) stamping

ii) backfilling with Rubpy-CD

\i

Scheme 3.4. Schematic diagram of stamping of Mbpy-CD onto AdSS (4) functionalised gold

substrates.
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The luminescence microscope images (Figure 3.20) reveal luminescence from each of the
complexes, demonstrating that the printing method was indeed successful. For Rubpy-
CD:AdSS-Au and Irbpy-CD:AdSS-Au we observe the features of the stamp (Figure 3.20).
One notable difference between the two images is the presence of more defects and less
coverage for that of Rubpy-CD:AdSS-Au, which we attribute to the stamping method. For
Rubpy-CD:AdSS-Au, no pressure was applied to the stamp during the stamping process,
whereas for Irbpy-CD:AdSS-Au, the stamp was kept firmly in place with tweezers during the

stamping process. The pressure leads to more of the stamp coming into contact with the gold

surface, and ultimately a more uniform pattern.

Figure 3.20. Luminescence microscope images of stamped Rubpy-CD:AdSS-Au (left) and
IrbpyCD-AdSS-Au (right). Aexc = 460 nm (Ru), 360 nm (Ir). Both images acquired with 510

nm dichroic mirror.

The method was further extended to incorporate both complexes patterned on one substrate as
illustrated in Scheme 3.4, by first stamping an AdSS-Au substrate with Irbpy-CD (3), before

immersing the stamped substrate in a 0.1 mM solution of Rubpy-CD (2) in 10% methanol in
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water for 30 minutes, followed by washing (methanol) and drying. The luminescence
microscope images (Figure 3.21, left) indicate that the patterning of the substrate with Irbpy-
CD (3) is again successful, with 10 um square features visible. We can also observe from the
luminescence data and images (Figure 3.A17 and Figure 3.21) that both species appear to be
present on the surface. It can be seen from the luminescence microscope images (Figure 3.21)
that Rubpy-CD (2) has occupied free adamantyl sites on the surface, as illustrated by the
example blue squares on the images, where lighter areas illuminated by 460 nm (high Rubpy-
CD absorption, no Irbpy-CD absorption) light appear as darker areas when illuminated with
360 nm (high Irbpy-CD absorption, low Rubpy-CD absorption) light. However we do see that

the contrast of the pattern when illuminated with 460 nm light is relatively low, indicating that

some displacement of the bound Irbpy-CD with Rubpy-CD may have occurred.

Figure 3.21. Luminescence microscope images of mixed layers of stamped Irbpy-
CD:AdSS-Au followed by subsequent immersion in Rubpy-CD (2). Left — Aexc = 360 nm, right
- dexc = 460 nm, taken with 530 nm long pass filter. Both images taken with 510 nm dichroic

mirror.
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3.2.7 Conclusions

Two cyclodextrin containing transition metal complexes (Rubpy-CD, 2, Irbpy-CD, 3) were
synthesised and characterised. It has been shown that the complexes will bind to adamantyl
terminated gold surfaces and an enhancement of the luminescence lifetimes compared with
aerated acetonitrile solution is reported. Through the use of supramolecular microcontact
printing, the complexes can be attached to the surface via controlled deposition with greater
ease than chemically bound systems such as RubpySS and IrbpySS.2* By extending the
methodology to incorporate a second complex on the surface through immersion, greater
control over deposition of both components can be achieved as evidenced by luminescence
microscopy. The use of the microcontact printing in this manner allows scope for metal
complexes such as these to be deposited in arrays on the surface, and could find use in
optoelectronic devices such as OLEDs, utilising red, green and blue emissive compounds in a
multiplex array. Another area of future research could be into multiplex sensing motifs;
whereby patterned metal complexes could act as reporter groups for proximal receptors, or
where the receptor group is attached the complex itself. Through this, multicolour arrays

capable of sensing two or more analytes at once could be constructed.
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3.3.1 General Experimental

The synthesis of bpy-CD (1) is elaborated in chapter four.

3.3.2 Synthetic Procedures

Rubpy-CD (2)

X
»
N
/N\\ E /N O
Rul )
\N’/ E \N
LA
| =
(MeO),
;% OM6)6
(@]

I

N

(MeO)g

(OMe)q4

(PFe)2

Chapter Three

Ru(bpy)2Cl> (50 mg, 0.11 mmol) and bpy-CD (1) (200 mg, 0.13 mmol) were dissolved in

ethanol (10 mL) and heated to reflux for 24 hours, upon which time the reaction mixture was

cooled and the solvent concentrated in vacuo to ca. 2 mL. Water (20 mL) and saturated aqueous

NH4PFs (6 mL) were added, and the product was extracted with DCM (2 x 50 mL) with the

solvent from the combined extracts removed in vacuo. The red residue was purified by size

exclusion chromatography (Sephadex® LH20) in chloroform, collecting the red band, followed
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by trituration in hexane to yield the title compound Rubpy-CD (2) (20 mg, 8.5 x 10" mol, 8%);
Amax (MeCN) / nm (g / Mt cm™) 288 (36000) 451 (5000); 8+ (300 MHz, CDsCN) 2.84-4.24 (m,
H-g-2, H-g-3, H-g-4, H-g-4, H-g-5, H-g-6, OMe), 4.35-4.58 (m, H-7,9-6), 5.04-5.28 (m, H-g-
1), 7.32-7.46 (m, H-5,5"), 7.67-7.79 (m, H-6,6"), 8.01-8.12 (m, H-4,4"), 8.49-8.55 (H-3,3"); 8¢
(100 MHz, CDsCN) 57.6-57.9, 58.1, 70.8, 71.4, 817, 82.1-82.2, 97.9, 124.3, 127.6, 137.8,

151.6; m/z (ESI)* 998 (M-2(PFe))%".

Irbpy-CD (3)

(Ch)

P4 P4
O

-
N/
s
N
(MeO)1%
o

(OMe)s
I

N

Tetrakis-2-phenylpyridine-(u-dichloro)diiridium(l11) (35 mg, 3.3 x 10®° mol) and bpy-CD (1)
(100 mg, 6.3 x 10° mol) were dissolved in 2-ethoxyethanol (30 mL) and heated to 50 °C for
24 hours, upon which time the reaction mixture was cooled to room temperature and the solvent
was removed in vacuo. The resulting yellow residue was repeatedly purified by size exclusion

chromatography (Sephadex® LHZ20), eluting the yellow band to yield the title compound
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Irbpy-CD (3) (31.2 mg, 1.5 x 10° mol, 45%); Amax (MeCN) / nm (g / Mt cmt) 249 (24000)
266 (23000) sh 314 (10000) sh 380 (3000) sh: 81 (300 MHz, CDsCN) 2.96-4.27 (m, H-g-2, H-
g-3, H-g-4, H-g-4, H-g-5, H-g-6, OMe), 3.98-4.20 (m, H-g-6), 4.29-4.87 (m, H-7), 5.08-5.23
(7H, m, H-g-1), 6.20-8.93 (23H, m, H-ar); 6c (100 MHz, CDsCN) 58.3, 58.5, 58.7, 61.1, 65.1,
66.4, 69.7, 70.2, 70.8, 71.4, 71.9, 79.4, 79.7, 79.9, 80.1, 82.0, 82.2, 82.7, 98.5, 120.5, 120.8,
121.1,122.0,123.1, 123.3, 124.0, 124.5, 125.0, 125.2, 125.5, 128.8, 130.9, 131.9, 137.6, 138.5,

139.1, 139.9, 149.0, 149.4, 149.7, 150.8, 151.1; m/z (ESI)* 1051 (M-CI+NHa4)?".

AdSS (4)

a-Lipoic acid (1.00 g, 4.9 mmol) and 1-hydroxybenzotriazole hydrate (0.72 g, 5.3 mmol) were
dissolved in dry DMF (20 mL) and cooled to 0-5 °C, upon which EDC.HCI was added (5.4
mmol) and the mixture stirred until all of the EDC.HCI was dissolved. The mixture was then
allowed to warm to room temperature under continued stirring (1 hour) before 1-
adamantylamine (0.81 g, 5.4 mmol) and N-ethylmorpholine (1.23 g, 10.7 mmol) in dry DMF
(20 mL) were added to the solution. The mixture was then stirred overnight at room
temperature, after which time water (50 mL) was added, and the mixture extracted with DCM
(3 x 50mL). The combined organic extracts were dried (MgSQO.), filtered and the solvent
removed in vacuo. The pale residue was purified by silica column chromatography eluting with
5% MeOH in DCM to vyield the title compound AdSS (4) as an off-white solid (0.12 g, 0.4
mmol, 8%). 81 (300 MHz, CDCls) 1.33-1.50 (2H, m, H-3/4/5), 1.51-1.74 (10H, m, H-3/4/5,3),
1.88 (1H, dddd, J=5.9, 6.7, 6.9, 7.1, H-7"), 1.96 (6H, d, J= 3.0, H-c), 2.00-2.10 (5H, m, H-2,b),

2.43 (1H, dddd, J= 5.6, 5.9, 6.7, 6.9, H-7), 3.04-3.19 (2H, m, H-8), 3.50-3.58 (1H, m, H-6),
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5.27 (1H, br s, NH); &¢c (100 MHz, CDCls) 25.5 (C-3), 28.8 (C-4), 29.4 (C-b), 34.6 (C-5), 36.4
(C-a), 37.3 (C-2), 38.5 (C-8), 40.2 (C-7), 41.6 (C-c), 51.7 (C-d), 56.5 (C-6), 171.9 (C-1); m/z
(ESI)* 340 (M+H)*, 362 (M+Na)?*, 701 (2M+Na)*. Data agrees with previously published

results.>
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3.5 Appendix

Emission Intensity
Emission Intensity

400 450 500 550 600 650 700 750 450 500 550 600 650 700 750

Alnm Alnm
Figure 3.Al. Emission spectra of IrbpySS surfaces co-coated with Zonyl® 7950 (left) and
Zonyl® FSA (right) before (solid) and after (dash) BSA addition. Aexc = 360 nm, left spectrum

corrected for instrument response. Spectral intensities are not to scale.
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Figure 3.A2. Luminescence decay plots of IrbpySS surfaces co-coated with Zonyl® 7950

before (left) and after (right) BSA addition. Aexc = 376 nm, Xem = 480 nm (before BSA), 520 nm

(after BSA).
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Figure 3.A3. Luminescence decay plots of RubpySS surfaces co-coated with Zonyl® 7950

before (left) and after (right) BSA addition. Aexc = 445 nm, Aem = 620 nm.
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Figure 3.A4. 3C NMR spectrum of Rubpy-CD (2) in CDsCN.
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Figure 3.A5. COSY spectrum of Rubpy-CD (2) in CD3CN.
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Figure 3.A6. HSQC spectrum of Rubpy-CD (2) in CD3sCN.
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Figure 3.A7. HMBC spectrum of Rubpy-CD (2) in CD3CN.
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Figure 3.A8. 3C NMR spectrum of Irbpy-CD (3) in CDsCN.

-
- 2
-
3
+
2
& fad
r5
6
r7

T T T T T T T T r T T 1 T T T T 1
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10
2 (ppm)

Figure 3.A9. COSY spectrum of Irbpy-CD (3) in CD3CN.
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Figure 3.A11. HMBC spectrum of Irbpy-CD (3) in CD3CN.
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Figure 3.A13. 3C NMR spectrum of AdSS (4) in CDCls.
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Figure 3.A14. COSY spectrum of AdSS (4) in CDCls.
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Figure 3.A15. HSQC spectrum of AdSS (4) in CDCls.
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Figure 3.A16. HMBC spectrum of AdSS (4) in CDCls.
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Figure 3.A17. Steady state emission spectra taken from substrate in Figure 3.21. Solid — Aexc =

360 nm, dash —Aexc = 460 nm. Spectra corrected from instrument response. * - Raman scattering

peak.
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Chapter Four

4.1 Introduction

Biomolecular interactions are wide ranging and diverse. 2 In particular, small functional groups
can display highly selective and strong binding affinities with proteins in biological systems.
This ‘lock and key’ mechanism of biomolecular interaction is paramount in biological processes
as a whole,? and thus represents a valuable tool that can be exploited in medical diagnostics and
theranostics,®® as well as fields such as environmental monitoring.® In particular, many
commercial biomolecular recognition motifs in medical diagnostics are based on the production
and immobilisation of antibodies that can recognise a biomolecule with high specificity.®>
However, assay systems such as these are also reliant on the use of further functionalised
antibodies in order to create a signal that can be detected, generally by fluorescence or
absorbance.® As discussed earlier in this thesis, transition metal complexes can be used to
exhibit biomolecular recognition, as well as provide a signal which can be analysed. The use of
supramolecular chemistry in such systems allows the scope and design of such systems to be
greatly increased, and indeed many solution based examples of supramolecular chemistry can

be found in the literature.®*®

4.1.1 Cyclodextrin Based Supramolecular Motifs for Stepwise Assembly and

Molecular Recognition

Supramolecular chemistry can also be very useful at the interface through the formation of
complex nanostructures through stepwise assembly.'® Many supramolecular motifs have been
exploited in this way, including calixarenes,*” *® cucurbiturils,®® 2 rotaxanes? 2> and
cyclodextrins. The immobilisation of cyclodextrin functionalised compounds to surfaces is well
studied, particularly on gold, %" glass?® or titania.?® 3° This is due to their relative ease of

synthesis®! 32 and good commercial availability.
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One particularly novel use for cyclodextrins on surfaces is that of fragrance release, as
demonstrated by Schofield and Badyal.®® In this study, silicon surfaces were functionalised by
4-vinylbenzyl chloride and subsequently reacted with B-cyclodextrin under Williamson ether
conditions. The surfaces were then loaded with vanillin by exposure to vapour and monitored
by quartz crystal microbalance studies. The results the group obtained indicated that vanillin
did indeed reversibly bind into the cavity, and could be regenerated and reloaded by vacuum or
vapour treatment. Using this method of B-cyclodextrin functionalization, the group also
modified polypropylene cloth vanillin, resulting in a much slower rate of release of the molecule

from the cloth compared with samples that were not modified with B-cyclodextrin.

A study by Yu et al.® (Figure 4.1) demonstrates a method for attaching a ruthenium(ll) complex
to single-walled carbon nanotubes via supramolecular interactions. In this example, the
complex is functionalised with a B-cyclodextrin moiety, and a separate linker bearing pyrene
and adamantyl groups is also synthesised. In the proposed system, the pyrene groups interact
with the nanotubes through = -n stacking interactions, with subsequent assembly of the complex
through host-guest chemistry facilitated by the interaction between the adamantyl and
cyclodextrin groups. Through, UV-vis absorption, luminescence and XPS spectroscopy, the
group were able to show the assembly of the system, in particular showing quenching of the
ruthenium(l1) excited state by photoinduced charge transfer processes originating from the

pyrene moiety in the assembled system.
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Figure 4.1. Schematic of attachment of ruthenium(ll) complex to single-walled carbon

nanotubes through host-guest chemistry. Image reproduced with permission from reference

(34). Copyright 2009 John Wiley and Sons.

