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Abstract

The major aim of this project was development of novel covalently modified glassy
carbon electrodes for application in NADH-dependent biosensors using
combinatorial and high-throughput methods. Studies on transition metal complexes
containing redox active 1,1-phenanthroline-5,6-dione (phendione) ligand(s) showed
they are effective electrocatalysts for oxidation of NADH. In order to covalently
tether the metal complexes at the GC surface, the design of GC electrodes modified
with novel metal complexes bearing phendione ligand(s) was proposed based on
sequential electrochemical and solid-phase synthesis methods. Initial work involved
optimisation of the process for modification of individual GC electrodes. Firstly,
following earlier work, the GC electrodes were electrochemically functionalised by
primary amines or a diazonium salt bearing Boc-protected amine groups, which
allowed introduction of chelating ligands at the GC surface under solid-phase
coupling conditions. The final step involved coordination of the bidentate ligand at
the GC surface to the metal centre and formation of novel metal complexes under
solid-phase coupling conditions. The successfully modified individual electrodes
were applied in the design of a library of GC electrodes modified with different
linkers, ligands and metal complexes and prepared in a combinatorial and parallel
way. The library was electrochemically screened in a high-throughput way using a
multichannel potentiostat, which allowed instant comparison of electrochemical and
electrocatalytic properties between different members of the library. The
experimental data extracted from HTP screening of the library were used for
evaluation of a) the surface coverage obtained for different library members; b) the
catalytic activity towards NADH oxidation and c) the kinetics parameters kc,; and Ky

for the electrocatalytic oxidation of NADH for all members of the library.
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1 Literature introduction

1.1 Principles of combinatorial and high-throughput methodology.

1.1.1 General

Combinatorial and high-throughput (HTP) techniques are powerful tools widely used
in development and evaluation of biological systems, pharmaceuticals, catalysts and
many classes of inorganic compounds.l'4 The combinatorial and HTP method
involve design, synthesis and rapid evaluation of large numbers of structurally and
compositionally diverse compounds (libraries or arrays) in order to identify the
compounds or family of lead compounds, with the desired properties. Combinatorial
methodology was developed by Hanak,” where the “multiple sample concept” was
applied for discovery of new materials. Since then, this method has been widely used
in the pharmaceutical industry, where the long and expensive drug discovery process
was accelerated by rapid and cost effective combinatorial and HTP strategies.

In general, the principles of combinatorial and HTP chemistry are as follows:

e Rapid synthesis of a large number of diverse new materials from different
combination of specific building blocks or processing conditions to create a
library of analogous products at the same time under identical reactions
conditions.

e Rapid evaluation of one or more chemical or physical properties of each
library member and selection of the lead compounds to be used for further
investigation.

e Further optimisation of leads varying the stoichiometries or structures
followed by their rapid evaluation, resulting in a more focused library of
compounds.

® Preparation of compounds with the best properties in quantities sufficient for

their detailed characterisation.
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1.1.2 Combinatorial synthesis methods.

The combinatorial synthetic approach is based on the preparation of many
compounds at the same time in a systematic manner, which is more effective than the
longer, classical, one compound at time method. As a result, the set of products of all
possible combinations of building blocks creates a combinatorial library (Scheme
1.1).

a) conventional synthesis A+ B —> AB

b) combinatorial synthesis Aj, ¥ Bin — A1.nBin

B AB: AB, A¢B,

X2
Z ’;’BZ AzB1

AB; AB, A,B,

A,B, Aan

Scheme 1.1 a) Conventional synthesis: one building block A reacts with one reagent B; b)
combinatorial synthesis: each of the building blocks of series A, reacts with each of the building

blocks of series B, at the same time to give series of products A,B,.

In combinatorial synthesis, the total number of library members is given by N=bxx,
where b is the number of building blocks used in each reaction and x is the number of
reaction steps where new building blocks were added.
Combinatorial synthesis can be carried out in solution or on solid supports such as
resin beads, chips and pins. However, solid-phase conditions are more common due
to easier parallel work-up and high yield of the solid-phase reactions as one can use
excess of reagents in solution. The solid-phase condition has been widely used in
development of new organic compounds, particularly in peptide synthesis.3’6'8
Depending on the synthetic strategy and the library size, the library can contain of a
mixture of different compounds or separate, single substances. Two main
combinatorial synthesis methods exist:
® Parallel synthesis can be performed in solution or on solid supports, using
ordered arrays of separated reaction vessels according to the conventional

“one compound-one vessel” rule. The advantages of this method are the

control over the purity of the products. In addition, defined location of the
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product in the array provides structure of the products prepared and that the
structure of the product is known from its defined location in the array. This
method can be applied to the synthesis of medium size of libraries (several
thousand compounds).

The split-pool synthesis procedure allows for preparation of libraries of many
products using a few reaction vessels. In the first step, the resins are split
between, for example, three vessels and each resin is coupled with three
different building blocks A;, A, and Aj. After this step, all the three products
are pooled together in one vessel where common steps such as deprotection
or resin washing are carried out. Analogous to the first step, the mix of resins
is divided into three vessels and each of them reacts with building blocks Bj,
B, and Bj;. The split and pool processes were repeated until the desired
combinatorial library is obtained. Each bead in the library is attached to just

one single compound.

resins beads

i

‘OA1 | ‘O Az ‘ ‘QA3 | coupled with A
lpool /
OA1 OAZ OA3 ‘

/ split\
Q AB1| |QAB2| | QAB;

Q ABi| [Q ABz| |QA2B3 coupled with B

Q AB1 |Q ABz| | QAsBs

Figure 1.1 Split-pool synthesis to prepare combinatorial libraries of compound mixtures; spheres

represent resin beads; A, B and C represents the set of building blocks; border are the reaction vessels.

In the case where two building blocks are used, in each coupling step after two stages, a total number

of 9 different compounds are formed, one on each resin bead.

1.1.3 HTP screening strategies

Characterisation of combinatorial libraries can be carried out one by one using

conventional analytical methods or by using high-throughput parallel screening.

Analytical methods such as mass spectroscopy, NMR and IR are applicable for

screening of single substances from the library. In the case of larger libraries of

3
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mixtures of compounds, accurate structural determination by analytical methods is
difficult due to the similarity of the structures and properties of the evaluated
compounds. Therefore, in order to determine the lead compound(s) in the
combinatorial library different screening strategies were developed.9

For combinatorial libraries which comprise of a mixture of up to several
thousand compounds, deconvulation screening methods can be applied for
determination of the structure and biological activity of the hit compound(s).9'13
Probably the most straightforward deconvolution strategy is iterative deconvolution,
which has been used successfully in identifying several biologically active
compounds.'* This strategy is based on the synthesis of sub-libraries with compound
mixtures (pools) were one of the building blocks are fixed and the rest of the building
blocks are set up in a combinatorial way (Figure 1.2). After screening, the pool with
the most desired properties is resynthesised with a second building block fixed. This

process is repeated until the combination of building blocks with the best properties

is obtained.

Aq Ay As Ay
1) library contains of 4
sublibraries (pools) Dy B4 D14~ dB14D1s B14 D14 By
with 64 compuounds each
Cia Cia Cia Ciq
A Az As As
2) library contains of 4
sublibraries with 16 Dig By| Dia B2 Di4 Bs D4 By
members each
Cia Cig Cig Cig
A As As As
3) library contains of 4 D4 B D14 B1 Di4 B [Dy4 By
sublibraries with 4
memebrs each Cq C, Cy Cy
Ay As Ay Ay
4) library contains of 4
sublibraries  with 1 D % Bi | D2 % Bi| Dy l% Bi Dy % By
member each G C G Ca

Figure 1.2 Process for the iterative deconvulation screnning of the combinatorial library containing
variable building blocks A, B, C and D; compounds placed in brackets are hits obtained after each

iterative step.

Although iterative deconvulation approach has found a few practical applications, the

rate of hit compound discovery is limited by the requirement for several rounds of

10,11,13

the synthesis and testing. To overcome this, HTP deconvulation screening may

be performed by positional screening, where all the possible combinations of the
4
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building blocks are prepared at once (Figure 1.3).” Each of the sub-libraries contains
one of defined building blocks at one position and a mixture of building blocks at the
others. The number of sub-libraries is the same as the number of variable positions in
the substitution pattern. This method of HTP screening is faster and allows screening
of all of the possible combinations of building blocks in one measurement. However,
this also requires preparation of larger libraries. Screening of the library all at once

allows for direct deduction of hit compounds.

Aq Az As As
series of 4 libraries containing D B D B b B D B
14
defined building block A4 14 ':;] 14 H14 14 14 D14 14
Cia Cia Cia Cia
A4

series of 4 libraries containing
defined building block By.4

B4 D144$7 D14

series of 4 libraries containing

defined building block Cy.4 P14 + B14 D14 E‘EI
Cq
A1 At
series of 4 libraries containing
defined building block D4_4 D1 B1_4 D2 B1 B1_4 D4
Ci4

Figure 1.3 HTP positional scanning deconvulation method, where each of 16 sublibraries (pools) is

B14Di4

ﬂﬁ#
o7 et

e

containing one defined building block A, ,-D,.4 were screened at the same time.

In the case of combinatorial libraries comprising mixtures of solid-bound
compounds, the compounds can be screened still attached to the solid support using
“on-bead” screening.9
This method works particularly well in the case of compounds with biological
activity, where the solid-bound library is treated with a labelled soluble biological
target. Example of the “on-bead” screening strategy includes employing fluorescent
label receptors, which bind to the compounds with the highest affinity for biological
receptors.'>'® The “on-bead” screening is particularly useful for libraries of several
thousand to a million compounds and isolation of a few bioactive compounds from
many inactive ones.

The HTP screening of combinatorial libraries using the general strategies such as
deconvulation and “on-bead” attracted significant interest mostly in development of

pharmaceuticals and biologically active compounds.'” The combinatorial and HTP
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methodologies have also been applied for development of new solid-state materials,
including superconducting materials, magnetoresistants, zeolites or polymers.*'* !
Significant advances in the development of combinatorial and HTP approaches have

22-29

been also observed in discovery of new catalysts, including asymmetric catalysts

2229 or metal complexes”’ as

for organic synthesis,>*® metal binding peptidic ligands
enzyme mimetics. Common HTP techniques for screening the combinatorial libraries
towards development of new catalysts and materials include mass spectrometry,
circular dichroism, IR thermography as well as increasing number of electrochemical

techniques.’

1.1.4 Application of combinatorial and HTP methods in electrochemistry.

Combinatorial and HTP methodology is a rapidly growing field of electrochemistry,
including new methods for -electrosynthesis of small organic compounds,
heterogeneous catalysis and synthesis of conducting solid supports.z’17

The first example of combinatorial electrochemistry was reported by Reddington et
al.* describing an automated method for preparation of large libraries of metal alloy
catalysts for methanol oxidation. The HTP electrochemical screening of the array
way was based on the optical response of a fluorescent dye due to pH changes caused
by the local proton release during the electroxidation of methanol. Similar optical
methods were reported for HTP electrochemical screening of combinatorial libraries

of electrocatalysts for fuel cells’'

and Pt-Pb alloy catalysts for enzyme free
amperometric sensors.”> A disadvantage of the HTP optical screening method is
limited sensitivity of the optical response, which can not distinguish small
differences in electrocatalytic current between different members of the array. In
addition, the fluorescent dye can be adsorbed at the electrode surface and affect the
activity of studied catalyst.

This problem was overcome in report by Ward et al.* for electrochemical HTP
screening of an array of gold electrodes modified with different organothiols, where
fluorescent screen was replaced by more sensitive direct measurement of
electrochemical current. This allowed the authors to distinguish slight variations in
the current recorded for different modifications. Combinatorial electrochemical

screening was accomplished using a computer-automated analysis, in which each

electrode of the library was examined serially in the same electrochemical cell under
6
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identical conditions. A disadvantage of this method is that all the electrodes remain
in the solution in contact with the reactants, while only one active electrode is
screened at a time. This might result in inaccurate results obtained for the array of
modified electrodes.
Simultaneous electrochemical screening of all members in the combinatorial array
was achieved by introduction of multichannel potentiostat/galvanostat, which was
initially applied for redox recycling of p-aminophenol - a product of protein and
DNA-enzyme linked sorbent assay with sensitive electrochemical detection.” In this
method, the same potential was applied to all electrodes followed by automated serial
data acquisition with integrated computer software. Literature examples of HTP
screening using multichannel potentiostat include combinatorial preparation and
screening of lithium batteries™, arrays of Pt-catalysts loaded on carbon for oxygen
reduction, CO electroxidation®’ and methanol oxidation.*®

In this project, the combinatorial methodology described in Sections 1.1.2 and
1.1.3 using solid-phase synthesis followed by HTP electrochemical screening by a
multichannel potentiostat was applied for discovery of novel electrocatalysts for

biosensor development.
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1.2 Chemically modified electrodes (CMEs)

One of the major aspects of research in electrochemistry within the last 30 years has
been the design of electrode materials in order to provide control over their
interactions with their environment. This has found particular interest in
electroanalytical chemistry, where tailored electrode surfaces with their unique
properties have been used in various practical applications, such as biosensors,
molecular electronics, corrosion protection and energy conversion.”*’
Electrode surfaces functionalised by conducting or semiconducting materials are
defined as chemically modified electrodes (CMEs), where design of these materials
at the surface allows control over the surface performance and properties, such as
selectivity, sensitivity, chemical and electrochemical stability, breadth of potential
window and resistance to fouling.

Immobilised redox active species (mediators) work as catalysts for the
oxidation/reduction of the analyte in solution and allow molecular control over the
kinetics of electron transfer at the electrode/solution interface. The redox reaction of

the solution species occurs through chemical reaction with the redox mediator

followed by electrochemical regeneration of the mediator at the electrode surface

(Scheme 1.2).
L
= ¢ Mox A

electrode

red

mediator analyte

Scheme 1.2 General representation of an electrochemical redox reaction catalysed by a mediator.

An effective redox mediator can significantly catalyse a chemical reaction and
electron transfer at low overpotential. The strategy of electrode modification has
been successfully applied in bioelectrochemistry to enable electrochemistry of redox

43-4
5 and

proteins and enzymes'' and for application in biofuel cells*, biosensors

electrosynthesis.46

Mediators can be immobilised at electrode surfaces by covalent or non-covalent bond

formation divided into three general methods:*’

e Chemisorption (adsorption) is particularly effective if the mediator contains a
group strongly and irreversibly adsorbing onto the electrode surface. This

9
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approach is commonly used in attachment of mediators with thiol functionality
onto gold electrodes yielding monolayer coverage.”® Alternatively, the electrode
surface may be functionalised by strongly adsorbed species with functional
groups, which permit further covalent attachment of the mediator molecules.*

e Immobilisation of polymeric films at the electrode surface can be obtained using
two general methods: coating of a preformed polymer or in situ electrochemical
polymerisation-deposition at the electrode surface. Using these methods,
multilayers of polymer films are created at the electrode surface. These films can
act as a catalyst by themself or be used as a matrix to incorporate mediator
species.

® Covalent functionalisation of the electrode surface with organic molecules
enables control over the surface modification using organic synthesis methods.
Examples of covalently modified electrodes include organosilanes at metal oxide
electrodes such as ruthenium (IV) oxide, Pt/PtO and Si/Si0.* Formation of
strong Au-C covalent bonds can be obtained by reduction of diazonium salts at
the gold surface yielding stable monolayers and multilayers of the aryl
derivatives at the electrode surface.’™' Due to the scope of this project, we will
focus on the covalent functionalisation of the GC electrodes.

The use of carbon as an electrode material has the advantages over metal electrodes

in low cost, a wide potential window and electrocatalytic activity for a variety of

redox reactions.’” Different allotropic forms of carbon such as graphite (powdered,
pyrolytic and highly ordered pyrolytic graphite (HOPG) and different carbon
structures such as (vitreous) carbon (GC) and carbon nanotubes (CNT) have been
applied in both analytical and industrial electrochemistry.”> Well-known applications
are examples of commercially available electrochemical blood-glucose strips based

on screen-printed carbon paste electrodes.”

1.2.1 Covalent modification of carbon electrodes

The covalent functionalisation of easily handled and versatile carbon materials
makes them very attractive CMEs with a potentially wide range of practical
applications. The carbon materials are in the form of extended networks of fused

aromatic rings with the terminal surface region of the networks often rich in reactive
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sites. Hybridised sp® carbons enable the terminal region to take part in organic
addition reactions or can be easily oxidised to active hydroxyl or carboxylic groups.*
Two main methods of covalent modification of carbon electrodes exist: chemical and
electrochemically assisted. The easily oxidised carbon surface creates reactive
functional groups, including carboxylic acids, ketones and alcohols.”’
Electrochemically assisted direct covalent bond formation occurs between aromatic

carbon atoms at the surface and organic molecules in the solution.

1.2.2 Chemical functionalisation of the carbon electrode

Chemically active terminal regions of the carbon surface are easily oxidised to create
a number of functional groups, such as ketones and aldehydes and carboxylic groups.
With such an activated carbon surface, it is possible to covalently attach different
molecules including redox centres or spacer units to create metal complexes.**>*>’

Some oxidation of the carbon surface occurs on exposure of the carbon surface to the
air or during the polishing process. However, in order to increase the density of the
functional groups at the carbon surface, the electrodes are normally pretreated by
heating in air, by oxygen plasma treatment or by oxidation in nitric acid.”®*> The
reactivity of the resulting carboxylic groups can be improved by converting them
into more active acyl chlorides, which can react more rapidly with amines or

alcohols. Thionyl chloride is also used as oxidising reagent, which additionally

increases the surface density of carboxylic groups (Figure 1.4).

a) HNO3 or —COCI
Byaror COCI
= ¢) oxygen plasma =J—COcCI

treatment

Figure 1.4 Functionalisation of the carbon surface by oxidation followed by conversion of the

carboxylic acids into more active acyl chlorides.

Hydroxyl groups at the carbon surface produced by reduction of carboxylic groups
using lithium aluminium hydride as reducing reagent work effectively for the
introduction of organosilanes at the electrode surface (Figure 1.5).° Although silane
chemistry is very versatile, it is difficult to obtain layers with a well-defined
thickness and they show poor reproducibility and stability. Hydroxyl groups can also
be reacted with cyanuric chloride, which has three reactive sites. This leaves one or

two reactive sites to react with amines, Grignard reagents, alcohols or hydrazines.*
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Figure 1.5 Chemical functionalisation of the carbon surface by hydroxyl groups followed by

attachment of organosilanes or cyanuric chloride.

1.2.3 Electrochemical functionalisation of carbon electrodes

The formation of a covalent bonds between organic molecules in a solution and sp’
carbon atoms at the surface can proceed via electrochemical heterogeneous reactions
and electrodes prepared by this approach have found a number of analytical
applications. In general, activation of a chemical reaction is initialised by electron
transfer that creates intermediate unstable radicals, which react with carbon atoms at
the electrode surface. However, faradaic efficiency for this type of modification is
low due to the fact that intermediate radicals can dimerise or react with other
reagents in the solution. Electrochemically assisted covalent attachment at the carbon

61,62 and

surface has been successfully accomplished by oxidation of amines
arylacetylates,” reduction of diazonium salt®* and anodization (oxidation) in solution
with alcohols.®

The electrochemical oxidation of carboxylates (Kolbe reaction) is the oldest
known electroorganic reaction.”> The Kolbe reaction is known as decarboxylative
dimerisation and proceeds via a radial reaction mechanism (Figure 1.6). However, if
the oxidation of carboxylate is performed at a carbon electrode, the R groups are

covalently attached at the carbon surface. Firstly, the carboxylate ion transfers an

electron to the electrode surface, yielding carbon dioxide and the R radical (Figure
1.6). The radical R can then be oxidised to the corresponding carbocation, which

forms a C-C bond with carbon atoms at the surface.®’

+ R-CO,” Ceo ‘R — R
E <o, K -
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Figure 1.6 Electrochemical functionalisation of electrodes surface by applying Kolbe reaction at

metal and carbon electrodes.

Similarly, amine-functionalised carbon electrodes may be prepared by
electrochemical oxidation of primary aliphatic amines.®"**%>% This method is based
on electrochemical generation of primary or secondary amine radicals, which react
with aromatic carbons at the electrode surface to create a covalent bond (Figure 1.7).
X-ray photoelectron studies (XPS) have shown that the extent of the immobilisation
strongly depends on the degree of amine substitution. Porter et al.®* found that
primary amines are much easier to oxidise than secondary amines, while tertiary
amines show no evidence of surface attachment. This might be due to the steric
effect of substituents in the tertiary amines, which limit the access of the amine

radical to surface binding site.

-e- ‘ . 7“ H
T R=NH; T + R-NH — > N—R

Figure 1.7 Electrochemical functionalisation of carbon electrode by oxidation of primary amines.*

Moreover, the surface attachments with primary/secondary amines or
carboxylic acid, might also consist of the additional active group in their structures,
which enables further introduction of redox centres, linkers and spacers at the
electrode surface using organic synthesis methods. In the case of aliphatic o, ®-
diamines both of the amine groups may be anchored at the carbon surface and create
bridge structures by coupling both of the intermediate radicals of the same diamine
molecule.’’ This undesirable effect was overcome by anchoring mono-protected
diamine linkers, where the free amine group was first oxidised at the carbon surface
so that subsequent deprotection of the second amine group leads to an amine
modified carbon surface. These surfaces are analogous of the aminomethyl resins
widely used in solid-phase synthesis.”’