Work by Crespo-Biel et al.*® (Figure 4.2) illustrates a method for immobilising gold
nanoparticles on a gold or glass surface through the use of molecular printboards. In this
example, the surfaces were immersed in alternating solutions of adamantyl terminated
dendrimers and B-cyclodextrin terminated gold nanoparticles. SPR spectroscopy, ellipsometry
and UV-vis absorption spectroscopy revealed that successive bilayers of dendrimers and
nanoparticles could indeed be formed with precise control over the thickness of the structures
formed. Surface regeneration experiments were also attempted but yielded only partially
successful results. Reversibility in supramolecular systems is an attractive property in surface

regeneration, and through similar redox chemistry described earlier, Ling et al.*® (Figure 4.2)
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demonstrated the reversible immobilisation of gold nanoparticles to a molecular printboard
through ferrocenyl terminated dendrimers. Through electrochemical oxidation and reduction,
the group were able to reversibly adhere gold nanoparticles to the surface through the binding
of ferrocene into the B-cyclodextrin cavities, yielding a method to reversibly build more

complex nanostructures.
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Figure 4.2. Schematic of non-reversible (left) and reversible (right) binding of B-cyclodextrin
terminated gold nanoparticles to molecular printboards. Adapted with permission from

references (35, 36). Copyright 2005 and 2008 American Chemical Society.

Another study by Crespo-Biel et al.*” (Figure 4.3) demonstrates a method for the formation of
a transition metal complex at the surface mediated by supramolecular interactions. In this
example, a molecular printboard was immersed into a complex solution containing free f-
cyclodextrin, copper(ll) or nickel(ll) ions and a monovalent linker bearing adamantyl and
ethylenediamine groups to complex to B-cyclodextrin and the metal ion respectively. Through
SPR spectroscopy and isothermal calorimetry experiments, as well as modelling of the complex
system as a function of pH, it was found that formation of the divalent copper(ll) complex was
enhanced by 100 fold relative to the solution, showing that systems such as these can be useful
in directing complex formation due to the localisation of ligands at very short distances from

each other (ca. 2 nm) at the interface.®” The idea of complexation on molecular printboards was
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further extended by Ludden et al.®® (Figure 4.4). In this example, nitrilotriacetate (NTA)
functionalised linkers bearing adamantyl groups were adhered to molecular printboards in
competition with a non-functionalised linker. Nickel(Il) ions and histidine tagged proteins were
also passed over the surface in order to induce binding to the surface and immobilise the
proteins. SPR spectroscopy revealed that the binding could be partially reversed and cycled

through alternating complexation and wash steps, using EDTA and B-cyclodextrin.
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CD, : R=NHC(O)(CH,),,S(CH,),,CH,

Cu(ll)

ITTTITTITT T L LT (LT

Figure 4.3. Schematic of copper(ll) complex formation on molecular printboard. Reprinted

with permission from reference (37). Copyright 2006 American Chemical Society.
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Figure 4.4. Structures of components used in nickel(1l) complex system (top) and schematic of

nanostructure formation (bottom). Image reproduced with permission from reference (38).

Copyright 2008 John Wiley and Sons.
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4.1.2 Interfacial Biomolecular Interactions Involving Cyclodextrins

Cyclodextrins have also been used in an array of biomolecular recognition motifs, due to their
versatility in host-guest chemistry. Recently, work by Chen et al.>® described a detection motif
for recognising thrombin, a component of the blood clotting process. Figure 4.5 illustrates the
motif, in which a DNA aptamer known to recognise thrombin was attached to a glassy carbon
electrode. A [Ru(bpy)s]?* functionalised B-cyclodextrin was then introduced and bound to the
aptamer. The ECL signal from the electrode was then treated as a reference signal, before the
thrombin was introduced to a second aptamer functionalised electrode. The second electrode
was washed with Tris(bpyRu)-B-CD (Figure 4.5) and the reduction in signal compared with the
reference used to indicate the detection of thrombin. By repeating the experiment with different
concentrations of thrombin, a calibration curve could be obtained, demonstrating the usefulness

of the system as a thrombin sensor.
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Figure 4.5. Schematic of aptasensor for recognising thrombin utilising a ruthenium(l1) complex
functionalised cyclodextrin as a luminescent reporter moiety. Reprinted from reference (39),

copyright 2014, with permission from Elsevier.

A study published by Frasconi and Mazzei*® showed by electrochemical methods that
glucocorticoids could be detected via supramolecular interactions. Figure 4.6 shows part of the
binding scheme, in which ferrocene carboxylic acid (FCA) is electrochemically incorporated
into the cavities of a thiolated-p-cyclodextrin monolayer on gold. A glucocorticoid was then
introduced to the surface and the reduction in peak current from the ferrocenyl moiety was

monitored. The results obtained showed that as the concentration of glucocorticoid was
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increased, the reduction in peak current increased, indicating greater binding of the
glucocorticoid into the cyclodextrin cavities. The results shown illustrate once more the use of
multicomponent sensing architectures that do not require specific binding between the analyte
and the reporting group. Indeed, electrochemical markers that can permeate cyclodextrin

monolayers but are blocked when a guest is present have also been used with similar results.*!

a)
oxidation
e —
reduction
b)
SP SohP L8P L3P
~ 3 3 ) . b
d g B Se'ce ""5;:**’3"” -
. 0N~ . A ) D! & 4 >
sy aé“&a.-‘:i:«.a 'é‘” 0
A e el LTS e e et e 5
O O R R R e S e & p
SERTAGA ST TR

Figure 4.6. Schematic representation of a) electrochemically induced host-guest chemistry
between FCA and thiolated B-cyclodextrin and b) thiolated B-cyclodextrin monolayer for

electrochemically induced adsorption of FCA for detection of glucocorticoids.

Banerjee et al.*> reported the reversible immobilisation of azobenzene functionalised peptide
nanotubes using a-cyclodextrin monolayers on gold. In this study (Figure 4.7), the phenyl

groups of the trans-azobenzene moieties could bind into the cavities of the immobilised
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cyclodextrin under dark conditions, but when irradiated with UV light would afford the cis-
configuration and be expelled from the cavities. SEM images of the nanotubes obtained
indicated that reversible binding was indeed happening in this way, with nanotubes observed
on the gold substrates under dark conditions, and the removal of nanotubes upon irradiation.
The concept was also further extended, with nanotubes functionalised with ferrocene moieties
that would be recognised by B-cyclodextrin monolayers. These nanotubes could then be
removed through electrochemical stimulus, in analogous fashion to previously shown examples

of ferrocene-cyclodextrin binding.*?

e - wzobenzene

Figure 4.7. Schematic of reversible peptide nanotube binding to cyclodextrins. Reprinted with

permission from reference (42). Copyright 2003 American Chemical Society.

One example from Ludden et al.** describes the assembly of streptavidin (Figure 4.8, 6) onto
‘molecular printboards’ on gold. The streptavidin was attached to the surface in multiple ways,
with monovalent (Figure 4.8, 3) or divalent (Figure 4.8, 4) linker molecules bearing one biotinyl
and 1-2 adamantyl groups. The first route was to assemble the components in solution before
immersing the molecular printboard into the complex solution. The second route involved the
use of stepwise assembly to build the complex architecture through successive build and wash
steps. SPR results revealed that the components could be assembled successfully in either

fashion, and subsequently reversed by the introduction of a B-cyclodextrin solution to break the
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supramolecular linkage between the adamantyl groups and surface bound B-cyclodextrin. The
use of streptavidin and divalent linkers in building nanostructures was further investigated
(Figure 4.9)," whereby biotinylated and non-biotinylated antibodies were adhered to the
streptavidin terminated nanostructures either through binding of the biotin moiety or direct
binding of the antibody itself, for the purposes of cell counting. SPR spectroscopy confirmed
that the nanostructures were formed as expected, allowing fluorescence microscopy imaging of
cell adhesion to be carried out. The results showed that specific binding could be achieved, as
with other studied systems,*® allowing complex nanostructures to be formed at the surface of
the gold, lending itself to diagnostic applications. The use of adamantyl groups in binding of
surface bound B-cyclodextrins has also been examined for other protein systems, including
adamantyl functionalised cytochrome c,*’ choline,*® and immunoglobins.*® However, through
the versatility of the cyclodextrin moiety, many other hydrophobic groups can also be used as

guests for cyclodextrin binding.%% 5
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Figure 4.8. Schematic of adsorption schemes (left) and structures of components (right). Image

reproduced with permission from reference (44). Copyright 2006 John Wiley and Sons.
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Figure 4.9. Schematic of attachment of antibodies to streptavidin monolayers (top) and
overlayed fluorescence microscopy images of cell counting experiments of each system
(bottom). Adapted with permission from reference (45). Copyright 2008 American Chemical

Society.

A recent study by Holzinger et al.>? demonstrates that biotinyl moieties can also be used as
guests for B-cyclodextrins. In this example, the binding constant of biotin and B-cyclodextrin
was determined by NMR to be 3 x 10> M, and subsequently the binding pair was tested in a
variety of conditions, including the immobilisation of biotinylated proteins glucose oxidase and
polyphenyl oxidase. Through the study of the enzymatic processes of these proteins on f-
cyclodextrin functionalised glassy carbon electrodes, the group found that binding of the
proteins through biotin-cyclodextrin interactions had occurred, and thus showed that such a
couple could be used as an alternative guest in the immobilisation of biomolecules at the

interface.

143



Chapter Four

4.1.3 Biomolecule-Ligand Interactions in Biomolecular Binding on Surfaces

As discussed earlier, biomolecular interactions are also a useful tool in recognition at the
surface, due to the selectivity and diversity of interactions. A particularly useful motif for
biomolecular recognition is that of protein-ligand interactions. A study by Hyun et al.*
illustrates a method for the patterned stepwise assembly of biomolecules through protein-ligand
interactions on gold surfaces. Figure 4.10 shows the formation of these structures, first by
creating a monolayer of mercaptohexadecanoic acid via dip-pen nanolithography (DPN) and
subsequently backfilling the gold surface with a triethylene glycol derivative. Amide coupling
the terminal carboxylic acids with an amine functionalised biotinyl derivative afforded a surface
that could recognise streptavidin. Once the streptavidin was bound, biotin functionalised BSA
was able to bind into free recognition sites on the surface of the streptavidin to create the
assembled nanostructure. Through this method, the group were able to demonstrate patterned
nanostructures with features as small as 200 nm in diameter. AFM measurements revealed that
BSA recognition would only occur when the BSA itself was biotinylated, and that if the free
binding sites on the surface of the streptavidin were blocked, binding would also be prevented.
These results showed that specific binding sites can mediate recognition through biomolecular
interactions, with the goal of binding a biomolecule of interest from a complex mixture. This

approach therefore lends itself quite well to both sensing and purification applications.
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Figure 4.10. Schematic representation of method for creating surface bound biomolecular
nanostructures through stepwise assembly. Reprinted with permission from reference (53).

Copyright 2002 American Chemical Society.

Work by Hoshi et al.>* demonstrates a method for the attachment of the enzyme glucose oxidase
to platinum electrodes for the purposes of glucose sensing. In this example (Figure 4.11), the
protein avidin was adsorbed to the surface of the platinum electrode, before subsequent alternate
immersions of the electrode in solutions of biotinylated glucose oxidase (B-GOx) and avidin,
resulting in multilayers of the enzyme. With this system, the group were able to sense the
presence and concentration of glucose in a given solution, through the formation and subsequent
electrochemical oxidation of hydrogen peroxide, a by-product in the enzymatic breakdown of
glucose. The use of this particular method in fabricating these sensors allowed the group to
precisely control the number of multilayers formed in a relatively facile way, and also greatly
increase the output current in order to sense one order of magnitude lower concentrations of

glucose.
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Figure 4.11. Schematic representation of multilayer formation of avidin and biotinylated
glucose oxidase (B-GOx) on a platinum electrode. Reprinted with permission from reference

(54). Copyright 1995 American Chemical Society.

A study by Yoon et al.>® demonstrates a surface-bound avidin recognition system (Figure 4.12)
based on fourth generation poly(amidoamine) dendrimers attached to an 11-
mercaptoundecanoic acid monolayer on gold via amide coupling. The group then functionalised
the dendritic nanostructure with a biotin-like molecule (desthiobiotin) that would still bind
avidin. Once the avidin was bound the surface, it was found by the group that the avidin could
then be removed by washing the surface with biotin, which has a stronger affinity with the
avidin, thus displacing the desthiobiotin. In order to monitor this, the group employed
electrochemical methods, loading the surface with biotinylated glucose oxidase (B-GOx) and
monitoring its activity. The group found that even with multiple avidin adsorption/desorption
cycles that the surface could be reliably regenerated, indicating its value as a method of

regenerating sensor surfaces through displacement.
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Figure 4.12. Schematic of regenerable surface-bound avidin recognition motif. Reprinted with

permission from reference (55). Copyright 2001 American Chemical Society.

Metal ions can also be employed as biomolecular ligands as demonstrated by Turygin et al.*®
In this example (Figure 4.13), SAMs of octanethiol were formed on gold surfaces, before
Langmuir-Blodgett deposition of dicetylcyclen. Zn?* ions were then deposited on the surface
through complexation with the cyclen moieties. Through SPR and electrochemical methods,
the group found that biomolecular recognition of nucleobases was possible, through the
adsorption of adeninetriphosphate or uridinetriphosphate. The group then showed (Figure 4.13)
that complementary base pairing could be used to further functionalise the surfaces, in order to
create biomolecular terminated surfaces through layer-by-layer assembly involving not only

chemical adsorption, but also physisorption and biomolecular interactions.
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\ 1

Figure 4.13. Schematic of nucleotide bilayer attached to Zn?*-dicetylcyclen terminated surfaces
formed through stepwise assembly. Reprinted with permission from reference (56). Copyright

2007 American Chemical Society.

4.1.4 Previous Work

The group of Pikramenou has been interested in utilising the host-guest chemistry that
cyclodextrins afford for many years.>” %8 In particular, solution based architectures have been
shown to allow funnelling of energy between photoactive units through energy transfer
processes.'® %% 0 Examples such as the one shown in Figure 4.14 illustrate the potential of
cyclodextrin containing complexes as supramolecular building blocks in larger architectures.
One area of particular interest is extending the idea of supramolecular architectures toward
device fabrication, with advantages such as allowing stepwise assembly and wash steps, as well

as a greater facility in fabrication due to the removal of chemical processes such as bond
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formation. Immobilisation also affords reusability of the architecture, as well as an opportunity
to easily separate components in the architecture after they have been used through the use of

solvents.
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Figure 4.14. Example of a three component vectorial energy transfer system. Adapted with

permission from reference (60). Copyright 2006 American Chemical Society.
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One example of the use of cyclodextrins on surfaces by the group is that shown in Figure 4.15.5!
In this example, a monolayer of y-cyclodextrin is achieved on platinum by terminating the
primary alcohol positions with pyridyl groups, which bind to the platinum through the nitrogen
donor. It was found through electrochemical studies that monolayer formation occurred through
the decrease in capacitance between the electrode and a redox-active component in the
electrolyte, indicating that the component was blocked from interacting with the surface. This
decrease was more substantial when the monolayers were backfilled with 1-nonanethiol,
showing that the backfilled SAMs had a larger coverage. To determine whether the
cyclodextrins could be used to recognise species from the electrolyte, a redox-active terpyridyl
based cobalt(I1) complex bearing a biphenyl moiety was introduced. Interestingly, it was found
that without backfilling, the expected response from the cobalt centre was surpressed (Figure
4.15), indicating that the cyclodextrin cavities were arranging in such a way as to block host-
guest chemistry with the biphenyl moiety. However, when the layer was back-filled with 1-
nonanethiol, a response from the cobalt complex could be observed, indicating that the tori of
the cyclodextrins rearrange in order to allow binding. This particular result illustrated surface
orientation is an important factor to consider when designing supramolecular devices, a point

that is also echoed in other studies.®?
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£ 10
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Figure 4.15. Top — Schematic of proposed possible orientation of y-CD molecules on a

Platinum Substrate

platinum surface. Bottom — Schematic of probable reorientation of cyclodextrin molecules at
platinum surface upon backfilling with 1-nonanethiol, and inclusion complex formation.