Examples of this approach include recent work on electrochemical attachment of
mono-Boc protected primary diamines with different lengths and structures
(aliphatic, alkyl and ether) (Scheme 1.3). After electrochemically assisted attachment
of the linkers, an anthraquinone as a model redox centres was covalently attached
using solid-phase synthesis methodology. XPS and electrochemical studies showed

that the length and structure of the linker has an effect on the surface coverage and
13
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kinetics of the redox species at the electrode surface. The anthraquinone surface
coverage was found to decrease as the chain length of the diamine linker increased

and faster electrode kinetics were observed for lower coverages and more flexible

55,57
H o i
NN
H
(0]
LINKER

H
N, NHB N 0 N
EGhR = Ml N0 O NHBoe NHBoc

n= 2 (1,2-EDA) EDDA XDA
n= 4 (1,4-BDA)

n= 6 (1,6-HDA)

n= 8 (1,8-ODA)

n= 10 (1,10-DDA)

linkers.

Scheme 1.3 General scheme of the GC electrodes modified by various diamine linkers and the

. 57
anthraquinone redox centre.

Electrochemical oxidation was also used for the introduction of oxygen functionality

65,67
at carbon surfaces.”™

Formation of ether groups at the carbon surface was possible
by applying high anodic potentials in acidic solution of primary alcohols; this creates
the hydroxyl radical followed by its coupling at the carbon surface. As a result, the
alcohol chain R was covalently bonded at the surface through an ether functional
group (Scheme 1.4). The ether functionalised GC electrode was applied for indirect

. . . . . . 67.6
detection of calcium ions based on voltammetric response of ferricyanide.”” 8

Scheme 1.4 Electrochemical covalent attachment of primary alcohols at the carbon surface.

Derivatisation of carbon electrodes can be achieved by electrochemical reduction of
diazonium salts leading to the formation of a very stable covalent bond between the
aryl groups and sp” carbon atoms at the surface. This covalent attachment was first
described by Pinson and Savéant,64 who observed an irreversible one-electron
reduction wave in the presence of a diazonium tertafluoroborate salt. The reaction of
wide range of phenyl amines with sodium nitrate at low temperature leads to phenyl
diazonium reagents, usually isolated as tetrafluoroborate salt. Since then,

functionalisation of the carbon electrodes by reduction of diazonium salts has been
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found a number applications.**>®7%72 The literature on modified electrodes
prepared by reduction of diazonium salts bearing a wide variety of functionality has
been reviewed.” %"

Binding of the aryl groups to the carbon surface is likely to be a two-step process.
Firstly, electrochemically assisted one-electron reduction of the diazonium salt
generates an aryl radical and molecular nitrogen. This is followed by coupling of the
radical to sp> carbon atoms at the electrode surface (Scheme 1.5).”* Covalent
anchoring of the diazonium salt to the electrode surface is favoured due its ability to
adsorb on the surface and the relatively positive potential for diazonium reduction of
about — 40 mV vs. SCE, which prevents simultaneous reduction of the aryl

. 646
radical %%

Scheme 1.5 Electrochemical functionalisation of carbon electrodes by reduction of a diazonium salt.

The very active phenyl radicals may react with phenyl groups already attached on the
surface yielding multilayers. This occurs under certain conditions, particularly at
high diazonium salt concentration and long reduction times and allows deposition of
the multilayers of the aryl compounds at desired thickness up to 25 nm.*""*"

Introduction of aryl derivatives bearing active functional groups enables further
modification of the electrode surface by attachment of additional redox centres,
spacers or linkers using solid-phase organic synthesis methods, as shown in recent
work by Bartlett and Kilburn.> In this work, the diazonium salt was attached at the
GC surface, followed by further functionalisation of the electrode using solid-phase
methodology (Scheme 1.6). An electrochemical reduction of 4-(N-Boc-
aminomethyl)benzene diazonium tetrafluoroborate salt allowed for formation of a
monolayer of benzylamine at the GC surface due to the fact that the bulky Boc group
prevents the formation of multilayers of benzyl groups. After removal of Boc-
protecting group, an anthraquinone carboxylic acid (AQ) redox centre was attached
using solid-phase conditions. The modified electrodes were electrochemically
characterised and show good long-term stability. In comparison to the analogous
modification by mono-Boc protected diamine linkers, GC electrodes modified by the

diazonium salt show slower electron transfer and lower surface coverage after
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attachment of the AQ redox centre. This strategy, which combines electrochemical
and solid-phase synthetic methodologies, constitutes a versatile and flexible

approach for functionalisation of different carbon materials.

Iz

(0] O

o}
Scheme 1.6 Covalent functioanlisation of the GC electrodes by 4-(N-Boc-aminomethyl)benzene
diazonium tetrafluoroborate salt linker and AQ redox centre; a) from 0.6 to —1 V vs. Ag/AgCl in 0.1

M TBATEFB in MeCN; b) 4.0 M HCI in dioxane; c¢) Anthraquinone-2-carboxylic acid (AQ), HBTU,

DIEA, DMF, R.T., 16 h.”’
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1.3 NADH co-enzyme and its electrochemical oxidation

Redox enzymes (oxidoreductases) exist to catalyse both electron transfer
reactions and the transfer of atoms or small groups of atoms, to or from a range of
substrates in a large number of biological processes. Some of these require small
non-proteinaceous molecules, called co-enzymes in order to be active. The co-
enzyme acts as an acceptor or donor of a small group of atoms or electrons and
provides the driving force for the redox reaction of the substrate.*’

An important group of redox enzymes are dehydrogenases, responsible for the
transfer of hydrogen atoms and electrons during biological reactions and pathways in
living organisms. Over 300 dehydrogenases are known, each of them specific for one
substrate or group of substrates.”” Most of the characterised dehydrogenases are
dependent on soluble pyridine nucleotide cofactors, which occur in two biologically
active forms of S-NAD (nicotinamide adenine dinucleotide) and its phosphorylated
version, bearing a 2’-phosphate at the ribose ring S-NADP (nicotinamide adenine
dinucleotide phosphate) (Figure 1.9). These coenzymes work as an acceptor/donor of
a hydride ion (H") to/from a substrate during oxidoreductase-catalysed redox
reactions. The NAD(P) coenzyme reacts with the substrate in 1:1 stoichiometric
reactions. Changes of the NAD(P) concentration in solution during enzymatic
reaction can be monitored by UV spectroscopy since NADH has strong adsorption at
wavelength of 340 nm.”®

In general, the active site of a redox enzyme contains complexing groups, which
binds with the substrate and co-enzyme NAD(P)"/NAD(P)H to bring them into
correct relative orientation (Figure 1.8). The NAD(P)'/NAD(P)H co-enzyme binds
first at the active site to give a haloenzyme, followed by binding of a substrate. The
redox reaction between enzyme and the substrate transfers atoms and electrons
to/from the electron acceptor, which in this case is the co-enzyme, followed by

dissociation of the product and coenzyme from the active site.
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HALOENZYME

CO-ENZYME SUBSTRATE

ENZYMATIC
REACTION

PRODUCT

Figure 1.8 The general mechanism of an enzymatic reaction catalysed by NAD(P)+/NAD(P)H co-

enzyme.

In the case of the dehydrogenases, the enzymatically active NAD(P)" works as an
acceptor of two electrons and one proton (hydride transfer H™) during substrate
oxidation to obtain NAD(P)H.”*"” The redox active part of this coenzyme is the
nicotinamide ring, which exists as pyridinium salt for oxidised NAD(P)* and as the

1,4-dihydropyridine form for reduced NAD(P)H (Figure 1.9).

0 H, H §
7z | NH, +2e-, +H*, (or HY) MNHZ
\'}“ 26, H' E
R
NAD(P)* 1,4-NAD(P)H

R= N/\/[N\>
|
L x
E e
P P< /\/O
o 0711°0" "0

6
X=H (NAD*) POz (NADP*) OH  OH
Figure 1.9 Structures of NAD and NADP and their reversible redox reaction by hydride ion transfer
between oxidised form of NAD(P)* and reduced form of NAD(P)H carried out at C-4 of the
enzymatically active nicotinamide ring; substituent R represents enzymatically inactive linkage
consists of ribose, adenine base and phosphate groups and substituent X at one of the ribose rings is H

for NAD and a phosphate group PO5> for NADP.

The rest of the molecule including the adenine rings, ribose and phosphate groups are
responsible for specificity and affinity of binding with the active site of the
enzyme.” During the enzymatic redox reaction, hydride transfer occurs with one of

the C-4 hydrogen atoms at the nicotinamide ring. Dehydrogenase enzymes are each
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specific for one of the enantiotopic C-4 protons of NAD(P)"/NAD(P)H: some of
them react with the 4R hydrogen and the others with the 4S hydrogen (Figure 1.10).
The stereospecificity of the dehydrogenase enzymes can be determined by well-

established deuterium labelled experiments.’®”®

Stereospecificity of the
dehydrogenase enzymes is due to the orientation of the NAD*/NADH in the enzyme

active site.”®

H,NOC_ re-face +2e-, +H*, (or HY) H,NOC_  re-face
’ . H —
H—<\©:N+—R R>2 N—R

2e H Hg
si-face si-face

Figure 1.10 Stereospecific hydride transfer during redox reaction between NAD(P)* and NAD(P)H.

In solution, NAD(P)" exists in a folded conformation where parallel-ring stacking of
the adenine and pyridine molecules creates an intramolecular complex with an
average inter-ring distance of 0.52 nm and the nicotinamide ring si-side facing the
adenine and confirmed by spectroscopic analysis 81 and molecular dynamics
simulation.’®*

The unfolded, extended structure of the coenzyme is observed in the case of
NAD(P)"/NAD(P)H coordinated with proteins in the enzyme active site.*? For most
dehydrogenase enzymes, extended NAD" binds to a pair of protein structural
domains, known as the Rossmann fold. The Rossmann fold typically consists of six
parallel amino acid S-strands and four associated a-helices, with the adenine and
nicotinamide rings interact with a pair of S-a-f motifs.** For dehydrogenase
enzymes, it is well known that the domain contains two sets of S-a-F-a—f units
joined across a two-fold axis such that the first strands of each unit are adjacent. The
strand order is thus 6 5 4 1 2 3 (Figure 1.11).*® The only adjacent strands, which
have helical connections in opposite directions are 1 and 4. They create cervices,
where the phosphate groups of the coenzyme bind to the corresponding carboxy ends
of these two strands. The long loop (cross-over) between strands 3 and 4 creates a

cavity that participates in the binding of the adenine ring of the coenzyme.
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Figure 1.11 Schematic diagrams illustrating the Rossmann folding of B-strands and o-helices in the

NAD-binding protein domain of dehydrogenase enzyme."’