Reprinted with permission from reference (61). Copyright 2007 American Chemical Society.

A more recent study utilising cyclodextrin monolayers is illustrated in figure 4.16.%% In this
example, a lipoic acid functionalised B-cyclodextrin monolayer is deposited on a gold surface,
and subsequently functionalised with a terpyridyl based iridium(l11) complex bearing biphenyl
moieties through host-guest chemistry. STM studies revealed successful formation of the
monolayer and the inclusion complex formed with the iridium guest. Using 1-V spectroscopy,
the group established that the electron tunnelling characteristics between the gold surface and

the STM tip was aided in the presence of the iridium(l11) complex, increasing the conductance
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of the device and demonstrating the usefulness of supramolecular chemistry in the formation

of electrical contacts at the nanoscale.

Figure 4.16. Schematic of terpyridyl iridium(l11) complex binding to gold surface bound -
cyclodextrin functionalised monolayer. Image reproduced with permission from reference (63).

Copyright 2011 John Wiley and Sons.

One example of the use of transition metal complexes bearing a cyclodextrin functionalised
ligand in devices is shown in Figure 4.17.%* Here, a terpyridyl based ruthenium(Il) complex
with a B-cyclodextrin moiety at one end of the complex and a thiol moiety at the other was
attached to two closely spaced gold nanoelectrodes through adsorption. Gold nanoparticles with
terminal adamantyl groups could then bind into the surface bound cyclodextrin moieties in
order to bridge the gap between the two electrodes in order to create molecular diodes. Current-

voltage studies of the electrodes revealed that the nanoparticles did indeed bridge the electrodes
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and thus illustrates the usefulness of cyclodextrins as building blocks, in this particular example

to create supramolecular wires.
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Figure 4.17. Top — Structure of terpyridyl ruthenium(ll) complex bearing cyclodextrin and
thiol functionality. Bottom left — SEM micrograph of nanoelectrodes used. Bottom right —
Schematic of electrode bridging by adamantyl functionalised gold nanoparticles. Image

reproduced in part with permission from reference (64). Copyright 2008 John Wiley and Sons.
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4.1.5 Chapter Outline

Given the usefulness of cyclodextrin containing compounds for their facile host-guest
chemistry; which allows the construction of large supramolecular architectures; we sought to

continue the design and investigation of such compounds attached to luminescent scaffolds.

The design of surface-active complexes based on those utilising the bpySS architecture, but
incorporating the supramolecular chemistry of cyclodextrin moieties allowed us to access facile
host-guest chemistry at the surface and also utilise the luminescent properties of the complexes
as part of sensing or communicative motifs. We therefore in this chapter investigate the
synthesis and solution and surface properties of bis-heteroleptic complexes of ruthenium(ll)
and iridium(I1l) containing both the bpySS ligand and ancillary ligands that display a B-
cyclodextrin moiety. We also investigate an energy transfer system based on these complexes
utilising a biphenyl containing osmium(l1) bis-terpyridine complex (Osbiptpy) provided by Dr.
Jonathan Faiz and also a sensing platform based on using supramolecular building blocks. In
the present study, the building block is a compound (Ad-biotin) containing an adamantyl group
for binding into the cyclodextrin, and a biotinyl moiety for recognising the protein streptavidin.
This particular system was chosen for its ease of preparation (one synthetic step) and the
respective binding strengths of each of the moieties, with binding constants of 10° M? for
adamantyl-cyclodextrin systems and 10'° M for biotin-streptavidin systems.%® ¢ Through SPR
spectroscopy we seek to show that specific binding of proteins can be achieved through the use

of supramolecular chemistry and stepwise assembly.
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4.2 Preparation of Complexes Bearing Cyclodextrin

Functionalised Ancillary Ligands

4.2.1 Synthesis of Cyclodextrin Functionalised Bidentate Ligands

The cyclodextrin containing ligands used in this work are pyridyl based and contain an ether
linkage to attach a cyclodextrin to the ligand. Two synthetic methods were followed so that a
bromide group could be attached to the ligand, and subsequently reacted with a hydroxyl group

present on the cyclodextrin.

The first synthetic route (Scheme 4.1) is designed to allow functionalization of 1 with another
aromatic ring via a two-step process to form either a phenylpyridine or bipyridyl based ligand,
which then allowed functionalization of the cyclodextrin moiety via another cross coupling
reaction. The method was first tested with a second dibromopyridyl group to form 3 via a Stille
cross coupling reaction described by Schwab et al.%” The cyclodextrin moiety could then be
attached via a Buchwald-Hartwig cross coupling step as outlined by Gowrisankar et al.®® to

afford 4.
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Scheme 4.1. Proposed synthetic route to cyclodextrin functionalised ligands with aryl ether

bonds.

The preparation of 2 was confirmed by *H NMR spectroscopy, which displayed 5 environments
corresponding to the expected proton environments.®” The environment at 0.31 ppm, a singlet
with an integral of 9 protons and characteristic satellite peaks from coupling to tin confirms the

presence of the trimethyltin group.

3 was characterised by *H, 13C and 2D NMR spectroscopy, and ESI(+) mass spectrometry. The
1H NMR spectrum reveals 7 aromatic environments corresponding to each of the protons in the
molecule as would be expected due to its asymmetric nature. Assignments for the proton
environments agree with the published results. *C NMR data reveals 10 aromatic peaks
corresponding to each of the carbon environments in the compound, agreeing well with
published data.®” Further analysis of the compound by HSQC yielded assignments for all carbon

environments. The ESI(+) mass spectrum reveals one adduct at 237 corresponding to (M+H)™.
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The mass spectrum also shows the characteristic isotope pattern of bromine, indicating that it

is also present in the product.

The next stage of the synthesis involved cross coupling 3 with 6-monohydroxy-permethylated-
B-cyclodextrin. Multiple attempts to synthesise the final product 4 bearing the cyclodextrin
moiety utilising the catalyst system BippyPhos and Pd(OAc)> were unsuccessful. TLC analysis
of reaction mixtures indicated that the reaction had not proceeded, which we postulate is due to
competition between the bipyridine derivative and BippyPhos for coordination to the palladium
centre via nitrogen and phosphorus donors respectively. We also postulate that there could be
competition between the 6-monohydroxy-B-cyclodextrin and BippyPhos, due to tert-butyl
groups on the BippyPhos which could enter the cavity of the cyclodextrin and disrupt the
catalytic cycle. Similar attempts with the catalytic system Cul/bipyridine were also

unsuccessful and thus the route was abandoned.

The second synthetic route (Scheme 4.2) involving free radical bromination with asymmetric
pyridyl derivatives was proposed, based on work previously carried out within the group.®1° In
brief, 5 was lithiated and stannylated (6), before Stille cross coupling to yield bidentate methyl
containing ligands (7 and 8).5” % These were subjected to free radical bromination (9 and 10)
and subsequent Williamson ether synthesis with a mono-unprotected B-cyclodextrin derivative

to yield cyclodextrin containing ligands 12 and 13 in acceptable yields.
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Scheme 4.2. Synthetic route to cyclodextrin functionalised ligands via free radical bromination.

2-trimethylstannyl-5-methylpyridine (6) was characterised by 'H, ¥C and 2D NMR
spectroscopy. NMR assignments were confirmed by COSY, HSQC and HMBC experiments
and previous studies.®® Figure 4.A1 shows the *H NMR spectrum of the product, which contains
four environments. The characteristic singlet trimethyltin peak at 0.29 ppm with satellites
integrates well with the other peaks in the spectrum, along with another singlet peak at 2.25
ppm, corresponding to H-7. Interestingly, H-3 and H-4 are assigned to a single doublet peak
with satellites at 7.30 ppm which integrates for 2 protons. H-6 is assigned to a multiplet peak at

ca. 8.56 ppm. The *C spectrum contains 6 environments corresponding to the 5 aromatic
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environments and C-7. The trimethyltin peak was not observed within the range of the HSQC
experiment and thus not assigned, however a candidate for this environment is present at -9.5
ppm by PENDANT 3C NMR. Some impurities are present in both spectra, however due to the
expected instability of the trimethyltin derivative and confirmation of the desired product within

the mixture, the compound was carried forward to the next step without further purification.

Me-bpy (7) was characterised by H, *C and 2D NMR spectroscopy, and ESI(+) mass
spectrometry. NMR assignments were confirmed by COSY, HSQC and HMBC experiments
and previous studies.’® Figure 4.A2 shows the *H NMR spectrum, revealing 8 peaks
corresponding to each of the protons in the compound, with negligible impurity. The singlet
peak for H-7 at 2.36 ppm is shifted downfield by 0.11 ppm relative to 2-trimethylstannyl-5-
methylpyridine (6) by the introduction of another pyridyl ring in place of the trimethyltin
group. The aromatic resonances of H-3,4,6 have also shifted downfield with the introduction of
the pyridyl ring, along with the splitting of peaks H-3 and H-4 due to the increased asymmetry
of electronegativity across the product. 4 new environments are also observed for the second
pyridyl ring, as expected, and the proton integrals match very well to each other. The loss of
the trimethyltin peak also confirms that the product is formed. The *C NMR spectrum reveals
11 peaks corresponding to each of the carbon environments. The peak at 18.4 ppm for C-7 is
not appreciably shifted from the spectrum of 2-trimethylstannyl-5-methylpyridine (6),
however it is noted that the aromatic resonances C-2,3,5,6 are shifted upfield. The exception to
this is C-4, which is shifted downfield. The spectrum also reveals 5 new environments
corresponding to the second ring and the disappearance of the peak at -9.5 ppm which indicates
formation of the product. The ESI(+) mass spectrum of the product reveals an adduct at 171

corresponding to (M+H)*, confirming the success of the reaction. Similar results were also
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observed for Me-ppy (8) with the expected NMR results (appendix) and an adduct at 170

(M+H)* in the ESI(+) mass spectrum.

The free radical bromination reactions performed in the group were historically performed
using carbon tetrachloride and either benzoyl peroxide or AIBN as radical initiators.”® ™
However, as we were interested in using more environmentally friendly solvents and safer
reagents, the combination of 1,2-dichloroethane as solvent and ABCN as radical initiator was
tested to determine its efficacy. Multiple attempts at the synthesis with this method were
performed using N-bromosuccinimide as a source of bromine, however all attempts resulted in
the failure of the desired reaction and the formation of an orange solution. It was also noted that
N-bromosuccinimide was particularly soluble in 1,2-dichloroethane compared with carbon
tetrachloride, which may have contributed to the failure of the reaction. For this reason, the
synthesis was again attempted with carbon tetrachloride as the solvent and ABCN as the radical

initiator, yielding the desired products in acceptable yields.

Br-bpy (9) was characterised by H, *C and 2D NMR spectroscopy, and ESI(+) mass
spectrometry. NMR assignments were confirmed by COSY, HSQC and HMBC experiments,
as well as previous studies.”® " Figure 4.A4 shows the *H NMR spectrum of the product. It is
immediately noticeable that each set of aromatic environments H-3,3’, H-4,4' and H-6,6' have
coalesced upon introduction of the bromide moiety with H-3, H-4 and H-6 shifted downfield
by ca. 0.1, 0.2 and 0.15 ppm respectively. The peak assigned to H-7 has also shifted downfield
by 2.11 ppm and has an integral of 2, indicating the loss of a proton and the introduction of the
bromide moiety. The 3C spectrum of the product is much the same as that of Me-bpy (7), with
minimal shifts in the aromatic region. However, the peak for C-7 is shifted downfield
considerably from 18.4 ppmto 29.6 ppm, with the addition of the peak also being distinguished

as coupled to an even number of protons in the PENDANT NMR, indicating that there is a loss
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of a proton and the introduction of the bromide group. ESI(+) mass spectrometry reveals a
single adduct at 251 corresponding to (M+H)*. The peak also displays the characteristic isotope
pattern of bromine, confirming the successful formation of the product. Similar results were
also observed for Br-ppy (10) with the expected NMR results (appendix) and an adduct at 250

(M+H)* in the ESI(+) mass spectrum.

mono-OH-pm-CD (11) is characterised by *H and *C NMR spectroscopy, and MALDI mass
spectrometry. Figure 4.18 shows the 'H NMR spectrum. The spectrum has two distinctive
regions, the first between ca. 3.1 and 4.1 ppm corresponding to protons on each of the glucose
units at H-g-2 through g-6, and also the methoxy protons. The second and more interesting
region is that of ca. 5.0-5.3 ppm, ascribed to the anomeric centre H-g-1.% Due to the asymmetric
nature of the monohydroxy-p-cyclodextrin, this assignment appears very characteristically as
separate environments, and is in good agreement with previously published results.®? A small
amount of residual ethyl acetate is also present from the purification of the compound at 4.15
ppm, as well as at 2.15 and 1.27 ppm (not shown). The *C NMR spectrum is also in good
agreement. The MALDI mass spectrum was obtained using gentisic acid as a matrix and
displays two ion envelopes at 1438 and 1454 Da corresponding to (M+Na)* and (M+K)*

respectively, in good agreement with previous results,® 1° confirming formation of the product.
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H-g-2,9-3,9-4,9-5,9-6,0Me

U SV ——r

T T T T T T T T T T T T T T T T
2 51 5.0 4.9 4.8 4.7 4.6 4.5 4.4 4.3 4.2 4.1 4.0 39 38 3.7 3.6 335 34 33 3.2 a1
ppm

Figure 4.18. *H NMR spectrum of mono-OH-pm-CD (11) in CDCls.

bpy-CD (12) was characterised by H, *C and 2D NMR spectroscopy, and MALDI mass
spectrometry. *H NMR assignments were confirmed by COSY experiments. Figure 4.19 shows
the 'H NMR spectrum of the product. It can be seen that there is an addition of 5 peaks
compared with the spectrum of mono-OH-pm-CD (11), corresponding to each of the proton
environments of the bipyridine. These integrate well with H-g-1 (4.91-5.18 ppm), indicating
the success of the reaction. The proton environment H-7 at ca. 4.6 ppm is also shifted downfield
in its main singlet peak by ca. 0.2 ppm with respect to Br-bpy (9), and we can see the peak is
also broader and has a shoulder, caused by the chiral nature of the cyclodextrin ring. Because
the ring can be either left or right handed in nature, the proton environment at H-7 becomes
diastereotopic in nature, giving rise to the different peak pattern in agreement with previous

results for similar compounds.”® The peak at 4.91-5.18 ppm corresponding to H-g-1 is also

162



Chapter Four

different to that of mono-OH-pm-CD (11) due to the attachment of the methylene group of
bipyridyl moiety, which causes the characteristic peaks to merge into a broad unresolved peak.
This is due to the methylene group being more similar to the methyl groups in the methoxy
moieties and thus a loss of asymmetry compared with the monohydroxy moiety. This
observation is also in concordance with previous results.”® Some solvent impurities are present,
notably traces of dichloromethane and ethyl acetate. However, these impurities would not
interfere with the next stage in the synthesis and so the product was carried forward. *C NMR
spectroscopy reveals peaks that are in good agreement with similar previously studied
compounds.”® The MALDI mass spectrum was obtained using 2,3-dihydroxybenzoic acid as a
matrix, and reveals three ion envelopes at 1583, 1605 and 1621 Da corresponding to (M+H)",
(M+Na)* and (M+K)* respectively, confirming formation of the product. Similar results were
also observed for ppy-CD (13) with the expected NMR results (appendix) and ion envelopes

at 1604 Da (M+Na)*, 1620 Da (M+K)* in the MALDI(+) mass spectrum.
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Figure 4.19. *H NMR spectrum of bpy-CD (12) in CDCls.