Despite their very similar structures, identical thermodynamic properties and
reaction mechanism, S-NADP and S-NAD coenzymes participate in different

biological processes within the living cell.”’

B-NADP works with enzymes that
catalyse anabolic reactions supplying electrons needed to synthesise energy-rich
biological molecules. f-NAD is found in mitochondria where it is essential for the
conversion of ADP to ATP through the oxidation of foodstuffs (catabolic function).
ATP molecules are used elsewhere in the cell to provide the energy for
thermodynamically unfavourable reactions required to build essential cell
components. Most nicotinamide-dependent dehydrogenase enzymes are specific for
NAD(P)"/NAD(P)H or the form (NAD"/NADH) of the co-enzyme.

NAD(P)-dependent dehydrogenase enzymes catalyse oxidation of their substrates

according to the general reaction scheme:
SH, + NAD(P)* #) S + NAD(P)H + H*

where S and SH, are the oxidised and reduced forms of the substrate and krand k;, are
the rate constants for the forward and backward reactions. This general enzymatic
reaction in the presence of NAD" is modified, depending on the structure of the
substrate and classification of those enzymatic reactions has been reported in the

. 77,88
literature.””"8

NAD(P)" coenzymes are most commonly used in enzymatic oxidation
of alcohols to carbonyls, including alcohol dehydrogenases, which catalyse oxidation

of ethanol to acetaldehyde.

ethanol+NAD* = acetaldehyde+NADH+H"*

Ky
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The biological importance and the redox properties of NAD(P)"/NAD(P)H
coenzyme have attracted significant interest for its application in enzymatic synthesis
catalysed by NAD(P)H-dependent enzymes and amperometric biosensors. The
enzyme-catalysed synthesis of different compounds has found practical application
in pharmacology, biotechnology, food additives, perfumes, pesticides and
insecticides.®” Because of the very high price of NAD(P)H and the fact that it needs
to be used in stoichiometric quantities during enzymatic reaction, its use in industry
is limited and needs to be justified by the high price of the final product. Hence, there
is significant interest in developing in situ NADH regeneration methods to re-use the
initial amount of the active NAD(P)H. One of the most popular regeneration methods
include reduction of NAD" to NADH by formate catalysed by formate
dehydrogenase (FDH) enzyme. Electrochemical methods of the NAD(P) would
remain the best means of regeneration because these do not need an additional
donor/acceptor of the electrons and no side products are produced. Similarly, the
redox properties of the NAD(P) co-enzyme have found extensive application in
design of the amperometric biosensors. However, electrochemical behaviour of the
NAD(P) at a bare electrode is complex and results in number of site reactions,
therefore bioelectrocatalysis, new electrochemical mediators and modifications to the

electrode surface have attracted a lot of attention.

1.3.1 Electrochemistry of NADH/NAD"

The development of electrochemical biosensors based on NADH-dependent
dehydrogenases is an attractive goal for many researches mainly due to the large
field of potential substrates to analyse and their diversity in commercial applications.
The electrochemistry of the redox couple NAD/NADH has been extensively
studied. The experimentally obtained formal redox potential (E°) of the
NAD*/NADH couple is —0.315 V vs. NHE and —0.560 vs. SCE at pH 7.°%°' The
NAD(P) dependent biosensors found practical application due to the fact that the
redox process of NADH(P) is more favoured than most of the substrates catalysed by
the NAD(P) coenzyme as value of E° for NAD(P) is lower than most of the
substrates. In particularly, biosensors based on oxidation of NADH to enzymatically
active NAD" were considered for more detailed studies and development. Biosensors

based on the reduction of NAD* would be impractical due to a series of interfering

21



Literature introduction

side reactions occurring at more negative potentials, such as oxygen reduction, which
would disturb the reliability of the biosensor.

Initial studies on NAD redox behaviour at bare electrodes indicated that the
electrochemistry of the NAD*/NADH is irreversible with an anodic wave observed at
high overpotentials.”> The choice of electrode material has a significant effect on the
anodic potential with values of 0.4, 0.7, 1 V vs. SCE for carbon, platinum and gold
electrodes, respectively.93 “* 1t has been established that the oxidation of the NADH

. . . 77,92,95
in aqueous solution occurs via a two-electron process’ ">’

NADH——NAD" + H" +2¢

Electrochemical oxidation of the NADH at bare electrodes depends on the electrode
material, NADH concentration and electrode pre-treatment. Quantitative recovery of
NAD" was obtained after electrochemical oxidation at Pt electrodes at low NADH
concentrations (NADH < 0.1 mM).”*** Control experiments for the pre-adsorbed
NADH at Pt and Au surfaces showed that NADH is oxidised at the electrode surface
and undergoes further oxidation processes leading to unspecified products, which
might result in fouling of the surface.”

Studies on the oxidation of NADH at the carbon electrodes showed that the oxidation
product NAD" adsorbs strongly at the surface and acts as an inhibitor for further
NADH oxidation.”**® This results in shifts to anodic potential with changing NADH
concentration. A stable anodic potential was observed, when NAD" was present in
excess in the solution or when the electrode was pre-treated with NAD" prior to the

electrochemical experiment.

1.3.2 Mechanism of direct electrochemical NADH oxidation

Reviews by Bartlett and Gorton provide a summary of the mechanistic studies on the

electrochemical oxidation of NADH at bare electrodes.””’

In general, investigation
on the mechanistic aspects of the NADH oxidation was based on discussion whether
the NADH electrochemical reaction occurs as a single two-electron step or involves
consecutive one-electron transfer steps. Oxidation of NADH model compounds at Pt
electrodes in aprotic solvent and without the presence of base gave strong indication
that reaction occurs in two one-electron steps and is highly irreversible.”” A number
of further experimental studies at NAD® coated electrodes suggested that

electrochemical oxidation of NADH proceeds according to an ECE mechanism
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NADH —=—s NADH" $ NAD' —< 5 NAD"

The first step is an irreversible, potential-determining electron transfer, yielding a
cation radical NADH". The high activation energy required for the first step might
be due to the fact that 1,4-NADH must undergo rearrangement before losing the
electron (Figure 1.12).”® The amide group can take part in the oxidation process since
only 1,4-NADH is enzymatically active.

The enol resonance form might also participate in the electron transfer as was

observed during oxidation of the NADH by orthoquinones.”®” The second step
involves deprotonation of NADH* yielding the neutral radical NAD . This step is

also considered as irreversible since the presence of the radical at the pyridine
aromatic ring is more stable than the cation radical.”*® The deprotonation is

relatively fast with a calculated rate constant ky, > 10° s™' measured for NADH
oxidation at GC electrodes coated with NAD*. NAD radical can be rapidly
dimerised as has been identified during reduction of NAD", where formation of
dimer (NAD), from coupling of two radicals NAD was observed at about —1.1 V vs.
SCE.'™ The dimer is oxidised at =0.4 V vs. SCE and yields NAD". Therefore,

oxidation of NAD to NAD" in the final step of oxidation of NADH would be

sufficiently rapid to outrun the dimerisation and practically no dimers would be

produced.”’
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Figure 1.12 Proposed reaction pathway for the electrochemical oxidation of NADH according to the

ECE mechanism; ky, is a deprotonation rate constant.

In addition, the neutral radical NAD might exchange an electron with the more

reactive cation radical NADH" during a chemical disproportionation reaction (DISP),
leading to NADH and NAD"

NADH™ + NAD" & NADH + NAD"
Studies by Blankespoor and Miller’® observed that 95% of the oxidation product is
formed through the ECE pathway. The predominance of the ECE pathway might be

explained by the fact that significantly rapid deprotonation of NADH" creates NAD

radicals at a short distance from the electrode surface. The NAD generated close to

the surface having relatively high potential, can easily lose an electron before it
diffuses away from the electrode surface. Hence, electrochemical electron transfer
(ECE) is favourable over the homogenous electron transfer (DISP), when the rate
constant ky. is relatively high.

In the case of electrodes, which are not covered with adsorbed NAD", the

NADH oxidation might be mediated to some extent by oxygen adsorbed at the Au
and Pt eletrodes (eg. OH.adS/HzO and OadS/OH.adS) or by organic functional groups

created during oxidation at carbon surface (e.g. quinone, semiquinone and
hydroquionone systems).””*>'"!
The electron-transfer path involves electron exchange between energy levels located

at the surface oxygen atoms and the electrode, coupled with the electron exchange
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between energy levels of the surface oxygen atoms and the solution species (Figure
1.13).

3 o b ho

H,0 X NADH I OH'X NADH
. . e_

OH NAD Oads NAD

Hs0* H,0*

Figure 1.13 General scheme of the possible electron transfer pathway during NADH oxidation
mediated by surface oxygen redox systems; a) mediated by hydroxy groups; b) mediated by molecular

77,93,101
oxygen.”**

The proton transfer pathway includes transfer of the proton from the C-4 of the
nicotinamide ring to the proton acceptor, such as a water molecule, and possible

intermediate formation of a bond to the surface oxygen atoms (Figure 1.14).

CONH,

+___
H\/N R

Figure 1.14 Possible proton transfer mechanism during oxidation of NADH involving movement of a

proton from C-4 of the nicotinamide ring to a proton acceptor such as water molecule.””*!*!

The existence of functional oxides at the carbon surface is well established and is
known as one of the methods of carbon surface modification (Section 1.2.2).
However the type of the oxygen functional groups and their quantity at the electrode
surface varies between different carbon materials and oxidation method.”” Studies on
oxidised carbon electrodes suggested that possible oxygen redox mediators at the
surface might decrease the anodic potential for NADH oxidation causing the
oxidation reaction to become kinetically more rapid. However, this electrocatalytic
effect was found to be of low stability, which might be due to surface blocking by the

oxidation product NAD*.7"*
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1.3.3 NADH oxidation at modified electrodes

In order to design effective biosensors based on the electrochemical oxidation
of NADH, pre-treatment of the electrode surface is required to overcome problems of
the high overpotential and ECE mechanism, resulting in fouling of the electrode
surface. During initial studies on oxidised Pt and carbon electrodes a decrease of the
overpotential for NADH oxidation to approximate 0.2 V vs. SCE was observed. This
suggested that presence of quinone and hydroxyl groups at the electrode surface act
as mediators for electron transfer between the electrode and NADH molecules.”**’
Since then, a large number of the redox systems have been investigated as
electrocatalysts for NADH oxidation, including homogenous electron-transfer
mediators, which are known to successfully catalyse the NADH oxidation.”’
However, the disadvantage of using soluble mediators is the possibility that they can
diffuse away from the surface and no longer be available to catalyse the electrode
reaction. Hence, most of the mediators applied for NADH oxidation are immobilised
at or very close to the electrode surface to create CMEs.