4.2.2 Synthesis of Transition Metal Complexes Bearing Cyclodextrin

Functionalised Ligands

Scheme 4.3 illustrates the synthetic route to bis-heteroleptic metal complexes bearing ancillary
cyclodextrin functionalised ligands and a surface-active ligand. In brief, the ruthenium(ll)
complex is synthesised by reacting bpy-CD (12) with dichloro(cylooctadienyl)ruthenium(Il)
polymer [Ru(COD)Cl], in the presence of chloride ions to form Ru(bpy-CD).Cl> (14),
followed by a further complexation reaction with bpySS to displace the chloride ligands and
form Ru(bpy-CD)2(bpySS) (16). Due to the asymmetry of the bpy-CD (12) ligand, the
synthetic route to 14 causes multiple isomers to be formed. Figure 4.20 shows the possible

configurations of the cyclodextrin ligands around the ruthenium centre, and to reflect the
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ambiguity in the way these ligands are coordinated, a schematic representation of the final
complex Ru(bpy-CD).(bpySS) (16). Ir(ppy-CD)2(bpySS) (17) is synthesised in a similar
fashion to 16, first reacting ppy-CD (13) with IrCls to form the [Ir(ppy-CD).Cl]. (15) dimer,
with subsequent complexation with bpySS to break the dimer and form Ir(ppy-CD)2(bpySS)
(17). However, due to trans directing effects of the chloride ligands in the formation of the
carbon s-bonds in 15 (Scheme 4.3)," we expect only to observe one isomer to be formed. Both

complexes were successfully formed in acceptable yields.

(OMe)14
(MeO)4 (MeO)g
< OR
= ] N
o) d N
SN Meom
(OMe) Ru?_
PP
S ‘ OR

(MeO)q4

(OMe)ra (OMe)44

Figure 4.20. Schematic illustrating possible isomers of ruthenium(ll) complex (top) and

schematic representation of Ru(bpy-CD).(bpySS) (16).
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Scheme 4.3. Synthetic route to cyclodextrin functionalised transition metal complexes.

Ru(bpy-CD).Cl, (14) was characterised by MALDI mass spectrometry. A *H NMR spectrum
of the product was recorded, however due to the weakness of the spectrum interpretation of the
spectrum is very limited. We do however observe peaks (Figure 4.A15) in the aliphatic region
where we expect to see peaks arising from the cyclodextrin moiety, particularly for H-g-1 at ca.
5 ppm, and aromatic peaks as high as ca. 10 ppm which are not observed for bpy-CD (12). The
MALDI mass spectrum was obtained using norharmane as a matrix and reveals a single adduct

at 3421 corresponding to (M+2-MeCN+H)", confirming the formation of the product.

Ru(bpy-CD).(bpySS) (16) was characterised by 'H NMR spectroscopy and ESI(+) mass
spectrometry. Figure 4.21 shows the *H NMR spectrum of the complex, revealing the addition
of the proton environments associated with bpySS in the regions 0.75-2.55, 2.91-4.02 and 4.10-
4.52 ppm, as well as peaks for the amide protons at 5.47-5.73 ppm. The aromatic region of the

spectrum reveals many new peaks consistent with the formation of multiple isomers, and we
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observe an increase in the overall integration of the aromatic region (20H). Indeed this
integration agrees well with the amide NH (2H) and H-g-1 at 4.97-5.27 (14H), confirming
formation of the desired product. The ESI(+) mass spectrum reveals one adduct at 2002
corresponding to (M-2CI)* confirming the desired product is formed. The isotope pattern is also

in good agreement with the expected result.
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Figure 4.21. 500 MHz *H NMR spectrum of Ru(bpy-CD)2(bpySS) (16) in CDCls. Inset —

aromatic region.

[Ir(ppy-CD).Cl]. (15) was characterised by 'H NMR spectroscopy and MALDI mass
spectrometry. Figure 4.22 shows the *H NMR spectrum, revealing the peak at 4.98-5.12
corresponding to H-g-1. We also observe changes in the aromatic region, with small downfield
shifts of ca. 0.7, 0.5 and 0.1 ppm for H-6, H-9 and H-3,4 respectively, indicating coordination

to the iridium (I11) centre. The environment at 4.55-4.71 ppm corresponding to H-7 is also
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changed, with the peak having lost its multiple singlet features and is now a broad unresolved
singlet, also indicating a change in structure. The MALDI mass spectrum was obtained using
norharmane as a matrix and reveals a single peak at 3355 corresponding to (Ir(ppy-CD)2)",
indicating formation of the complex. The reason we observe only half of the dimer in mass
spectra with this complex and also the previously studied complex [Ir(ppy)2Cl]2 is likely due to
the lability of the chloride groups in ligating solutions which allow the complex to exist in a
fluxional solution structure.” Indeed, under the conditions of the mass spectrometer we

therefore believe that these bonds would easily break.
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Figure 4.22. *H NMR spectrum of [Ir(ppy-CD).Cl]2 (15) in CDCl.

Ir(ppy-CD)2(bpySS) (17) was characterised by 'H, *C and 2D NMR spectroscopy, and

MALDI mass spectrometry. Figure 4.23 shows the *H NMR spectrum of the complex, revealing
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the addition of the proton environments associated with bpySS in the regions 0.70-2.48 and
2.90-3.89 ppm, as well as the amide NH protons assigned at 6.89-6.99 ppm, concordant with
the similar complex IrbpySS.” The integration of the peak at 4.90-5.13 ppm corresponding to
H-g-1 (14H) correlates well with the integrals of the peaks for the amide region at 6.89-6.99
(2H), H-s6 at 7.78-7.84 ppm (2H), indicating successful formation of the complex. The
presence of only one set of aromatic environments for the complex confirms that excluding
optical isomers, one structure is formed during the synthesis of the dimer (Scheme 4.3). The
peaks in the 3C NMR spectrum are reported and although they are unassigned, they agree fairly
well with both 3C data for bpySS and ppy-CD (13). The MALDI mass spectrum was obtained
using norharmane as the matrix and reveals a single adduct at 4124 corresponding to (M+H)",

confirming formation of the desired product.
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Figure 4.23. 300 MHz H (top) and 400 MHz HSQC (bottom) NMR spectra of Ir(ppy-

CD)2(bpySS) (17) in CDCls.
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4.3 Physical Properties of Surface-Active Transition Metal
Complexes Bearing Cyclodextrin Functionalised Ancillary

Ligands

4.3.1 Photophysical Properties of Ru(bpy-CD)2(bpySS) and Ir(ppy-
CD)2(bpySS) in Solution

The photophysical properties of the complexes are summarised in Table 4.1. The UV-vis
absorption spectrum of Ru(bpy-CD)2(bpySS) (16) in methanolic solution (Figure 4.24) reveals
two main absorption bands, the first at 293 nm displaying a sharp transition, corresponding to
the z-n* band. The second is a broad absorption band centred at 467 nm, corresponding to the
MLCT transition.”® The *MLCT band displays a bathochromic shift compared with simpler
ruthenium(I1) complexes such as [Ru(bpy)s]** (14 nm), however the results are comparable to
those of RubpySS in acetonitrile solutions, with bathochromic shifts of 4 and 6 nm for r-n*
and *MLCT transitions respectively.” The emission spectrum (Figure 4.24) displays a broad
3MLCT based emission band centred at 660 nm. This band again displays a large 49 nm red
shift compared with Ru(bpy)s®*, and a smaller 15 nm red shift compared to RubpySS.” The
bathochromic shift compared with RubpySS can be rationalised by the increased polarity of
the solvent, stabilising the excited state of the complex. However, the quantum vyield of
Ru(bpy-CD)2(bpySS) (16); 0.3% and 0.8% in aerated and deaerated solutions respectively; is
significantly lower than [Ru(bpy)s] type complexes and RubpySS.”™ 7® This decrease in
luminescence quantum yield is postulated to be caused by the introduction of large and bulky
cyclodextrin moieties which prevent optimal coordination to the ruthenium centre, an effect

that has been observed previously with ruthenium(ll) complexes bearing short chain
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cyclodextrin functionalised bipyridine ligands.”” The luminescence lifetimes of the complex in
methanol were found to be monoexponential (Table 4.1), with an aerated lifetime of 180 ns and

a deaerated lifetime of 548 ns.

Table 4.1. Summarised photophysical properties of Ru(bpy-CD).(bpySS) (16), Ir(ppy-

CD)2(bpySS) (17) and comparable complexes in methanolic solutions.

T/ ns D/ %

Amax / nm (g /

10° M cm'Y) Aem / NM aerated deaerated aerated deaerated

Complex

R“(bpy'%[égz(bpyss) 293(5.3),467 g5y 150 548 0.3 0.8

(0.8)
252 (37.7), 273
Ir(ppy-CD)2(bpySS) 36 (47%) 242 (15%)
R (31.8) sh, 412 500 12 s3%) 715 (85%) 0.5 1

(1.7) sh
289 (7.8), 323
RubpySS (1.3), 461 (15) 645 130 707 1 4
255 (5.0), 298
25 (68%) 35 (34%)
IrbpySS (1.(83 ;r)wsﬁw 580 80 (32%) 246 (66%) 0.5 3
[Ru(bpy)s]?* 453 (1.5)"® 60978 72078 457
230 (7.0), 250
. (6.5), sh, 310 2 2
[Ir(ppy)2bpy] (3.0) sh. 380 610 350
(0.45) sh™
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Figure 4.24. UV-vis absorption (solid) and steady state emission (dotted) spectra of Ru(bpy-
CD)2(bpySS) (16) (10 uM in MeOH). dexc = 460 nm, emission spectrum corrected for spectral

response.

The photophysical properties of Ir(ppy-CD)2(bpySS) (17) in methanolic solutions are
summarised in Table 4.1. The absorption spectrum (Figure 4.25) displays the characteristic
mixed 'n-n* and *MLCT states as described by Guidel et al. and evidenced previously by similar
iridium(111) compounds.” 78! The complex displays broad emission centred at 590 nm, a red
shift of 10 nm compared to IrbpySS in acetonitrile. Again, this shift could be rationalised by
the increased polarity of the solvent, stabilising the excited state. The luminescence quantum
yield of Ir(ppy-CD)2(bpySS) (17) is comparable to that of IrbpySS in aerated solvent, however
where we see a six-fold increase in quantum vyield in IrbpySS (0.5% to 3%), in Ir(ppy-
CD)2(bpySS) this increase is much smaller (0.5% to 1%). This is rationalised by the sterically
large cyclodextrin groups that partially prevent 0. diffusing to the metal centre and quenching
the excited state.”” 8 The lifetimes of Ir(ppy-CD).(bpySS) (Table 4.1) are found to be

relatively long compared to similar iridium(l11) complexes.
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Figure 4.25. UV-vis absorption (solid) and steady state emission (dotted) spectra of Ir(ppy-
CD)2(bpySS) (17) (3.8 pM in MeOH). Aexc = 360 nm, emission spectrum corrected for spectral

response.

4.3.2 Properties of Surface Bound Complexes Ru(bpy-CD).(bpySS) and

Ir(ppy-CD)2(bpySS)

In order to examine the properties of monolayers of Ru(bpy-CD).(bpySS) (16) and Ir(ppy-
CD)2(bpySS) (17), surfaces were immersed in solutions of the two complexes. The surfaces
were then characterised by ellipsometry, SPR spectroscopy, steady state and time resolved
luminescence spectroscopy. The kinetic ellipsometric data (Figure 4.26) allows insight into the
formation of monolayers of the complexes on gold, and reveals a large increase in layer
thicknesses of both complexes over the first 20 minutes until plateau, with full coverage
achieved within 30 minutes. The layer thicknesses calculated for both complexes at 30 minutes,
3.540.4 and 3.2#0.2 nm for Ru(bpy-CD)2(bpySS)-Au and Ir(ppy-CD)2(bpySS)-Au

respectively, corresponds well with the modelled thickness of the monolayer (Chem3D), which
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we expect to be ca. 3 nm. The small discrepancies between calculated and observed values is
most likely due to the large cyclodextrin moieties which could have significant freedom of
movement in order to find the most energetically stable orientation on the gold surface,
influencing the layer thickness quite greatly. The layer thicknesses for the complexes on gold
are significantly higher than similar monolayers such as RubpySS-Au (1.8 nm) and
IrbpySS-Au (1.7 nm), which is expected due to the addition of ligands containing large

cyclodextrin moieties.

To further examine whether monolayers are formed by the complexes, SPR spectroscopy
experiments were also carried out. Plain gold chips were equilibrated in acetonitrile in the
instrument before injection with a 0.1 mM solution of each complex in acetonitrile over a period
of 30 minutes. The chips were then washed at a higher flow rate (1.5 mL min™) before
stabilising the final readings at 50 pL mint. The results show the change in resonance angle of
the instrument, which is related to the change in refractive index of the system. This change in
refractive index is related to refractive index increment (dn/dc), which in turn is determined by
the amount of material adsorbed. The sensorgram (Figure 4.27) reveals a large increase in
response upon injection of the two complexes, rising up to ca. 0.1 ° for Ru(bpy-
CD)2(bpySS)-Au and ca. 0.25 ° for Ir(ppy-CD)2(bpySS)-Au over a period of a few minutes
after injection, before stabilising and increasing mildly until washing, when non-specifically
bound complex is washed away. Subsequent to washing we observe readings of 0.12 ° and 0.27
° for Ru(bpy-CD)2(bpySS)-Au and Ir(ppy-CD)2(bpySS)-Au respectively, compared with
0.03 ° for a blank run with acetonitrile. As the refractive index increments for the complexes
were not measured in this study, we are unable to make estimates of the surface concentrations
for each complex. Comparisons between the measured resonance angles of the above

complexes and also similar monolayer systems such as RubpySS-Au and IrbpySS-Au also

175



Chapter Four

cannot be made as the complexes may have different refractive index increments. However, we

can conclude from these results that material is bound to the surfaces of each system after

washing with acetonitrile, indicating monolayer formation.
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Figure 4.26. Kinetic ellipsometric data for complexes (top) and schematic model of

cyclodextrin functionalised complexes attached to a gold surface (bottom).
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Figure 4.27. SPR sensorgram of adsorption of Ir(ppy-CD)2(bpySS)-Au (solid), Ru(bpy-

CD)2(bpySS)-Au (dash) and MeCN (dotted) over gold.

The luminescence results, summarised in table 4.2, depict contrasting results for the two
complexes. For Ru(bpy-CD)2(bpySS)-Au, surface immobilisation results in a bathochromic
shift of 10 nm compared to that of a methanolic solution, and a large decrease in luminescence
intensity. Indeed, the luminescence from the complex on the surface was so weak that a lifetime
was not obtained for this system. Ir(ppy-CD)2(bpySS)-Au exhibits markedly different
properties, with a hypsochromic shift of 20 nm compared to methanolic solutions of the
complex, and increases in the luminescence lifetime. The increase in luminescence lifetimes is
particularly large, increasing from 36 (47%), 142 (53%) ns to 203 (15%), 1321 (85%) ns. This
large increase in luminescence lifetime is concordant with similar observations for IrbpysSS,
which also exhibited an enhancement of the luminescence lifetime when adsorbed to gold

surfaces.”®
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Table 4.2. Summary of luminescence spectroscopy of Ru(bpy-CD).(bpySS) and Ir(ppy-

CD)2(bpySS) on gold and in aerated methanolic solution.

Aem /

Complex
pie nm

T/ ns

Ru(bpy-CD)2(bpySS)-Au 670

Ru(bpy-CD)2(bpySS) (16) 660 180

203 (15%)
1321 (85%)
36 (47%)
142 (53%)

Ir(ppy-CD)2(bpySS)-Au 570

Ir(ppy-CD)2(bpySS) (17) 590
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4.4 Host-Guest Binding Studies of Surface-Active

Cyclodextrin Containing Transition Metal Complexes

To test the potential of these monolayer systems as surface bound recognition units, Ir(ppy-
CD)2(bpySS) (17) monolayers were formed and immersed in solutions of two molecular
building blocks, as outlined in Scheme 4.4. In pathway a), Osbiptpy is passed over the
monolayers to create a surface that is both emissive in the yellow and far red regions of the
visible spectrum. In pathway b), stepwise assembly is utilised to incorporate a recognition motif

(Ad-Biotin) for streptavidin, a well characterised protein.

4.4.1 Recognition Studies of Ir(ppy-CD)2(bpySS) (17) and Osbiptpy

To determine whether the complexes could be used for supramolecular chemistry at the
interface, an osmium(Il) complex Osbiptpy (Figure 4.28) (provided by Dr Jonathan Faiz)
containing a biphenyl moiety was tested for host-guest interaction with Ir(ppy-CD)2(bpySS)
(17). The biphenyl group has a well-known affinity for cyclodextrins,®* & while the osmium(I1)
centre has a distinct emission band in the far red region of the visible spectrum, making it ideal

as a test compound.

Figure 4.28. Structure of Osbiptpy.
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Scheme 4.4. Schematic diagram of stepwise assembly of components onto an Ir(ppy-

CD)2(bpySS) (17) SAM through supramolecular interactions and protein-ligand interactions.
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The recognition of Ir(ppy-CD)2(bpySS) (17) with Osbiptpy was studied in solution by steady
state and time resolved luminescence spectroscopy, as well as on the surface by ellipsometry
and steady state and time resolved luminescence spectroscopy, with the results summarised in
table 4.3. The solution luminescence spectra (Figure 4.29) reveal two distinct bands centred at
575 and 750 nm, corresponding to Ir(ppy-CD)2(bpySS) (17) and Osbiptpy respectively. Upon
addition of a 4 fold excess of Osbiptpy to Ir(ppy-CD)2(bpySS) (17), it is shown that some
communication between the two metal centres does occur, with the integration of the iridium
peak falling by 10% and a shortening of the long component of the luminescence lifetime from
381 to 325 ns, a 15% decrease. However it is noted that there was no significant increase in
either the integral of the osmium region of the spectrum, or the luminescence lifetime, which
remains at ca. 110 ns. This result, albeit much weaker than previously observed results,® 8

indicates that binding does occur in the bis-p-cyclodextrin system.

Emission Intensity
Emission Intensity

450 500 550 600 650 700 750 800 850 550 600 650 700 750 800 850
Al nm Alnm

Figure 4.29. Top left - Steady state luminescence spectra of Ir(ppy-CD)2(bpySS) (17) (3 uM,
dotted), Osbiptpy (12 uM, dotted) and 4:1 (Osbiptpy:Ir(ppy-CD)2(bpySS), solid) mixed
solution in 9% acetonitrile in water, dexe = 360 nm. Top right — Steady state luminescence
spectra of Osbiptpy (12 uM, solid) and 4:1 (Osbiptpy:Ir(ppy-CD)2(bpySS), dotted) mixed

solution in 9% acetonitrile in water, Aexc = 490 nm. Spectra corrected for instrument response.
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Table 4.3. Luminescence properties of Ir(ppy-CD).(bpySS) (17) and Osbiptpy in solution
(9% acetonitrile in water) and on gold substrates. Iridium region — 450-660 nm, Aem = 580 nm;

osmium region — 660-850 nm, Aem = (a) 750, (b) 700 NM. T Aexc = 376 nm.

Emission Integral t/ns
Complex Ir Os Ir region Os region
P region  region g g

81 (49%)
Ir(ppy-CD)2(bpySS) 1 381 (51%)

Osbiptpy 1 1142

0,
Ir(ppy-CD)2(bpySS):Osbiptpy 09 105  [401%) 3

325 (49%)

203 (15%)

Ir(ppy-CD)2(bpySS)-Au 1321 (85%)

249 (16%) 267 (15%)

Ir(ppy-CD)2(bpySS): Osbiptpy-Au 1381 (84%) 1382 (85%)"

In order to confirm that Osbiptpy did indeed bind into the cavities of Ir(ppy-CD)2(bpySS) on
gold as outlined in Scheme 4.4a, ellipsometric and luminescence experiments were carried out.
Substrates of Ir(ppy-CD)2(bpySS)-Au were immersed in solutions of Osbiptpy in acetonitrile
for 30 minutes, before washing with acetonitrile. The ellipsometric data (Figure 4.30) appears
to show an increase in layer thickness from 2.7+0.6 nm to 3.1+£0.6 nm, however as the results
are within error we cannot conclude that binding has occurred. Binding is however indicated in
the luminescence results, as an emission peak (Figure 4.31) at 750 nm is observed upon washing
the substrates with acetonitrile, revealing that Osbiptpy is still present. Given the coverage of
the gold surface with Ir(ppy-CD)2(bpySS), and the lack of an available surface binding moiety

on Osbiptpy, this result suggests that Osbiptpy has bound within the cyclodextrin. The
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luminescence lifetimes are also of particular interest, with results of 267 (15%) and 1382 (85%)
ns, much longer than the solution lifetime of Osbiptpy, and also of other similar compounds in

solution.®

3.5+

254

1.5+

Layer Thickness / nm
N

0.5+

IrCDSS-Au IrCDSS:Osbiptpy-Au

Complex

ight ~ 3.5 nm

Figure 4.30. Plot of ellipsometric data from binding studies (top) and schematic models of
Ir(ppy-CD)2(bpySS) (bottom left) and Ir(ppy-CD)2(bpySS):Osbiptpy (bottom right).

Ir(ppy-CD)2(bpySS) is abbreviated to IrCDSS on the plot for clarity.
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Emission Intensity

450 500 550 600 650 700 750 800
A/ nm

Figure 4.31. Emission Spectra of Ir(ppy-CD)2(bpySS):Osbiptpy-Au. Solid - Aexc = 320 nm,

dash - Aexc = 490 nm. Spectrum corrected for instrument response.

4.4.2 Preparation of Ad-Biotin for Recognition Studies with Ir(ppy-
CD)2(bpySS) (17) and Streptavidin

Utilising the cyclodextrin moieties in Ir(ppy-CD)2(bpySS) (17), we wished to design a sensing
platform using a scaffold with multiple building blocks. Initially, 1r(ppy-CD)2(bpySS) (17)
would be immobilised on gold substrates, followed by attaching a sensing moiety through host-
guest chemistry, and finally using this scaffold as a sensing motif. To this end, we designed a
simple system for sensing streptavidin with a sensing moiety than contained an adamantyl

group for binding in the cyclodextrin cavity, and a biotinyl group for sensing the streptavidin.

Scheme 4.5 illustrates the facile route to the preparation of Ad-Biotin (18). Briefly, an amide
coupling between biotin and 1-adamantylamine yielded Ad-Biotin (18) ina ca. 40% yield. Ad-
Biotin (18) was characterised by *H, *C and 2D NMR spectroscopy, and ESI(+) mass

spectrometry. NMR assignments were confirmed by COSY, HSQC and HMBC experiments.
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The *H NMR spectrum (Figure 4.32) indicates that the reaction is successful, with 13 resolvable
peaks corresponding to the 14 environments around the compound. The spectrum agrees well
with previously reported NMR data for biotin,®® with the loss of the OH proton of biotin at ca.
12 ppm (appendix). A total integration of 3 amino protons is also observed, indicating the loss
of one of the protons from 1-adamantylamine and product formation. The ESI(+) mass
spectrum reveals two ion envelopes at 378 and 400 Da corresponding to (M+H)* and (M+Na)*

respectively, confirming the formation of the product.

HOBt.xH,0 S—/H
EDC
1-adamantylamine biotin N-EM Ad-Biotin, 18

. 43 %
Scheme 4.5. Synthetic route to Ad-Biotin (18).
- - - H2
Hac P| H3  ||H-1,7,9
| el
H-b H-11 [ H-11" | ‘
“| H| H ;12 H-13 Hilﬁ ‘L‘ ' ||| || “p‘ MMH 8

e I e e e o
T o T

(=) o o

R

T
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Figure 4.32. *H NMR spectrum of Ad-Biotin (18) in CDCl.
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4.4.3 Recognition Studies of Ir(ppy-CD)2(bpySS) (17) with Ad-Biotin (18)

and Streptavidin

To study the interaction between each of the components and the sensing system as a whole,
we carried out experiments in solution, using steady state and time resolved luminescence
spectroscopy, and on gold substrates by ellipsometry, SPR spectroscopy and steady state and
time resolved luminescence spectroscopy. The luminescence data, summarised in table 4.4,
shows that upon mixing Ad-Biotin (18) and Ir(ppy-CD)2(bpySS) (17) in a 2:1 mixture in 3%
acetonitrile in water, the solution luminescence spectra (Figure 4.33) reveal a 20% decrease in
luminescence intensity. This decrease is coupled with an insignificant change in luminescence
lifetime. Interestingly, the energy of the state remains unchanged, as both emission maxima are
centred at ca. 585 nm. The emission maximum does however change upon binding to
streptavidin, with a blue shift from 585 to 570 nm when a 2 nM concentration of streptavidin is
introduced, coupled with a 13% increase in emission intensity from Ir(ppy-CD).(bpySS): Ad-
Biotin to Ir(ppy-CD).(bpySS):Ad-Biotin:streptavidin and a significant increase in two of the
components of the luminescence lifetime. Each of the longer components are increased from
180 (36%) to 274 (41%) ns and 693 (37%) to 919 (37%) ns respectively. These factors indicate
that binding indeed occurs upon the formation of the sensing system. We postulate that the
iridium complex is shielded from solvatochromic effects by the inclusion of streptavidin, due
to the short linker between the adamantyl and biotinyl moieties in the sensing motif. This effect
is also coupled with a shielding from 30, in the solution which rationalises the observed

increased in luminescence lifetime and emission increase.
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Emission Intensity
Emission Intensity
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Figure 4.33. Left - Steady state luminescence spectra of Ir(ppy-CD)2(bpySS) (17) (3 uM)
(solid); Ir(ppy-CD)2(bpySS) (17) (3uM) and Ad-Biotin (18) (6 uM) (dash); and Ir(ppy-
CD)2(bpySS) (3uM), Ad-Biotin (18) (6 uM) and streptavidin (2 nM) (dotted) in solutions of
3% acetonitrile in water. Aexc = 360 nm. Right — Steady state luminescence spectra of Ir(ppy-
CD)2(bpySS)-Au  (solid);  Ir(ppy-CD)2(bpySS):Ad-Biotin-Au  (dash); and Ir(ppy-
CD)2(bpySS):Ad-Biotin:streptavidin (dotted). Xexe = 320 nm. Spectra corrected for

instrument response.
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Table 4.4. Luminescence properties of Ir(ppy-CD)2(bpySS) (17), Ad-Biotin (18) and

streptavidin in 3% acetonitrile in water solution and on gold substrates.

Amax / emission

Complex nm integral t/ns

58 (27%)
Ir(ppy-CD)2(bpySS) (17) 585 1 163 (36%)
687 (37%)

59 (27%)
Ir(ppy-CD)2(bpySS):Ad-biotin 585 0.8 180 (36%)
693 (37%)
69 (22%)
Ir(ppy-CD)2(bpySS):Ad-biotin:streptavidin 570 0.9 274 (41%)
919 (37%)
_ 203 (15%)
Ir(ppy-CD)2(bpySS)-Au 585 1321 (85%)

Ir(ppy-CD)2(bpySS):Ad-biotin-Au 575 177 (12%)

1158 (88%)

349 (22%)

Ir(ppy-CD)2(bpySS):Ad-biotin:streptavidin-Au 570 1974 (78%)

To determine whether the same interaction of streptavidin by Ir(ppy-CD)2(bpySS) is observed
on the surface as outlined in Scheme 4.4b, preformed Ir(ppy-CD)2(bpySS)-Au substrates were
immersed in Ad-Biotin (1 mM in acetonitrile) and streptavidin (0.1 mg mL™ water) solutions.
Luminescence spectroscopy studies of each of the systems studied reveal similar properties to
those in solution. Upon immersion of Ir(ppy-CD)2(bpySS)-Au in Ad-Biotin solution we
observe a blue shift from 585 to 575 nm, which could be due to rearrangement of the complex
on the surface to allow binding to occur, causing a destabilisation of the excited state. It is also
observed that the luminescence lifetime of the iridium(l1l) centre remains unchanged upon
binding Ad-Biotin, as observed with the solution data. Just as with the solution data, we see a

blue shift (5 nm) upon the addition of streptavidin and a significant increase in luminescence

188



Chapter Four

lifetime, from 177 (12%), 1158 (88%) ns to 349 (22%), 1974 (78%), agreeing with solution

results and indicating that binding does indeed occur on gold substrates.

To further examine the properties of binding, ellipsometric data was gathered on the stepwise
addition of components to the system, and the results are shown in Figure 4.34. The graph
reveals that upon immersion of monolayer samples of Ir(ppy-CD)2(bpySS)-Au in Ad-Biotin
(18), an increase in layer thickness is observed, with the layer thickness itself increasing from
2.7£0.6 to 3.2+0.1 nm. This increase agrees fairly well with the modelled inclusion complex
(Figure 4.34) and further suggests that binding is successful. The addition of streptavidin
however yields only a 0.4 nm increase in layer thickness, which is less than expected, with the
diameter of streptavidin being ca. 4 nm.%” This result could however be a consequence of the
expected low coverage of the complex on the surface. This in turn would lead to a fairly low
coverage of streptavidin on the surface and lead to a less than expected increase in layer
thickness. Surface plasmon resonance experiments (Figure 4.35) give credence to this
observation, as we observe an increase in resonance angle over a ten minute injection period to
ca. 0.1°, and upon washing with water for 5 minutes we observe a resonance angle of 0.08°. As
all proteins have similar refractive index increments, we can estimate the surface coverage of
streptavidin to be ~ 1.5 pmol cm? (appendix).* 8 8 |Indeed, comparisons with another
recognition study utilising organic scaffolds to recognise streptavidin reveal that the present
system vyields a lower surface coverage.®® The sensorgrams show an insignificant increase in
response when 10% acetonitrile in water or a 0.1 mM solution of Ad-Biotin (18) in the same
solvent is passed over the chips. The absence of a significant increase in response from Ad-
Biotin (18) is likely due to its small size (377 Da), which results in an insignificant change in

refractive index when it binds in the cyclodextrin cavity. We also observe a decrease in response
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upon injection of the Ad-Biotin (18) solution due to small discrepancies in the measurement of

the solvent mixtures, causing a change in refractive index when introduced into the instrument.