The perfect mediator has to meet a number of criteria:

L Acceptor of the hydride ion

An essential feature of the effective NADH mediators is their ability to act as two
electrons (2e7), one proton (H") acceptors during oxidation of NADH to produce
enzymatically active NAD'. The reaction between NADH molecules and the
mediator occurs via formation of an intermediate charge transfer complex with the
NADH. Efficient electrocatalyst immobilised at the electrode surface reacts rapidly
with the NADH at low overpotential. This means that the oxidation of NADH to
NAD+ should proceed via single hydride transfer H™ rather than sequential one
electron transfers since the radical intermediates for NADH oxidation are unstable
and undergo side reactions. After oxidation of the NADH, the reduced form of the
mediator must be regenerated at the electrode surface to the reoxidised form. Bartlett
et al.'"™ proposed a general reaction mechanism, where the mediator reoxidation
proceeds via sequential one electron and proton steps and may vary depending on the

mediator and conditions (Figure 1.15).
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M?* + NADH—>= M—H *+ NAD*
followed by
M—H —> M—H'+ & —> M—H>* + 2¢

| l |

M +H —> M +e+H —> M* +2 +H

Figure 1.15 The catalytic cycle for the oxidation of NADH by the mediator M immobilised at the

3
electrode surface. 1%

1. Low overpotential

The perfect mediating system should be able to reduce the overpotential down to
optimal range of —0.1-0.1 V to avoid an oxidation of substrates such as ascorbate,
urate and acetaminophen and avoid the potential region for reduction of molecular
oxygen and where the potential of zero charge results in low a background current
and noise for most of the electrode materials. For design of the amperometric
biosensors, low redox potential of the mediator also prevents oxidation of other
species in the biological sample.

111 Fast reaction kinetics

The mediator should be able to react rapidly with the NADH coenzyme followed by
fast electron transfer during electrochemical regeneration of the mediator at the
electrode surface. Ideal second order rate constants for the reaction between the
NADH and the mediator should be above 10°-10” M™" 57/, approaching a diffusion
controlled reaction. In the case of dehydrogenase enzymes, the high rate constant
between NADH and mediator ks is particularly important due to the fact that
reaction between substrate and coenzyme is thermodynamically favourable and
reaches its equilibrium rapidly. As a result, the rate k,; needs to be higher than the
rate of the back reaction k;, in order to increase the rate of product formation kg
(Figure 1.16). If kobs < k¢, the electrochemical response will be mostly dependent on

the product concentration.”’
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ks

S + NAD* P + NADH + H*

ko
kobs M

MH,
Figure 1.16 Enzymatic reaction of the substrate S catalysed by NAD" followed by electrochemical
reoxidation of the NADH by the mediator M at the rate constant kobs, which is in kinetic competition

with the rate constant k, of the enzyme catalysed back reaction of NADH with the product P.

1V. Long-term stability (at least weeks or months)
This includes irreversible attachment of the mediator at the electrode surface
followed by its electrochemical and chemical stability (hydrolysis, chemical
oxidation or photo-decomposition). In addition, the mediating systems should not
take part in the radical site reactions with NADH, should be selective towards
NADH and show well-defined stoichiometry.”’

A first attempt at a CME for NADH oxidation was reported by Kuwana and
Tse” where they covalently immobilised primary amine-containing o-quinones at a
carbon surface activated with cyanuric-chloride. These redox systems at the surface
showed an anodic peak in the presence of NADH at around 0.2 V vs. SCE. However,
a substantial decrease in the stability of the CMEs was observed during NADH
electroxidation. Further investigation for o-quinones incorporated into a larger
aromatic derivative 4-(2-(1-pyrenyl)vinyl)catechol), reported by Kuwana et al.,'”
indicated long term stability of the mediator in its reduced form. When the strongly
adsorbed mediator was kept at a potential close to its formal redox potential, site
reactions occurred caused by reaction of the o-quinone groups with catechol.

Additionally, a deactivation reaction of the mediator in its reduced form was
suggested, where they were reacting with the NADH" radical to give an inactive

compound leading to poisoning of the electrode surface (Figure 1.17).

*

H,NOC

H,NOC
H ™ N-rR =
PQG _ B PQO N-R
OH OH

Figure 1.17 Possible deactivation mechanism for the adsorbed o-quinone mediator and NADH"

radical during electrochemical oxidation of the NADH.""'*
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Since the first attempts at preparation of CMEs for electroxidation of NADH, a
significant amount of work has been reported on the development of the CMEs and

) ) ) . 77,97,104,105
is summarised in a number of reviews.’ 2710410

In general, two main development
routes were identified during evolution of the CMEs. The first, involved searching
for different methods for the immobilisation of mediators at the electrode, discussed
in more detail in Section 1.2. The second route involved the development of new
mediator structures, other than o-quinones, which could effectively catalyse NADH
oxidation at low overpotential and have long-term stability.

In general, redox systems contain the structural features depicted in Figure 1.18
are found as effective 2e”, H" acceptors and to successfully catalyse NADH
oxidation at low overpotential.43 The essential features of the effective NADH

mediator are the presence of the hydride accepting group and the ability to delocalise

the charge within the mediator (Figure 1.18).
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Figure 1.18 Proposed mechanism of the NADH oxidation catalysed by redox mediator, X is a group

NS

R

Py

-Z

working as a hydride acceptor; Y is an electron deficient group.'*'"’

The most commonly suggested model for the reaction between the mediator and

NADH is a two-step reaction mechanism,lo8

analogous to the Michaelis-Menten
enzyme kinetic model, described in Section 1.5.

Effective NADH mediators containing the necessary conjugated structures can be
differentiated into a few general classes depending on the immobilisation method and
the structure of the mediator:

L Quinones

Since the initial study by Kuwana et al. 9

a number of workers have reported CMEs
with quinone and dihydroxy functionalities. Examples includes ortho- and para-
dihydroxybenzaldehyde derivatives electropolymerised or adsorbed at the electrode
surface, which were found to effectively catalyse NADH oxidation at low
overpotential and exhibit a good stability during electrochemical screening.109
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Recently, a novel HTP methodology for the functionalisation of GC electrodes was
reported with use of the dihydroxy derivatives as mediators. The GC electrodes,
covalently modified by two different diamine linkers (Section 1.2.3) were coupled by
3,4-dihydroxybenzaldehyde derivatives in a combinatorial way, followed by their
electrochemical screening towards NADH oxidation.” This novel approach allowed
for rapid evaluation of various dihydroxybenzene mediators towards electrocatalytic
NADH oxidation with the highest catalytic activity obtained for electrodes modified
with p-benzylamine linker and 3.,4,5-trihydroxybenzene. Disadvantage of the
dihydroxybenzene mediators is their low electrochemical stability.
1. Redox dyes

Commercially available phenoxazines and phenothiazines redox dyes such as
meldola blue, nile blue or methylene blue effectively catalyse NADH oxidation at
potential about —0.1 V vs. SCE. In general, this type of mediator shows relatively
low chemical and physical stability. In order to overcome this problem, the redox
dyes were derivatised in position 3 or 7 with amine functionalities, aromatic
aldehydes or acid chlorides to donate beneficial new properties to the original dye,

such as resistance to the pH changes or higher adsorption stability.

N N N\
~ 7 N
— N — X L N S N*
i o I |

Meldola blue Nile blue Methylene blue

Figure 1.19 Examples of common redox dye mediators applied as effective catalysts for NADH

oxidation.

The redox dyes were also incorporated into carbon paste,43 electropolymerised

(poly(nile blue)''? or poly(methylene blue)'!

) at the electrode or covalently attached
to a compound strongly adsorbed at the surface (monolayers of various redox dyes
attached at the gold surface through self-assembly cysteamine or 3,3'-
dithiobis(succineimidylpropionate) in order to reduce the desorption problem and
catalyse NADH oxidation at desired formal potential about —0.1 A
1I1. Conducting polymers

Conducting polymers such as poly(aniline) doped with poly(anions) such as
poly(vinylsulphonate), poly(styrenesulphonate) or poly(acrylate) show catalytic
activity for NADH oxidation at potentials around 0.1 V vs. SCE. 02106114 The
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electrodeposited polymers can act as a host matrix for the mediator, which can be
incorporated into the polymer film as a counter ion during the polymerisation process
or covalently attached to the monomer and then polymerised at the electrode.
Examples of the mediators incorporated into the polymer matrices include pyrrole
substituted by mediators with quinone functionalities'"” or the redox dye methylene
blue incorporated into poly(pyrrole) film, which oxidises NADH at about 0.1 V vs.
SCE."'*

1V. Metal Complexes
Metal complexes with redox active ligands constitute an interesting group of
mediators towards NADH oxidation. They were normally electrodeposited or
electropolymerised at the electrode surface. Examples include polyvinylimidazole
(PVI) coordinated to an osmium metal ion and deposited at carbon fibre electrodes to
catalyse NADH between 0.1 and 0.5 V vs. Ag/AgCL'"" Other examples include
various catechol-pendant metal complexes (Co, Cr, Os, Ru, Fe, Ni) with terpyridine
electrodeposited onto GC electrodes which were found to effectively reduce the
NADH oxidation potential to about 0.3 V vs. SCE."® In these cases, the NADH
oxidation is governed by the redox process of the metal ion and have found practical
application in peroxidases based biosensors.''”” However, this method has a
disadvantage of necessity of addition of soluble quinoid compound that in a first step
oxidise NADH to NAD" and then is reoxidised by molecular oxygen to produce
hydrogen peroxide, which can react with peroxidase and osmium complex
immobilised at the surface and generate the response current.'®®
An interesting group of the mediators for NADH oxidation are metal complexes with
redox active 1,10-phenanthroline-5,6-dione ligands, their more detailed
characterisation is presented in the following Section.

V. Other redox systems
CMEs based on conducting organic salts such as N-methylphenazinium
tetracyanoquinodimethane (NMP-TCNQ) (Figure 1.20) work effectively as catalysts
for NADH oxidation at low overpotentials around 0.2 V vs. SCE and with relatively

high reaction rates.'*’
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2O T
N CN NE:
|
TCNQ NMP*

Figure 1.20  Structures of the organic conducting salts N-methylphenazinium

tetracyanoquinodimethane (NMP-TCNQ) as effective mediators for NADH oxidation.