In order to determine the efficacy of recognition of the three component system and to examine
whether the binding was specific, streptavidin and a control protein (bovine serum albumin,
BSA) were passed over the Ir(ppy-CD)2(bpySS):Ad-Biotin-Au substrates. Substrates were
equilibrated at a constant flow rate of 50 uL min, before injection of solutions at the same
flow rate for 10 minutes. The substrates were then washed in solvent for 20 minutes at 50 pL
mint. Figure 4.35 shows that after injection of streptavidin over the substrates, a significant
increase in response is detected, which after 20 minutes of washing yields a response of 0.081°.
When BSA is passed over Ir(ppy-CD)2(bpySS):Ad-Biotin-Au a response of 0.036° is
observed. Despite the smaller values of A® being observed for these systems compared with
IrbpySS-Au or RubpySS-Au, we do observe a much greater degree of specificity, with over a
2 fold increase in binding with streptavidin compared with BSA on Ir(ppy-CD)2(bpySS):Ad-
Biotin-Au, as opposed to a 1.1 fold increase in binding with BSA compared with streptavidin
on IrbpySS-Au. Binding of streptavidin is also observed when Ad-Biotin is not present on the
surface, with a response of 0.055° after 20 minutes of washing. This result indicates that Ad-
Biotin is important in allowing streptavidin to bind to the surface, with a ca. 50% enchancement
in binding when Ad-Biotin is present. When a water control is passed over Ir(ppy-

CD).(bpySS): Ad-Biotin-Au substrates, the response is negligible as expected.
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Layer Thickness / nm

IrCDSS  IrCDSS:  IrCDSS:
Ad-Biotin  Ad-Biotin:
streptavidin

Complex

Figure 4.34. Top — Ellipsometric graph of stepwise addition Ad-Biotin (18) and streptavidin
to Ir(ppy-CD)2(bpySS)-Au. Bottom — Schematic models of Ir(ppy-CD)2(bpySS)-Au (left)
and Ir(ppy-CD)2(bpySS):Ad-Biotin-Au (right). Ir(ppy-CD)2(bpySS) is abbreviated to

IrCDSS for clarity.
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Figure 4.35. Left SPR sensorgram of recognition of molecules on Ir(ppy-CD)2(bpySS)-Au

substrates. Ir(ppy-CD)2(bpySS) is abbreviated to Ir for clarity.
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4.5 Conclusions

The synthesis of novel cyclodextrin bidentate ligands and bis-heteroleptic surface-active
complexes is reported and the properties of the complexes in solution and on gold surfaces are
elaborated. The complexes show acceptable luminescence properties in solution and Ir(ppy-
CD)2(bpySS) (17) displays good luminescence properties on planar substrates. Indeed, Ir(ppy-
CD)2(bpySS) (17) displays an enhancement of luminescence on gold substrates that has been
observed previously for IrbpySS.”™ Surfaces of both Ir(ppy-CD)2(bpySS)-Au and Ru(bpy-
CD)2(bpySS)-Au form monolayers within 30 minutes as shown by ellipsometric and surface
plasmon resonance spectroscopy experiments. The design of the complexes allows host-guest
chemistry to be performed at the surface, and this has been shown using a biphenyl
functionalised complex Osbiptpy, allowing a more complex sensing architecture to be
constructed. This was achieved by using facile chemistry to synthesise Ad-Biotin (18), which
contains both a moiety for host-guest chemistry with -cyclodextrin, and a biotin label for the
recognition of streptavidin. The sensing architecture was successfully assembled as evidenced
by surface plasmon resonance spectroscopy and luminescence spectroscopy. The specificity for
streptavidin against bovine serum albumin is also shown, with the sensing architecture giving
a 2 fold higher response for streptavidin than BSA. These results indicate not only that
multimodal detection of analytes is possible through the use of surface plasmon resonance
spectroscopy and time resolved luminescence spectroscopy, but also that these types of systems
show promise in the production of multiple sensing architectures based on modifying the
sensing group toward the production of a ‘one size fits all’ lab-on-chip type detector. This
coupled with the potential for breaking the supramolecular bond between the cyclodextrin and
the adamantyl moiety allows scope for the investigation of reusable and interchangeable sensing

architectures based on this design, whereby multiple adamantyl containing sensing components
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can be reversibly bound in turn to the sensor surface to allow a fast, cheap and reliable method

of multiple analyte detection.
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4.6 Experimental
2-(trimethylstannyl)pyridine (2)

4
573

6‘ Z
N"2>Sn(Me),

2-(trimethylstannyl)pyridine (2) was prepared in analogous fashion to Schwab et al.” 2-
bromopyridine (1, 8.5 g, 53.8 mmol) was charged into a flask, before twice evacuating and
refilling with dry nitrogen. Dry diethyl ether (100 mL) was added via syringe, and the solution
was cooled to -78 °C. n-Butyllithium (2.0 M in cyclohexane, 29 mL, 58 mmol) was added
dropwise by syringe over five minutes whilst maintaining the solution at -78 °C. The resulting
dark red solution was stirred at -78 °C for 2 hours, at which point trimethyltin chloride (1.0 M
in THF, 58 mL, 58 mmol) was added dropwise by syringe over five minutes whilst maintaining
the solution at -78 °C. The resulting dark green mixture was stirred at -78 °C for 3 hours, before
being allowed to warm to room temperature gradually under stirring overnight. The resulting
orange solution was subsequently concentrated in situ in vacuo using short path distillation, and
dry hexane (100 mL) was added by syringe. The resulting orange mixture was stirred under
nitrogen for 10 minutes, before insoluble by-products were filtered off under nitrogen and the
filtrate concentrated in vacuo to yield a red oil 2-(trimethylstannyl)pyridine (11.45 g, 47.3
mmol, 88%) which was used in the next step without further purification. 6+ (300 MHz; CDCls)
0.31 (9H, s, Sn(Me)s), 7.10 (1H, ddd, J= 1.8, 4.9, 7.5, H-5), 7.41 (1H, ddd, J= 1.0, 1.8, 7.5, H-
3), 7.48 (1H, ddd, J= 1.8, 7.5, 7.5, H-4), 8.71 (1H, ddd, J= 1.0, 1.8, 4.9, H-6). Data agrees with

published results.®’
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5-bromo-2,2'-bipyridine (3)

5-bromo-2,2'-bipyridine (3) was prepared by a modification to a method outlined by Schwab
et al.®” 2,5-bromopyridine (12.30 g, 51.9 mmol) was charged into a flask, before twice
evacuating and refilling with dry nitrogen. 2-(trimethylstannyl)pyridine (2, 11.45 g, 47.3 mmol)
in dry m-xylene (100 mL) was transferred by syringe into the reaction vessel under nitrogen,
and the mixture was degassed under nitrogen whilst stirring for 1 hour. At this time, Pd(PPh3)4
(0.54 g, 0.5 mmol, 1 mol%) was added, and the mixture was heated to 120 °C overnight. The
mixture was then cooled, poured into aqueous sodium hydroxide solution (2 M, 100 mL) and
separated. The aqueous phase was extracted with toluene (2 x 25 mL), and the combined
organic extracts were dried (Na2SOg), filtered and the solvent removed in vacuo to yield 12.78
g of crude material. The crude product was purified twice by column chromatography on
alumina, eluting first with 5:1 hexane:ethyl acetate, and then with 1% ethyl acetate in hexane
to yield 5-bromo-2,2'-bipyridine (3) as a pale yellow solid (2.58 g, 11.0 mmol, 23%). 6+ (300
MHz, CDCl3) 7.26 (1H, ddd, J=1.0, 4.9, 7.5, H-5"), 7.75 (1H, ddd, J= 1.8, 7.5, 7.5, H-4"), 7.87
(1H, dd, J= 2.2, 8.5, H-4), 8.25 (1H, d, J= 8.5, H-3), 8.30 (1H, ddd, J= 1.0, 1.8, 7.5, H-3'), 8.60
(1H, d, J= 4.9, H-6), 8.65 (1H, d, J=2.2, H-6); 5¢c (100 MHz, CDCl3) 121.0 (C-3), 121.2 (C-
5), 122.4 (C-3), 124.0 (C-5'), 137.1 (C-4"), 139.5 (C-4), 149.2 (C-6), 150.2 (C-6), 154.6 (C-2'),

155.1 (C-2); MS (ESI*) m/z: 237 (M+H)*. Data agrees with published results.®’
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2-(trimethylstannyl)-5-methylpyridine (6)

4
75‘\3

6.~
N7"27Sn(Me),

2-(trimethylstannyl)-5-methylpyridine (6) was synthesised by a modification to a method
outlined by Schwab et al.®” 2-bromo-5-methylpyridine (5, 6.60 g, 38.4 mmol) was charged into
a flask, before twice evacuating and refilling with dry nitrogen. Dry diethyl ether (72 mL) was
added by syringe, and the solution was cooled to -78 °C. n-Butyllithium (2.0 M in cyclohexane,
21 mL, 42.0 mmol) was added dropwise by syringe over five minutes whilst maintaining the
temperature at -78 °C. The resulting burgundy solution was stirred at -78 °C for 2 hours, upon
which trimethyltin chloride (1.0 M in THF, 42 mL, 42.0 mmol) was added dropwise by syringe
over five minutes whilst maintaining the temperature at -78 °C. The resulting yellow-brown
mixture was stirred at -78 °C for 3 hours, before being allowed to warm gradually to room
temperature under stirring overnight. The solvent was removed in situ in vacuo by short path
distillation, and dry hexane (70 mL) was added by syringe. The resulting orange mixture was
stirred under nitrogen for 10 minutes, before insoluble by-products were filtered off under
nitrogen and the filtrate concentrated in vacuo to yield a red oil 2-(trimethylstannyl)-5-
methylpyridine (6, 8.97 g, 35.0 mmol, 92%) which was used in the next step without further
purification. 8y (300 MHz, CDCls) 0.29 (9H, s, Sn(Me)s), 2.25 (3H, s, H-7), 7.30 (2H, d, J=
1.8, H-3,4), 8.54-8.59 (1H, m, H-6); 8¢ (100 MHz, CDCls) 18.5 (C-7), 131.1 (C-3/4), 131.6 (C-

5), 134.2 (C-3/4), 151.3 (C-6), 169.2 (C-2). Data agrees with published results.%°
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5-methyl-2,2"-bipyridine (7)

5-methyl-2,2"-bipyridine (7) was synthesised by a modification to a method outlined by
Schwab et al.%” 2-bromopyridine (6.00 g, 38.0 mmol) was charged into a flask, before twice
evacuating and refilling with dry nitrogen. 2-(trimethylstannyl)-5-methylpyridine (6, 8.97 g,
35.0 mmol) in dry m-xylene (70 mL) was transferred by syringe into the reaction vessel under
nitrogen, and the mixture was degassed under nitrogen whilst stirring for 1 hour. At this time,
Pd(PPhs3)s (0.44 g, 0.4 mmol, 1 mol%) was added, and the mixture was heated to 120 °C
overnight. The mixture was then cooled, poured into aqueous sodium hydroxide solution (2 M,
100 mL) and separated. The aqueous phase was extracted with toluene (2 x 25 mL), and the
combined organic extracts were dried (Na2SOs), filtered and the solvent removed in vacuo to
yield 6.10 g of crude material. The crude product was dried in vacuo at 50 °C for 2.5 hours
before purification by column chromatography on alumina, eluting with 5:1 hexane:ethyl
acetate to yield 5-methyl-2,2'-bipyridine (7) as a brown oil (1.18 g, 6.9 mmol, 20%). 6+ (300
MHz, CDCls) 2.36 (3H, s, H-7), 7.25 (1H, dd, J= 4.5, 7.3, H-5), 7.59 (1H, dd, J= 1.8, 8.0, H-
4), 7.77 (1H, ddd, J= 1.7, 7.3, 7.9, H-4'), 8.25 (1H, d, J= 8.0, H-3), 8.32 (1H, d, J= 7.9, H-3),
8.47 (1H, s, H-6), 8.63 (1H, d, J= 4.5, H-6'); 8¢ (100 MHz, CDCls) 18.4 (C-7), 120.6 (C-3),
120.8 (C-3'), 123.4 (C-5'), 133.5 (C-5), 136.9 (C-4"), 137.5 (C-4), 149.1 (C-6'), 149.6 (C-6),

153.6 (C-2), 156.2 (C-2'); MS (ESI*) m/z: 171 (M+H)*. Data agrees with published results.®®
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2-phenyl-5-methylpyridine (8)

2-phenyl-5-methylpyridine (8) was synthesised by a modification to a method outlined by
Schwab et al.” Bromobenzene (6.03 g, 38.4 mmol) was charged into a flask, before twice
evacuating and refilling with dry nitrogen. 2-(trimethylstannyl)-5-methylpyridine (6, 7.49 g,
29.3 mmol) in dry m-xylene (70 mL) was transferred by syringe into the reaction vessel under
nitrogen, and the mixture was degassed under nitrogen whilst stirring for 1 hour. At this time,
Pd(PPhs3)s (0.46 g, 0.5 mmol, 1 mol%) was added, and the mixture was heated to 120 °C
overnight. The mixture was then cooled, poured into aqueous sodium hydroxide solution (2 M,
100 mL) and separated. The aqueous phase was extracted with toluene (2 x 25 mL), and the
combined organic extracts were dried (Na>SOs), filtered and the solvent removed in vacuo to
yield 4.44 g of crude material. The crude product was dried in vacuo at 80 °C for 16 hours
before purification by column chromatography on alumina, eluting with 5:1 hexane:ethyl
acetate to yield 2-phenyl-5-methylpyridine (8) as a brown oil (2.05 g, 12.1 mmol, 32%). on
(300 MHz, CDCls) 2.29 (3H, s, H-7), 7.26-7.42 (3H, m, H-10,11), 7.46 (1H, dd, J= 2.2, 8.1, H-
4), 7.55 (1H, d, J= 8.1, H-3), 7.85-7.92 (2H, m, H-9), 8.42-8.46 (1H, m, H-6); ¢ (100 MHz,
CDCls) 18.2 (C-7), 120.1 (C-3), 126.7 (C-9), 128.6 (C-11), 128.7 (C-10), 131.6 (C-5), 137.4
(C-4), 139.4 (C-2), 150.1 (C-6), 154.8 (C-8); MS (ESI)* m/z: 170 (M+H)". Data agrees with

published results.®*
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5-bromomethyl-2,2"-bipyridine (9)

7 4
iy
, 3
67 2|\4.
N.__~5'

&

Br

5-bromomethyl-2,2’-bipyridine (9) was synthesised by a modification to previously attempted
methods.?? N-bromosuccinimide (0.88 g, 4.9 mmol) and ABCN (cat., 100 mg) was added to a
solution of 5-methyl-2,2"-bipyridine (7, 0.84 g, 4.9 mmol) in CCls (20 mL) and heated to reflux
under an atmosphere of nitrogen for 2 hours. The reaction mixture was hot filtered and the
solvent removed in vacuo. The crude material was dissolved in DCM (20 mL), filtered and the
solvent removed in vacuo before purification by column chromatography on alumina eluting
with 2.5% ethyl acetate in hexane to yield 5-bromomethyl-2,2"-bipyridine (9) as a pale yellow
solid (0.24 g, 0.9 mmol, 20%). 8w (300 MHz, CDCls) 4.47 (2H, s, H-7), 7.26 (1H, dd, J= 1.2,
4.8, H-5"), 7.72-7.82 (2H, m, H-4,4"), 8.31-8.36 (2H, m, H-3,3"), 8.59-8.64 (2H, m, H-6,6"); ¢
(100 MHz, CDCls) 29.6 (C-7), 121.1 (C-3/3'), 121.3 (C-3/3"), 124.0 (C-5"), 133.7 (C-5), 137.1
(C-4'), 137.6 (C-4), 149.2 (C-6), 149.3 (C-6'), 155.4 (C-2'), 155.9 (C-2); MS (ESI)* m/z; 251

(M+H)*. Data agrees with published results.