Organic compounds containing nitro functional groups such as nitro-fluorenone

.. 121,122 123
derivatives

or dithio-bis(2-nitropyridine) =~ can be electrochemically reduced to
nitroso/hydroxylamine, which can then catalyse the NADH oxidation at potential

around —0.15 V vs. SCE as shown in Figure 1.21.

a)
O O 0N N0
(0]

Nitro-fluorenone 2,2'-dithio-bis(5-nitropyridine)
b)
O
H
NA\ +4e’, 4H" / . y 0
Ar” o \ AN ~on \ Ar”
'HZO
+2¢, 2H*

Figure 1.21 a) Examples of the mediators consisting of the nitro functional groups; b) electrochemical

formation of the nitrosyl catalytic active form.'*
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1.4 Metal complexes with 1,10-phenanthroline-5,6-dione as
electrocatalysts for NADH oxidation.

An interesting group of mediators towards NADH oxidation are metal complexes
with the redox active phenathroline-5,6-dione (phendione) bidentate ligand, where
the quinone functionalities act as hydride acceptors during the NADH
electroxidation.

The structure of the non-coordinated phendione ligand contains of two
electrochemically active sites: the o-quinone and imine functionalities. Some of
electrochemical properties of the phendione and its derivatives have been reported in
the literature due to their interest in synthetic and biological applications.'**'* Study
on the electrochemical behaviour of the quinone functionalities suggested that their
electrochemistry strongly depends on the reaction conditions, such as pH and
solvent.'?®

Cyclic voltammetry of phendione in aprotic solvents shows two reversible-one
electron waves at —0.45 and —1.25 V vs. SSCE, representing formation of the stable

intermediate anion radical (semiquinone) and dianion, respectively (Figure 1.22).

a)
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B B B W
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E vs. SSEE

Figure 1.22 a) The reaction pathway of the phendione redox process in aprotic solvent; a) Cyclic
voltammogram for 1.2 mM solution of the phen-dione in MeCN containing 0.1 M TBAP at graphite

electrode.'”’

In aqueous solvents, the reduction of the quinone to the 5,6-dihydroxy occurs as a
two-electron, two-proton process so that only a single, pH-dependent electrochemical

wave is observed.
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a) b)
| B
o o _N
+2¢e, 2H
O =~ "N HO 2\
N I ™ I

Figure 1.23 a) General scheme of the reversible electrochemical redox reaction of the phendione

ligand in aqueous solvent; b) Cyclic voltammograms for 1.1 mM solution of phendione in aqueous

solution at pH 2.85 (curve B) and pH 6.8 (curve C) at a Pt electrode and sweep rate 0.2 V s™.'*

Abruiia et al. reported a shift of 63 mV/pH unit in aqueous buffer solution, close to
expected value of 59 mV/pH unit for two-electron, two-proton process.*® At pH > 5,
an irreversible reduction peak was observed, which might result from intramolecular

complexing of the 5,6-dihydroxy groups and unprotonated imine functionalities

128,129

through hydrogen bonding (Figure 1.24).

Figure 1.24 Formation of the hydrogen bridge between 5,6-dihydroxy and imine groups of the
phendione species as proposed to explain of the irreversible cyclic voltammograms observed at

pH>5 126,129

The problem of the irreversibility at pH > 5 was overcome by coordinating the imine
groups with a transition metal ion to obtain metal complexes. The phendione forms
stable metal complexes with a wide range of the transition metal ions, which
decreases the electron density within the three ring system of the ligand and shifts
redox potential of the quinone groups to more positive values. As a result, such metal
complexes potentially allow for the variation of the redox properties of the
phendione quinone groups including the tuning of the potential through pH
changes.'”’

Examples of the synthesis of metal complexes with phendione ligands and
their application for NADH oxidation are reported in the literature. Abrufia et al.'”’

presented the synthesis and electrochemical characterisation of Ru, Co, Fe and Os
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complexes with the phendione in the general forms of [M(phendione)3]2+ (Figure
1.25a), [M(phendione)z(bpy)]2+ and [M(phendione)(bpy)2]2+, where bpy is a 2,2’-
bipyridine ligand. Cyclic voltammograms of the metal complexes in aprotic solvents
showed two waves corresponding to the anion radical and dianion of the quinone
group at potentials more positive than for the free phendione ligand. A one electron
wave was observed at relatively positive potential from 0.65 V vs. SSCE for
[Co(phendione)3]2+ to about 1.4 V vs. SSCE for various tris ruthenium complexes
bearing from one to three phendione ligands coordinated to the ruthenium metal

centre (Figure 1.25b).

nk b)

M= Ru, Fe, Cr, Co, Os

E va BBLE

Figure 1.25 a) Structure of the metal complex of general form of [M(phendione);]**; b) Typical cyclic
voltammogram at a Pt electrode at scan rate of 20 mV s! for 0.5 M [Fe(phendione)\;]2+ in aprotic

solvent with 0.1 M TBAP, reported by Abruiia et al.'”’

The osmium complexes were adsorbed at the electrode surface and showed
significant catalytic activity towards NADH oxidation which decayed with time due
to desorption of the complex. The ruthenium complexes in homogenous solution
were evaluated as electrocatalysts for NADH oxidation and showed significant
catalytic currents at about 0.05 V vs. SSCE. In addition, electrocatalytic activity of
the [Ru(phendione)3]2+ complex in solution was evaluated in the presence of malate
and lactate dehydrogenase enzymes and it was confirmed that this complex works as
an effective electrocatalyst for NAD" regeneration after an enzyme turnover.' >

Other examples include osmium and ruthenium complexes with phendione
ligand(s) mixed with carbon paste electrodes (CPE), which provide stable and
reversible systems for electroxidation of NADH at low overpotential at around 0.1 V
and 0.05 vs. Ag/AgCl for the osmium and ruthenium complexes, respectively.'*''*

The modified CPEs electrodes were applied for reagentless ethanol biosensors,

where Ru and Re complexes with phendione, NADH and alcohol dehydrogenase
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were incorporated into the carbon paste and worked effectively as ethanol
biosensors.' >

The metal complexes of general structure [M(phendione)3]2+ (M= Fe, Ru, Co,
Cr, Ni) or [Ru(v-bpy).(phendione)](PFs), (v-bpy is 4-vinyl-2,2’-bipyridine ligand)
and [Re(phendione)(CO);]** were electrochemically deposited or electropolymerised
at the GC surface and worked as effective mediators for NADH oxidation at
potentials around 0 V vs. SCE."'® The highest catalytic activities during NADH
oxidation were observed for the electrodes with electrodeposited [Fe(phendione)3]2+.
This complex also exhibits the fastest kinetics, with a calculated second order rate
constant of 5.6 x 10° M™' s™', probably due to the larger number of the phendione
ligands present in comparison to the Re or Ru complexes.
Popescu et al.'** reported a more detailed study on the electrochemical behaviour of
osmium complexes with the phendione ligand adsorbed at graphite electrodes and its
electrocatalytic activity towards NADH oxidation. As a result, they confirm that the
redox process of the phendione is a two electron, two proton reaction with an
estimated rate constant for the heterogeneous electron transfer between phendione
and the electrode surface of about 20 s'. In addition, this mediator at the surface
exhibits a significant and persistent electrocatalytic activity towards NADH
oxidation with calculated values of the second order rate constant about 1.9 x 10°

M 'sh
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1.5 Enzyme Kinetics - the Michaelis Menten approximation

In 1905 Henri and Brown reported studies on reactions catalysed by enzymes in
which they suggested that the fundamentals accepted at that time for chemical
catalysis were not applicable for enzymatic reactions.”®’”'* Further work by
Michaelis and Menten gave an insight into the mechanism of enzymatic reactions.
Based on studies of conversion of sucrose catalysed by invertase or saccarase
enzymes, they found that the velocity of the enzymatic reaction is dependent on the
substrate concentration S, resembling hyperbolic curve (Figure 1.26). They
suggested a mechanism, where enzyme E and substrate S first form an intermediate
complex ES and this subsequently breaksdown, giving a product P and the free

enzyme
S+E :ﬁ‘ SE—2 5 P+E

where kj, k; and k, represent the rate constants for the individual steps. The

theoretical model proposed by Michaelis and Menten was based on the following

general assumptions:

o Formation of the ES complex is reversible and reaction between E and S
remains in equilibrium. Any effects interfering with this equilibrium are
negligible.

. Forward and backward reactions of the intermediate complex ES reaches the
equilibrium rapidly and concentration of ES remains constant on the time-scale
of the enzymatic reaction (steady-state assumption).

. The substrate S is assumed to be in a great excess over the enzyme E (S >> E),
therefore the concentration of free substrate S can be taken as an equal to its
initial concentration at every point during the reaction.

° Formation of the product P is a rate determining step (k, << k; and k, << k.;)
and its initial velocity (rate) V equals

VO=%=]<2[ES] 1.1

The total concentration of enzyme [Ey] is a sum of the concentration of free enzyme

[E] and the concentration of enzyme bounded to the substrate in [ES] complex
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[Eo]=[E]+[ES] 12

The concentration of the intermediate ES is difficult to determine experimentally,
therefore a different expression needs to be used in order to calculate values of the
initial velocity V; of the enzymatic reaction.

When, the reversible formation of ES complex stays in equilibrium, the rate of
formation of ES is equal to the rate of consumption of ES:

Velocity of the ES formation:

1.3
d[ES
v =T (e, )-fes))is
Velocity of the ES breakdown
v 4ESI_ IEs]ek [BS] L4
dr
Mathematically, this assumption means:
k, ([Eo] } [ES])[S] =k, [ES]+k2 [ES] 1.5

And leads to an expression for the concentration of the intermediate complex [ES]

E
k [S]+k, +k_,
Combining this relationship with the expression for velocity of product formation:
d(P k| E, [|S
V(): [ ]:kz[ES]: 2[ 0][]
dr k_, +k, +[s] 1.7
ki

The equation for the initial velocity of product formation is obtained, known as

Michaelis-Menten equation:

R 15
" Ky +[9] '

where V. =k, [E,] and it is the maximum velocity of the enzymatic reaction at

k_, +k,

maximum (saturated) concentration of the substrate. K,, = is a Michaelis-

1

Menten constant (units of mol 1_1) and defines a concentration of substrate at half-
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maximal rate (V, = VL;X) (Figure 1.26). In case of slow product formation, the Ky

constant reduces to the form of the dissociation constant Kp and can be used as a
rough indication of stability of the intermediate complex [ES] (Equation 1.9). When
the substrate binds weakly with the enzyme, Ky will have large values and when the
substrate binds tightly, the Ky values will decrease.

KD:KMzﬁ,ifk2<<k_1 1.9

kl

Figure 1.26 shows a typical plot of the reaction velocity V as a function of the
substrate concentration [S], resembling a hyperbolic curve. In the case when [S] <<
K, the reaction velocity increases linearly with the substrate concentration and the
Michaelis-Menten equation is reduced to the form

k
14 =K—2[ES] 1.10

M

k, . - o .
where —2- is known as a specific rate constant and used in biochemistry to compare
M

the efficiency of different enzymes. Under these conditions, the majority of the
enzyme and substrate are free and reaction is considered as bimolecular and the rate
of the reaction depends on how efficiently the enzyme can bind to substrate at that

concentration. When [S]=K)y;, the initial reaction velocity is exactly half the

maximum velocity obtained for the enzyme, V, :VL;‘. At high substrate

concentrations, [S] >> Ky, all molecules of enzyme are saturated with substrate,

therefore the rate has its maximum value and is independent on the substrate

concentration, V =V__.
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max
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Figure 1.26 Relation between reaction velocity V and the concentration of substrate defined by

Equation 1.8.

Values of Ky and k; can be determined from graphical representation of the
reciprocal forms of the Equation 1.8, yielding straight-line plots and these are often

used to obtain Ky and k,. One of them is the Lineweaver-Burke equation

1 1K, 1
= a5 T 1.11
VO [S] Vmax Vmax

where plotting 1/V as a function of 1/[S] gives a straight line with intercept equals
1 K

—— and slope —-.

A more common and statistically accurate method to calculate kinetic values of Ky

and k;, for enzymatic reactions obeying the Michaelis-Menten model is to use a non-

linear least square fitting routine to directly fit the experimental data to Equation 1.8.
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2 Functionalisation of individual GC electrodes

2.1 General

In this project, we are interested in development of new covalently modified
carbon electrodes for application in NADH-dependent biosensors. Methodology
proposed by Kilburn and Bartlett for covalent functionalisation of glassy carbon
(GC) electrodes allows the molecular architecture at the carbon surface to be built up
using electrochemical and solid-state synthesis methods (Scheme 2.1).°%°"1%°
According to their approach, the initial step of the electrode functionalisation
involves electrochemical oxidation of amines or electrochemical reduction of
diazonium salts at the electrode surface, leading to formation of a monolayer of the
linker at the GC surface. The mono-Boc protected amine group of the linker allows
for subsequent functionalisation of the GC electrodes using solid-phase synthetic
methods. This novel approach towards modification of GC electrodes was

successfully applied for introduction of a number of redox active species, including

well-known NADH mediators, such as dihydroxybenzene derivatives.*

| o
« [inker}-NHBoc —*—= —NHBoc nence — N

Scheme 2.1 General approach for sequential covalent modification of the GC electrodes developed by
Kilburn and Bartlett;57 a) electrochemical reduction of Boc protected amine diazonium salts or
oxidation of mono-Boc protected primary diamine; b) removal of the Boc protecting group; c¢) solid-

phase coupling reaction of a redox center at the GC surface.

In this project, we were interested in applying the modification method
presented in Scheme 2.1 for covalent attachment of quinone containing structures,
reported in the literature as effective mediators for NADH oxidation.”®*'” An
interesting group of such mediators contain 1,10-phenanthroline-5,6-dione
(phendione), a bidentate ligand, coordinated to transition metal ions, which is known
to catalyse NADH oxidation at low overpotential when the metal complexes are
physically adsorbed at the carbon electrode.'?”"**'** Despite strong adsorption of the

phendione at a carbon surface, there was no molecular control over the modified
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carbon surface and consequently a risk of decrease in the catalytic activity of the
adsorbed metal complex due to desorption from the electrode surface. In order to
provide molecular control over the metal complexes with phendione ligand(s) and
increase their stability at the electrode surface, the strategy of covalent attachment of
the phendione containing metal complexes was proposed (Scheme 2.2). According to
this strategy, the mono-Boc-protected amine linker was electrochemically attached at
the surface followed by coupling of a carboxylic acid-functionalised bidentate ligand

using the method optimised previously by Kilburn and Bartlett.”®~"!%

The presence
of the bidentate ligand at the GC surface allowed for formation of different metal
complexes with the phendione redox active ligand(s). In this way the metal complex
containing phendione redox active ligand(s) was covalently immobilised at the

electrode surface.

cl
o CI\M" )
Y
HO N’¥/
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Scheme 2.2 Proposed strategy of covalent immobilisation of metal complexes at the GC electrode

using electrochemical and solid-phase coupling conditions.

In this Section, the synthesis of three different octahedral ruthenium complexes
containing phendione ligand(s) will be described followed by their electrochemical
characterisation in homogenous solution and their covalent attachment to GC
electrodes according to the proposed strategy (Scheme 2.2). In order to study the
effect of geometry and size of the metal complex, immobilisation of tetrahedral
(1,10-phenanthroline-5,6-dione)zinc (II) chloride at the GC electrode was also
proposed according to the strategy depicted in Scheme 2.2.

The proposed general strategy of functionalisation of GC electrodes by metal
complexes allowed for variation between different linkers, bidentate ligands and
metal complexes. Thus, this method was used in further work to design the
combinatorial library of modified electrodes followed by HTP screening of the

library towards NADH oxidation (Section 3).
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2.2 Synthesis of ruthenium complexes with 1,10-phenanthroline-
5,6-dione chelating ligand.

Octahedral ruthenium metal complexes with different chelating ligands were
synthesised using the well know dichlorotetrakis(dimethyl sulphoxide) ruthenium
(I) precursor 1, prepared according to the literature procedure."”’ Reduction of the
hydrated ruthenium (III) chloride in neat DMSO gave octahedral complex 1 with
chloride ligands in cis positions (Scheme 2.3). The structure and geometry of
precursor 1 was difficult to determine by NMR due to the fact that the very labile
DMSO ligands exchange rapidly with deuterated solvent. A geometrical
configuration of the precursor 1 was confirmed by X-ray and clearly shows that the
chloride ligands are in cis configuration and three molecules of DMSO are
coordinated via sulfur and one is coordinated through oxygen. This is in good
agreement with the literature data, where the distortion in the structure of complex 1
was explained by the steric effect of the methyl groups in DMSO, which prevents all
of the DMSO ligands being bonded through sulfur to the ruthenium metal centre.

e
OMe> \\" ‘ 4

T ¢ \
a Cls,, «~SOMe> ™

/"Ru'\ \'K
Cl ‘ SOMe,

OSMe,
1 T r

Scheme 2.3 Preparation of the precursor 1 and its X-ray crystallographic structure (right); a) 5 min

dmso 4+ RuClznH,O

reflux in neat DM SO under nitrogen, acetone, 52 %.

The precursor 1 was used for synthesis of different octahedral ruthenium complexes
with the phendione chelating ligand 2, which was prepared according to the literature
procedure in 60 % yield (/it."*® 86 %). Firstly, two labile DMSO ligands in precursor
1 were replaced with one ligand 2 by mixing one equivalent of the precursor 1 with
one equivalent of the ligand 2 in inert solvent. Literature reported reactions between
precursor 1 and different nitrogen and phosphorous ligands were performed in

nonpolar inert solvents, such as chloroform and toluene.'* In this case, ethanol was
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chosen as the reaction solvent due to low solubility of the ligand 2 in non-polar
solvents. The reaction progress was monitored by 'H NMR at intervals of one hour.
After 14 h the reaction was completed and characteristic protons of the starting
materials 2 were not present in the 'H NMR spectrum. The product was precipitated
as a brown microcrystalline solid. Literature examples of the precursor 1 with
various nitrogen and phosphorus chelating ligands indicated that displacement of
weaker O-bonded DMSO ligand in precursor 1 presumably occurs first, followed by

displacement of a S-bonded DMSO ligand in the trans position.'?”*

The precursor 1
obtained as the cis isomer in respect to two chloride ligands led to formation of the
complex 3 also in the cis geometrical configuration, which was confirmed by NMR
analysis. The '"H NMR spectrum showed the presence of six resonance peaks in the
aromatic region, which correspond to six non-equivalent protons of the phendione
ligands in the cis position to chlorine and DMSO ligand and the other site being in
the trans position to the other monodentate ligands. In addition, three singlets

between 3.43 and 2.33 ppm, corresponding to twelve protons of methyl groups,

confirm the presence of DMSO ligands in the complex 3.

o 0
7 N\ A
= N=
2 3

Scheme 2.4 Preparation of complex 3; a) precursor 1, ethanol, reflux, 14 h, 60 %.

Literature examples of the metal complexes containing redox-active phendione
ligands were studied for their electrocatalytic activity towards NADH oxidation.

Abrufia et al.'”

reported preparation and evaluation of the electrochemical and
catalytic properties of complexes of general form [M(phendione)3]2+. Cyclic
voltammetry of these complexes in aqueous solution showed reversible
electrochemical behaviour corresponding to quinone functional groups at middle
peak potential E,, of 0.15 V vs. SSCE."” A similar result was observed by cycling a
1 mM aqueous solution of the complex 3 (Figure 2.1) in the potential range from
—0.5 to 0.3 V vs. SCE, which shows the reversible redox process of the quinone

functionality at a middle peak potential Ey,, of —=0.18 V vs. SCE. The presence of the
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peak corresponding to the Ru"/Ru™ redox couple was not observed in the chosen
potential range. According to studies by Lever'*' coordination of monodentate
ligands such as DMSO shifts the potential of the ruthenium Ru"/Ru™ redox couple to
more positive values of about 1.2 V vs. SHE in aqueous solution. In the case of
carbon electrodes this peak might overlap with the region corresponding to oxidation

of the carbon surface.
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Figure 2.1 Cyclic voltammogram of 1 mM solution of complex 3 in 0.1 M phosphate buffer solution

pH 7 at scan rate of 50 mV s~ and GC electrode geometrical surface area of 0.071 cm’.

The cis configuration of chlorine atoms in complex 3 allowed for isomerically
controlled substitution of the remaining two DMSO ligands in 3 by one molecule of
2,2’-bipyridyl chelating ligand, using reaction conditions proposed by Gritzel et
al..'"* Complex 3 was mixed with one equivalent of the 2,2’-bipyridine ligand in
DMF and the reaction mixture was heated under reflux (Scheme 2.5). DMF was
chosen as a reaction solvent in order to increase solubility of the complex 3 and the
reaction temperature in order to apply higher energy required to displace two DMSO
ligands by one more stable 2,2 -bipyridyl chelating ligand."*® Undesired cis-trans
isomerisation during complex formation was prevented by performing the reaction
under  reduced  light.  Pure  cis-(2,2°-bipyridyl)(1,10-phenanthroline-5,6-
dione)ruthenium (II) chloride complex 4 was obtained after precipitation from
methanol. The cis geometry of complex 4 was confirmed by NMR analysis. No
resonance peaks corresponding to methyl groups of the DMSO ligands were

observed, which would suggest that two remaining DMSO ligands in the complex 3
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were completely replaced by one 2,2’-bipyridyl ligand. The '"H NMR spectrum
indicated that the two chelating ligands are trans, which was indicated as fourteen

different resonance peaks in the aromatic region.