2-phenyl-5-bromomethylpyridine (10)

2-phenyl-5-bromomethylpyridine (10) was synthesised by a modification to previously
attempted methods.®? N-bromosuccinimide (0.84 g, 4.7 mmol) and ABCN (cat., 50 mg) was
added to a solution of 2-phenyl-5-methylpyridine (8, 0.80 g, 4.7 mmol) in CCls (30 mL) and

heated to reflux under an atmosphere of nitrogen for 2 hours. The reaction mixture was hot
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filtered and the solvent removed in vacuo. The crude material was dissolved in DCM (30 mL),
filtered and the solvent removed in vacuo before purification by column chromatography on
alumina eluting with 2.5% ethyl acetate in hexane to yield 2-phenyl-5-bromomethylpyridine
(10) as a pale yellow solid (0.22 g, 0.9 mmol, 19%). 6n (300 MHz, CDCls) 4.46 (2H, s, H-7),
7.31-7.47 (3H, m, H-10,11), 7.66 (1H, dd, J= 0.7, 8.3, H-3), 7.73 (1H, dd, J= 2.4, 8.3, H-4),
7.89-7.95 (2H, m, H-9), 8.63 (1H, d, J= 2.4, H-6); 8¢ (100 MHz, CDCls) 29.8 (C-7), 120.5 (C-
3), 127.0 (C-9), 128.8 (C-10), 129.3 (C-11), 132.0 (C-5), 137.5 (C-4), 138.6 (C-2), 149.7 (C-

6), 157.4 (C-8); MS (ESI)* m/z: 250 (M+H)*. Data agrees with published results.*

6-monohydroxy-permethylated-pB-cyclodextrin (11)

6-monohydroxy-permethylated-p-cyclodextrin (11) was synthesised in analogous fashion to
a previously reported method.3 B-cyclodextrin (8.03 g, 7.1 mmol) and imidazole (1.08 g, 15.9
mmol) were dissolved in dry DMF (150 mL), to which tert-butyldimethylsilyl chloride (2.26 g,
15.0 mmol) in dry DMF (50 mL) was added dropwise over 30 minutes. The mixture was then
stirred for 2 hours, after which TLC analysis (5:4:3 n-butanol:water:ethanol) revealed three
spots at R¢ 0.4, 0.6 and 0.8 which indicated silyl protection of the B-cyclodextrin. The mixture
was then cooled to 0 °C, after which sodium hydride (21.0 g, 60% dispersion in mineral oil,
525.0 mmol) was added portionwise. Dry DMF (30 mL) was added to aid viscosity, and the

mixture was stirred at 0 °C for 1 hour, followed by stirring at room temperature for 2 hours,
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whereupon it was cooled to 0 °C. Methyl iodide (140.82 g, 988.9 mmol) was added dropwise
over 30 minutes. The mixture was stirred at 0 °C for 1 hour, and then at room temperature
overnight, after which time TLC analysis (9:1 ethyl acetate:methanol) revealed that full
methylation had occurred. The mixture was cooled to 0 °C, and methanol (40 mL) was added.
The mixture was then poured into ice-water (750 mL) and extracted with chloroform (6 x 250
mL). The combined organic extracts were washed with 3% aqueous sodium thiosulfate solution
(200 mL) and water (200 mL), before drying (MgSQa4), and removing the solvent in vacuo. The
brown residue was then dried in vacuo at 80 °C for 8 hours, after which the residue was
dissolved in methanol (400 mL). Ammonium fluoride (4.82 g, 130.3 mmol) was added and the
mixture heated to reflux overnight, after which TLC analysis (9:1 ethyl acetate:methanol)
revealed the silyl groups had been removed. The solvent was removed in vacuo and the residue
was dissolved in ethyl acetate (200 mL), filtered through celite and the solvent removed in
vacuo. The orange residue was purified by column chromatography using Biotage or Grace
Scientific prepacked silica columns, eluting isocratically at 4.8% methanol in ethyl acetate or
on a gradient at 2-8% methanol in ethyl acetate to yield 6-monohydroxy-permethylated-p-
cyclodextrin (11) as a white solid (1.41 g, 1.0 mmol, 14%). 6n (300 MHz, CDCls) 3.13-3.94
(103H, m, H-g-2,9-3,9-4,9-5,3-6,0Me), 5.05 (1H, d, J= 3.5, H-g-1), 5.12 (3H, d, J= 3.5, H-g-
1), 5.16-5.20 (2H, m, H-g-1), 5.24 (1H, d, J= 3.9, H-g-1); 8¢ (100 MHz, CDCls) 58.2, 58.3,
58.4, 58.5, 58.7, 58.8, 59.0, 59.1, 59.2, 61.1, 61.3, 61.6, 61.7, 70.9, 71.0, 71.2, 71.5, 71.6, 71.7,
78.5, 79.9, 80.0, 80.7, 81.2, 81.4, 81.6, 81.8, 81.9, 82.4, 98.8, 99.0; MS (MALDI, 2,5-

dihydroxybenzoic acid)* 1438 (M+Na)*, 1454 (M+K)*. Data agrees with published results.*
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6-mono(5-methoxy-2,2'-bipyridyl)-permethylated-B-cyclodextrin (bpy-CD)

(13)

bpy-CD (13) was synthesised via a modification to a previously reported method.”® 6-
monohydroxy-permethylated-p-cyclodextrin (11, 0.20 g, 0.1 mmol), was dissolved in dry THF
(8 mL), to which sodium hydride (60% dispersion in mineral oil, 0.10 g, 2.5 mmol) was added,
and the mixture stirred at 60 °C for 1 hour. The mixture was then cooled to room temperature,
and 5-bromomethyl-2.2'-bipyridine (9, 0.11 g, 0.4 mmol) in dry THF (5 mL) was added. The
mixture was heated to reflux for 2 days, after which time the mixture was cooled to room
temperature, and brine (5 mL) was added. The solvent was removed in vacuo and brine (5 mL)
was added, before extraction with DCM (4 x 20 mL). The combined organic extracts were dried
(Na2S0s), filtered, and the solvent removed in vacuo, before passing the brown residue through
a short column of alumina eluting with 1:0.9 ethyl acetate:methanol to yield a pale yellow solid
bpy-CD (12, 0.19 g, 0.1 mmol, 86%). o (300 MHz, CDClz) 3.05-4.20 (m, H-g-2,9-3,9-4,9-
5,-6,0Me), 4.42-4.77 (2H, m, H-7), 4.91-5.18 (7H, m, H-g-1), 7.20-7.32 (1H, m, H-5"), 7.65-
7.88 (2H, m, H-4,4"), 8.21-8.41 (2H, m, H-3,3"), 8.50-8.69 (2H, m, H-6,6); 8¢ (100 MHz,

CDCl3) 29.7, 58.1-59.0, 60.8-62.0, 69.3-72.0, 79.6-82.2, 99.0, 120.6, 121.0, 123.8, 133.8,
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136.3, 136.9, 148.5, 149.2, 155.6, 155.8; MS (MALDI, 2,3-dihyroxybenzoic acid)™ m/z: 1583
(M+H)*, 1605 (M+Na)*, 1621 (M+K)*.

6-mono-(2-phenyl-5-methoxypyridine)-permethylated-pB-cyclodextrin (ppy-

CD) (13)

ppy-CD (13) was synthesised via a modification to a previously reported method.”® 6-
monohydroxy-permethylated-f-cyclodextrin (11, 0.40 g, 0.2 mmol), was dissolved in dry THF
(8 mL), to which sodium hydride (60% dispersion in mineral oil, 50 mg, 1.3 mmol) was added,
and the mixture stirred at 60 °C for 1 hour. The mixture was then cooled to room temperature,
and 2-phenyl-5-bromomethylpyridine (10, 0.10 g, 0.4 mmol) in dry THF (5 mL) was added.
The mixture was heated to reflux for 2 days, after which time the mixture was cooled to room
temperature, and brine (2.5 mL) was added. The solvent was removed in vacuo and brine (5
mL) was added, before extraction with DCM (4 x 20 mL). The combined organic extracts were
washed with water (20 mL), dried (Na2SOa), filtered, and the solvent removed in vacuo, before
passing the brown residue through a short column of alumina eluting with 1:0.9 ethyl
acetate:methanol to yield an off-white solid ppy-CD (13, 0.28 g, 0.2 mmol, 62%). dn (300

MHz, CDCls) 3.04-3.88 (m, H-g-2,g-3,g-4,9-5,9-6,0Me), 3.99 (1H, dd, J= 3.7, 10.7, H-g-6),
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4.46-4.67 (2H, m, H-7), 4.95-5.20 (7H, m, H-g-1), 7.31-7.48 (3H, m, H-10,11), 7.66 (1H, d, J=
8.1, H-3), 7.73 (1H, dd, J= 1.4, 8.5, H-4), 7.87-7.97 (2H, m, H-9), 8.59 (1H, d, J= 1.4, H-6); oc
(100 MHz, CDCls) 29.7, 57.8-59.3, 60.9-61.8, 69.3, 70.4-71.7, 79.6-82.3, 120.1, 126.8, 128.8,
129.1, 132.1, 136.5, 149.0; MS (MALDI, 2,3-dihydroxybenzoic acid)” m/z: 1604 (M+Na)®,

1620 (M+K)"*.
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bis-[6-mono-(5-methoxy-2,2"-bipyridyl)-permethylated-p-

cyclodextrin]ruthenium(ll) dichloride (Ru(bpy-CD).Cl>) (14)

(MeO)1

i

N
@OM@G

(MeO)14

(MeQ),

(OMe)s

Ru(bpy-CD).Cl, (14) was synthesised via a modification to a previously reported method.™
Dichloro(1,5-cyclooctadiene)ruthenium(ll) polymer (29.2 mg, 0.10 mmol) and lithium chloride
(175 mg, 4.17 mmol) were suspended in 2-methoxyethanol (10 mL) and the mixture degassed
for 1 hour, before heating to reflux. When the mixture reached reflux, a degassed (1 hour)

solution of bpy-CD (12) (150 mg, 0.09 mmol) in 2-methoxyethanol (3 mL) was added and the
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mixture was maintained at reflux for 2.5 hours, at which point the resulting dark purple solution
was cooled to room temperature, and the solvent removed in vacuo. DCM (20 mL) was then
added, and the solution was filtered and the solvent removed in vacuo. The residue was then
passed through Sephadex CM C-25 cation exchange resin eluting with 0.2 M NaCl and
collecting the red/purple band, before removing the solvent in vacuo, dissolving in minimal
DCM, filtering and removing the solvent in vacuo to yield Ru(bpy-CD).Cl, (14) as a dark
purple solid which was used without further purification (25.0 mg, 7.5 x 10® mol, 16%). 5w
(300 MHz, CDCls) 3.04-3.87 (m, H-g-2,9-3,9-4,0-5,0-6,0Me), 4.56-4.74 (4H, m, H-7), 4.91-
5.20 (14H, m, H-g-1), 7.24-10.29 (14H, m, H-ar); MS (MALDI, norharmane)” m/z: 3421

(M+2(MeCN)+H)".
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tetrakis-[6-mono-(2-phenyl-5-methoxypyridine)-permethylated-B-

cyclodextrin]-(u-dichloro)-diiridium(l11) ([Ir(ppy-CD)2Cl]2) (15)

,”Cl—"‘—_

10 (OMe)4

[Ir(ppy-CD).Cl]. (15) was synthesised by a modification to a previously reported method.”
Iridium(I11) chloride hydrate (6.1 mg, 0.05 mmol) and ppy-CD (13) (170 mg, 0.11 mmol) were
suspended in a 3:1 mixture of 2-methoxyethanol and water (12 mL), and the mixture was

degassed for 40 minutes. Following this, the mixture was heated to reflux in the dark for 3.5
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hours, before cooling to room temperature and removing the solvent in vacuo. The residue was
dissolved in minimal DCM, filtered and the solvent removed in vacuo to yield [Ir(ppy-
CD)2Cl]2 (15) as a dark yellow/orange solid, which was used without further purification (110
mg, 0.03 mmol, 62%). 6+ (300 MHz, CDClz) 3.04-3.87 (m, H-g-2,0-3,9-4,9-5,9-6,0Me), 4.06-
4.14 (m, H-g-6), 4.55-4.71 (8H, m, H-7), 4.98-5.12 (28H, m, H-g-1), 7.32-7.64 (m, H-10,11),
7.74-7.90 (6H, m, H-3,4), 7.92-8.08 (m, H-9), 8.66-8.75 (4H, m, H-6); MS (MALDI,

norharmane)™ m/z: 3355 (Ir(ppy-CD)2)".
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[Ru(bpy-CD)2(bpySS)]Cl2 (16)

(MeO);

(OMe)s

S—s
N 56 xS 0\/88\§10\/H31213 S19s17_Jst9
| 7 s9 s11 [
1 N_Js3 ® O s14 s16 18
Ru. |2

R |

O
XN O/\/\/\HJ\/\M

)
0
é_&om)@
|(MeQ)14

(MeO);

(C)2

N

[Ru(bpy-CD)2(bpySS)]CIl> was synthesised via a modification to a previously reported
method.® Ru(bpy-CD).Cl, (14) (25.0 mg, 7.5 x 10" mol) and bpySS (6.6 mg, 9.0 x 10 mol)
were dissolved in 5% water in 2-methoxyethanol (10 mL) and heated to 110 °C for 4 hours,
after which time the reaction mixture was cooled to room temperature and the solvent removed
in vacuo. The residue was dissolved in water (20 mL), filtered and the solvent removed in vacuo

to yield [Ru(bpy-CD)2(bpySS)]Cl. (16) as a red solid (13.1 mg, 3.2 x 10 mol, 43%). &1 (500
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MHz, CDCls) 1.19-1.76 (m, H-s8,59,514,515,516), 1.76-2.17 (m, H-s13,s18"), 2.22-2.51 (m, H-
s18), 3.04-4.00 (m, H-g-2,9-3,0-4,9-5,9-6,0Me,s11,517,519), 4.10-4.52 (m, H-g-6,57), 4.59-
4.92 (4H, m, H-7), 4.97-5.27 (14H, m, H-g-1), 5.47-5.73 (2H, m, NH), 6.46-9.95 (20H, m, H-

ar); MS (ESI)* m/z: 2002 (M-2(CI))?*.

211



[1r(ppy-CD)2(bpySS)]CI (17)

(OMe)14

(MeO)s

(OMe)14

O OMe

S—S
sa0_ B s10 Hs12 s15s17 Jsqg
s7 s9 s11 031214 s16 s18

Chapter Four

(Cr)

(OMe)+4

[Ir(ppy-CD)2(bpySS)]CI (17) was synthesised in a modification to a previously outlined

method.® [Ir(ppy-CD).Cl]. (15) (0.11 g, 1.67 x 10 mol) and bpySS (30.7 mg, 4.17 x 10°

mol) were suspended in 5% water in 2-methoxyethanol (10 mL) and heated to 130 °C for 4.5

hours, after which time the reaction mixture was cooled to room temperature and the solvent

removed in vacuo. The yellow residue was taken up in minimal methanol and passed through
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a column of Sephadex LH-20 collecting the yellow band to yield [Ir(ppy-CD).(bpySS)]CI (17)
as a yellow solid (59.8 mg, 1.45 x 10®° mol, 43%). &n (300 MHz, CDCls) 1.31-1.68 (m, H-
$8,59,514,515,516), 1.68-2.02 (m, H-s13,s18"), 2.04-2.45 (m, H-s18), 2.90-3.89 (H-g-2,9-3,0-
4,9-5,g-6,0Me,s11,517,519), 3.92-4.13 (m, H-g-6,57), 4.42-4.64 (4H, m, H-7), 4.90-5.13 (14H,
m, H-g-1), 6.64-6.89 (m, H-s5), 6.89-6.99 (2H, t, J = 6.6, NH), 7.29-7.45 (m, H-10,11), 7.47-
7.61 (m, H-s3), 7.64 (2H, d, J = 8.2, H-3), 7.70 (2H, dd, J = 2.1, 8.2, H-4), 7.78-7.84 (2H, s, H-
$6), 7.87-7.93 (4H, m, H-9), 8.56 (2H, d, J = 1.4, H-6); 8¢ (100 MHz, CDCls) 50.7, 53.5, 56.6,
58.5, 58.6, 59.0, 61.5, 61.6, 69.3, 70.6, 70.9, 71.4, 71.6, 80.2, 80.3, 80.4, 80.9, 81.7, 82.0, 98.9,
120.1,126.8, 128.8, 129.0, 132.0, 136.4, 139.0, 149.1, 156.9; MS (MALDI, norharmane)* 4124

(M+H)*.

Ad-biotin (18)

Ad-biotin (18) was synthesised via a modification to a previously outlined method.” Biotin
(1.95 g, 8.2 mmol) and 1-hydroxybenzotriazole hydrate (1.11 g, 8.2 mmol) were suspended in
DMF (40 mL) and cooled to 0-5 °C, and EDC.HCI (1.57 g, 8.2 mmol) was added. The mixture
was stirred for 1 hour at this temperature until the EDC.HCI had dissolved, and subsequently
allowed to warm to room temperature and stirred for a further hour. After this time, 1-
adamantylamine (1.24 g, 8.2 mmol) and N-ethylmorpholine (0.94 g, 8.2 mmol) in DMF (15
mL) were added, and the mixture stirred at room temperature overnight. After this time, water
(100 mL) was added and the mixture was extracted with chloroform (3 x 100 mL). The
combined organic extracts were dried (Na2SO4) and the solvent removed in vacuo. The clear

residue was dissolved in a minimal amount of DCM, to which hexane (50 mL) was added,
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forming a white precipitate. The precipitate was filtered and washed with hexane and ethyl
acetate to yield the title compound Ad-biotin (18) as a white solid (1.35 g, 3.4 mmol, 43%). dH
(300 MHz, CDCls) 1.38-1.52 (2H, m, H-8), 1.58-1.83 (10H, m, H-1, 7, 9), 2.00 (6H, d, J= 2.86,
H-3), 2.08 (3H, br s, H-2), 2.14 (2H, t, J= 7.4, H-6), 2.76 (1H, d, J= 12.9, H-11"), 2.93 (1H, dd,
J=5.0,12.9, H-11), 3.17 (1H, td, J= 4.7, 7.4, H-10), 4.34 (1H, ddd, J= 0.9, 4.7, 7.9, H-13), 4.53
(1H, dd, J= 5.0, 7.9, H-12), 5.43 (2H, br s, H-a,c), 6.11 (1H, br s, H-b); ¢ (100 MHz, CDCl)
25.7 (C-7), 28.1 (C-8,9), 29.4 (C-2), 36.4 (C-1), 37.0 (C-6), 40.6 (C-11), 41.6 (C-3), 51.9 (C-
4), 55.5 (C-10), 60.2 (C-12), 61.9 (C-13), 163.7 (C-14), 172.4 (C-5); m/z (ESI)* 378 (M+H)",

400 (M+Na)*.
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Figure 4.A1. *H NMR spectrum of 2-trimethylstannyl-5-methylpyridine (6) in CDCl3
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Figure 4.A2. *H NMR spectrum of Me-bpy (7) in CDCls
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Figure 4.A3. *H NMR spectrum of Me-ppy (8) in CDCls
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Figure 4.A4. *H NMR spectrum of Br-bpy (9) in CDCls.
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Figure 4.A5. *H NMR spectrum of Br-ppy (10) in CDCls.
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Figure 4.A6. C NMR spectrum of bpy-CD (12) in CDCls.
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Figure 4.A7. COSY spectrum of bpy-CD (12) in CDCls.
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Figure 4.A9. HMBC spectrum of bpy-CD (12) in CDCls.
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Figure 4.A10. *H NMR spectrum of ppy-CD (13) in CDCls.
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Figure 4.A11. 3C NMR spectrum of ppy-CD (13) in CDCls.
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Figure 4.A12. COSY spectrum of ppy-CD (13) in CDCls.
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Figure 4.A13. HSQC spectrum of ppy-CD (13) \in CDCls.
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Figure 4.A14. HMBC spectrum of ppy-CD (13) in CDCls.
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Figure 4.A15. *H NMR spectrum of Ru(bpy-CD).Cl, (14) in CDCl;
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Figure 4.A16. 3C NMR spectrum of Ir(ppy-CD)2(bpySS) (17) in CDCls.
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Figure 4.A17. COSY spectrum of Ir(ppy-CD)2(bpySS) (17) in CDCls.
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Figure 4.A18. HSQC spectrum of Ir(ppy-CD)2(bpySS) (17) in CDCls.
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Figure 4.A19. HMBC spectrum of Ir(ppy-CD)2(bpySS) (18) in CDCls.
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Figure 4.A21. COSY spectrum of Ad-Biotin (18) in CDCls.
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Figure 4.A22. HSQC spectrum of Ad-Biotin (18) in CDCls.
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Figure 4.A23. HMBC spectrum of Ad-Biotin (18) in CDCls.
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In this thesis the use of transition metal complexes as architectures for sensing at surfaces has
been explored. Through the use of saturated long chain surface-active ligands, the luminescence
quenching on metal surfaces associated with other metal complexes is mitigated, and for all
ruthenium(I1) and iridium(I11) complexes reported, an enhancement of luminescence lifetime
on gold surfaces is recorded compared with aerated solution. Through this, it has been shown
that transition metal complexes offer a desirable platform for luminescent sensing devices
across the visible spectrum, with greater longevity than their organic counterparts due to the
inherent photostability and longer luminescence lifetimes afforded by luminescent transition

metal complexes.

The design of metal complexes to incorporate cyclodextrin moieties has allowed the creation
of metal complexes capable of facile directed assembly at surfaces through supramolecular
linkages, increasing the scope and application for potential optical or optoelectronic device
formation. Cyclodextrin containing transition metal complexes also afford a luminescent
architecture that can, through supramolecular chemistry, allow multimodal sensing platforms
to be constructed. Through careful choice of guest for the cyclodextrin moiety, and binding site
for an analyte of choice, a selective, non-chemically bound sensing platform can be achieved.
Indeed, through SPR spectroscopy this has been achieved for the selective recognition of

streptavidin utilising such a sensing platform.

The scope of this system affords the possibility of reusability and a broad spectrum of potential
sensing motifs, thus future work will invariably be focused on the improvement of these
systems to allow total reusability through washing of the surfaces to leave only the metal
complex. Sequential sensing experiments will also be valuable in order to examine the cycling
ability of the platform, and its ability to sense for more than one analyte, with a view to creating

a ‘one-size-fits-all’ multimodal sensor capable of detecting changes through SPR response,
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luminescence lifetime and emission maxima. In order to achieve this, potential improvements
to the surface coverage of the transition metal complexes will need to be examined and
evaluated, such as stepwise assembly of the complex through simpler organic monolayers and
chemical reactions at the interface. Improvements to the supramolecular architecture will also
need to be considered, in order to ensure that supramolecular linkages can be made efficiently.
The examination of the monolayers through surface techniques such as infrared spectroscopy
and also modelling to determine the orientation of the tori of the cyclodextrin would also be

beneficial.
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6.1 Materials and Methods

Starting materials were obtained from Sigma Aldrich, Fluka, Fisher Scientific or Acros
Chemicals and used without any further purification. DMF was obtained from AGTC
Bioproducts Ltd. or Sigma Aldrich and dried with 3 or 4 A molecular sieves for at least 24
hours before use. Gold substrates (30 nm on silicon with 5 nm Ti priming layer) were purchased
from Georg Albert PVD, Germany. A Sylgard 184 elastomer kit (Dow-Corning) was used to
create polydimethoxysiloxane (PDMS) stamps. Flash column chromatography was performed
using silica gel LC60A (particle size 40-63 um) purchased from FluoroChem or neutral alumina
(activated, Brockmann 1) purchased from Sigma Aldrich. Automated flash column
chromatography was performed using either a Biotage Flash 40 system using Biotage SNAP
silica cartridges or a Grace Scientific Reveleris X2 flash purification system using Reveleris
flash cartridges. Deionised water was obtained using an Elga 3 Option water purifier, ultrapure
water was obtained using a Millipore Milli-Q Integral Water Purification System. Ru(bpy)2Cl.
was synthesised via a method outlined by Pikramenou and Rogers,® Os(bpy).Cl. was
synthesised via the method outlined by Kober et al.,? [Ir(ppy)2Cl]. was synthesised via the

method outlined by Sprouse et al.®

'H NMR spectroscopy was carried out on a Briiker AVIII300 spectrometer or a Briikker DRX500
spectrometer where stated. 3C and 2D NMR spectroscopy were carried out on a Briiker
AVI111400 spectrometer. Electrospray mass spectrometry was carried out on a Micromass LC-
TOF. MALDI mass spectrometry was carried out for some of the cyclodextrin containing
compounds (chapters two and three) on a Micromass MX MALDI-TOF. UV—vis spectroscopy
was carried out on a Varian Cary 50 or Cary 5000 spectrophotometer. UV—vis spectra were
collected using 1 cm path length quartz cuvettes. Luminescence spectroscopy was carried out

on an Edinburgh Instruments FLS920 steady state and time-resolved spectrometer fitted with
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an Olympus IX71 inverted microscope. The detection system used incorporated R928 (visible)
and R5509-72 (NIR) Hamamatsu photomultiplier tubes. The emission monochromator is fitted
with two interchangeable gratings blazed at 500 and 1200 nm. F900 spectrometer analysis
software was used to record the data. Luminescence lifetime experiments were carried out using
an Edinburgh Instruments EPL-445 or EPL-375 laser as the excitation source. Lifetimes were
fitted using Edinburgh Instruments F900 or FAST software, with errors of +10%.
Luminescence experiments were carried out using 1 cm path length quartz cuvettes with four
transparent polished faces. Degassed samples were obtained by bubbling nitrogen through the
cuvettes for 30—40 min. Circular dichroism experiments (chapter two) were carried out on a
Jasco J-810 spectropolarimeter using 1 cm path length quartz cuvettes. Surface plasmon
resonance studies were carried out on a Reichert SR7500DC surface plasmon resonance (SPR)
system at 15 °C. Microwave reactions were performed in a CEM Discovery SP Microwave
under open vessel conditions unless otherwise stated. Ellipsometry measurements were taken
using a Jobin-Yvon UVISEL ellipsometer with a He-Ne laser light source at a controlled angle
of incidence of 70 °C using a wavelength range of 280-800 nm. Layer thicknesses were
calculated using the Drude model using collected blank gold data as the background. A

minimum of three measurements were taken per substrate and the average value stated.

6.2 General Surface Studies

Gold substrates (30 nm on silicon) were cleaned by UVO cleaner (1 hour) and immersed in the

applicable solvent for at least 10 minutes before use.

Slides were immersed in a ca. 1 mM solution of compound in applicable solvent and sealed
from the outside atmosphere to prevent solvent evaporation. The slides were left immersed for

a stipulated amount of time, before immersion in clean solvent, and dried under No.
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For micropatterning, gold slides were cleaned by the general method described above. Stamps
were made as per the method outlined by Kumar et al.* from PDMS (Dow Corning).
PDMS:PDMS curing agent (9:1) were mixed for 10 minutes and poured onto silicon masters.
The mixture was allowed to cure at room temperature for 1 hour, and the bubbles that formed
on the top of the mixture were popped. The mixture was then cured in the oven at 60 °C for 1
hour. The PDMS stamps were peeled away from the masters and cut into shape. The stamps
were inked by immersing the stamps in a 1-10 mM solution of compound in applicable solvent
for 20 minutes, before removing and carefully drawing away any excess liquid from the stamp
with a tissue. The stamps were placed firmly on the clean gold slides and left with a small
weight (ca. 30 g) on top of the stamp (unless otherwise stated) for an allotted time before peeling
the stamp away to leave the micropatterned surface. The slides were then washed by immersion

in clean solvent and dried under No.

6.3 SPR Studies

Gold substrates (50 nm on glass, Reichert) were cleaned in Piranha solution (CARE! Piranha
solution reacts violently with organic material) for 10 minutes, before washing with ultrapure
water and storage in ethanol until use. Before use, the substrates were dried in nitrogen stream.

Two general methods of data collection were employed:

Method 1. Substrates were equilibrated in the instrument at a flow rate of 50 puL min? for 10
minutes. The sample was then injected over the substrate at a rate of 1500 pL min* for 10
seconds, before reducing the flow rate to 10 uL min for 30 minutes to allow binding to occur.
After this time, the substrates were washed with clean solvent at a rate of 1500 puL min for 2

minutes, followed by a further wash period of 10 minutes at 50 pL min‘™.
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Method 2. Substrates were equilibrated in the instrument at a flow rate of 50 pL min for 10
minutes. The sample was then injected at a flow rate of 50 puL min for 30 minutes, followed

by washing the substrate at a flow rate of 50 uL min* for 10 minutes.

After data collection the units of data were converted from pRIU units to degrees as per studies
outlined by Whitesides and coworkers.®> Biomolecule surfaces concentrations were estimated

as per the study outlined by Urbanickzy and colleagues.®
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