Scheme 2.5 Synthesis of the complex 4; a) 2,2’-bipyridine, DMF, reflux 4 h, reduced light, 60 %.

Complex 4 was electrochemically characterised in aqueous and non-aqueous
solutions (Figure 2.2). The cyclic voltammogram of complex 4 in phosphate buffer
solution indicates the presence of a reversible redox couple at a value of Ey,, of —0.06
V vs. SCE, which corresponds to the 2e” redox process of quinone in the phendione
ligand.127 A broad, reversible redox peak at potential of 0.35 V vs. SCE suggests the
presence of Ru"/Ru™ redox couple, which is in good agreement with the theoretical
potential values of 0.3 V vs. SHE calculated for the Ru"/Ru'™ redox center in similar
metal complexes according to Lever."*! Figure 2.2b shows the cyclic voltammogram
of the complex 4 in acetonitrile solution, which clearly indicates the presence of two
reversible redox peaks at —0.05 and —0.7 V vs. Ag/AgCl and corresponds to the one
electron, two step redox process of the phendione ligand. At a relatively positive
potential of 0.6 V vs. Ag/AgCl, one electron redox process of Ru'/Ru" was
observed. In addition, at a potential of —1.5 V vs. Ag/AgCl, a redox couple was also
observed, which might correspond to the 2,2°-bipyridyl ligand. Results of the
electrochemical screening of complex 4 in non-aqueous solution are in good
agreement with those reported by Abrufia et al. for similar bis and tris ruthenium

complexes.127
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Figure 2.2 Cyclic voltammograms of 1 mM solution of complex 4 at GC electrode (geometrical
electrode area of 0.071 cm?); a) in 0.1 M phosphate buffer solution pH 7 at scan rate of 50 mV s™'; b)

in acetonitrile with 0.1 M TBATFB at scan rate of 50 mV s™'.

Finally, precursor 1 was used for synthesis of the octahedral complex bis(1,10-
phenanthroline-5,6-dione)ruthenium (II) chloride 5. In this case, addition of two
equivalents of the ligand 2 to one equivalent of the precursor 1 in DMF was found to
be an effective method for displacement of four DMSO ligands in 1 with two
phendione chelating ligands in a single reaction step (Scheme 2.6). Complex S was
successfully prepared using the same reaction conditions as for formation of the bis
complex 4 and obtained in 33 % yield as the cis isomer with respect to the chlorine
ligands. The geometry of complex 5 was confirmed by NMR analysis. The 'H NMR
spectrum of 5 shows six resonance peaks in the aromatic region, which correspond to
six non-equivalent proton of two mutually adjacent sites of the trans phendione

ligands.

Scheme 2.6 Preparation of complex 5; a) precursor 1, DMF, reflux 4 h, 33 %.

The precipitated complex 5 shows very low solubility in aqueous and non-aqueous
solvents at room temperature, therefore electrochemical characterisation of complex

5 in either aqueous or non-aqueous solution was unsuccessful.
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2.3 Attachment of bis-(dimethyl sulphoxide)(1,10-phenanthroline-
5,6-dione) ruthenium (II) chloride complex at the GC surface.

Ruthenium complexes 3, 4 and 5 were applied in the following work for
functionalisation of GC electrodes according to the strategy proposed in Scheme 2.2
and evaluated towards NADH catalytic oxidation. The first part of this work
involved optimisation of solid-phase reaction conditions for attachment of the
complexes 3, 4 and 5 at the GC electrodes. Each GC electrode was polished on dry
silicone-carbide paper (grade 1200) directly prior to modifications, and the polishing
process was carried out in the same manner for all GC electrodes discussed below.
According to the proposed strategy for multistep sequential functionalisation of the
GC celectrodes by various metal complexes (Scheme 2.2), the first step of the
modification involved electrochemical attachment of linkers at the blank GC
electrodes by electroxidation of primary amines to create a stable N-C bond between

the electrode surface and the linker.”®>"!%

Initially, mono-Boc protected
ethylenediamine (EDA) 6 was chosen as a linker due to relatively high surface
coverage obtained for modifications with the linker 6 reported in the literature.”” The
linker 6 was covalently tethered at the blank GC electrode according to the literature
procedure, resulting in formation of a monolayer of the mono-Boc-EDA at the
electrode surface (Figure 2.3). Linker 6 was oxidised at the GC surface by cycling
the potential in the range O to 2.25 vs. SCE. During the initial cycle, a significant
oxidation peak at a potential of 1.8 V vs. Ag/AgCl was observed, corresponding to
formation of an intermediate amine radical in solution and its reaction with carbon
atoms at the GC electrode surface. Decrease of the current with following cycles
indicates that the electrode surface was blocked by the linker 6, resulting in
formation of the full monolayer of 6 at the GC surface.

It is well known that oxidation of the mono-Boc protected diamines at the GC
surface prevents formation of bridge structures, where both amine groups are
attached at the surface.”’ In addition, presence of the Boc-protected amine at the GC
surface allows for control over subsequent chemical steps carried out under solid-

phase conditions.
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Figure 2.3 Oxidation of linker 6 at the polished GC electrode with geometrical area of 0.071 cm?;
general reaction scheme and cyclic voltammogram for attachment of mono-Boc-EDA linker 6 (below)
recorded in 10 mL of 15 mM solution of 6 in acetonitrile with 0.1 M TBATFB, from 0 to 2.25 V vs.

Ag/AgCl at scan rate of 50 mV s~

The Boc protecting group was cleanly removed from the modified electrode 7
using the literature procedure,57 resulting in free primary amine groups at the
electrode surface. According to the proposed strategy (Scheme 2.2) the free amine
groups allowed for subsequent introduction of a chelating ligand at the GC surface
under solid-phase conditions for amide formation. Initial work involved
functionalisation of the GC electrodes with 2,2’-bipyridyl ligand, known to create
stable metal complexes with a large number of transition metals. In this work, the
2,2’-bipyirdine chelating ligand was functionalised with a carboxylic acid group 9 in
order to covalently immobilise the ligand at the modified electrode 7. Toy et al'®
reported preparation of the 2,2’-bipyridine chelating ligand 9 using Krohnke

synthesis of unsymmetrically functionalised 2,2’-bipyridines (Scheme 2.7).'*

o) 0] = — —
A~ s A o O e OV (o
_N [_n NN
Scheme 2.7 Synthesis of 2,2-bipyridine-5-carboxylic acid 9 according to the literature procedure

reported by Toy et al. 143; a) pyridine, iodine, 90 °C, 6 h, 55 %; b) methacrolein, NH,OAc, formamide,

80 °C, overnight, 90 %; c) potassium permanganate, H,O, HCI, 70 — 90 °C, 7 h, 55 %.

Ligand 9 was successfully obtained in three steps using this literature procedure in

60 % vyield (lit."* 80 %) and covalently immobilised at the modified electrode 8
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under solid-phase peptide coupling conditions using HBTU as a coupling reagent.
The modified electrode 10 was prepared under solid-phase reaction conditions
optimised for covalent attachment of anthraquinone-2-carboxylic acid (AQ) as

reported by Kilburn and Bartlett.”*>"'*

- (0]
a ) H b a_ﬁ
7 —_— —N\/\NH2 —_— ‘ \/\H \N/ \N/
8 10

Scheme 2.8 Removal of Boc protecting group from electrode 7 followed by solid-phase coupling of
the ligand 9; a) 4.0 M hydrochloric acid in 1,4-dioxane, 1 h, b) HBTU, DIPEA, DMF, 16 h, room

temperature.

The yield of solid-phase coupling of the ligand 9 to the electrode 8 was difficult to
determine directly by electrochemical methods. Cyclic voltammograms of the
electrode 10 performed in aqueous and nonaqueous solvents did not show redox
peaks which could correspond to the 2,2°-bipyridine ligand at the GC surface.
Efficiency of this coupling reaction was determined by performing an experiment,
where the modified electrodes 7 and 10 were both dipped in the same solution of
complex 3 and heated overnight. The resulting modified electrodes were screened by
cyclic voltammetry and showed significant presence of the quinone groups at a
potential of 0 V vs. SCE. In case of the electrode 10, a relatively high number of the
quinone groups were observed in comparison with the electrode with mono-Boc
protected EDA linker 7 (Figure 2.4). This would suggest that 2,2’-bipyridine at the
electrode 10 coordinates to the ruthenium metal ion in complex 3, resulting in
formation of a new ruthenium complex at the electrode surface. For electrode 7,
negligible amount of the complex was present at the electrode surface, which might
be rationalised by physical adsorption of this complex at the carbon surface. This
control experiment confirmed that the 2,2’-bipyridine was successfully attached at

the electrode surface and coordinated to the ruthenium metal ion.
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Figure 2.4 Cyclic voltammograms obtained after heating of electrodes 7 (red) and 10 (black) in a
solution of the complex 3 in 0.1 M phosphate buffer pH 7 at a scan rate of 50 mV s™' for electrodes

with geometrical surface area of 0.071 cm®.

The final step of functionalisation of the GC electrodes involved coordination
of the ruthenium complexes 3, 4 and S to the bipyridyl ligand present at the electrode
10. Initial experiments involved coordination of complex 3 at modified electrode 10.
Solid-phase coordination of the bipyridyl ligand to ruthenium was carried out by
dipping electrode 10 in a solution of complex 3 in DMF. In this case, DMF was
chosen as the reaction solvent due to high solubility of the complex 3 and was
reported in the literature for formation of different tris and bis ruthenium

139,140

complexes. The solid-phase reaction conditions, including temperature,

concentration of 3 solution and reaction time were optimised as shown in Scheme
2.9.

The effect of different reaction conditions on the yield of attachment of complex 3 at
the GC electrode was determined by calculating the surface coverage I'yeq Of the
redox active quinone groups present at the surface. Values of I were estimated
from the charge (Q) obtained by the integration of the area under the oxidation and

reduction peak in cyclic voltammograms according to Faraday’s law
Tinea = Q/nFAp 2.1

where n equals 2 is the number of electrons transferred, F' is the Faraday’s constant,
A is the electrode area and p is the roughness of the electrode. A roughness factor of
4 was used in all calculations as this was reported previously for GC electrodes

polished in the same manner.””’
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Firstly, attachment of complex 3 at the GC surface was performed at three different
concentrations of 3 (0.5, 0.1, 0.01 M). Calculated values of I';,.q increased with lower
concentration of complex 3 (Scheme 2.9). The effect of the reaction temperature on
values of I'eq was evaluated by performing the solid-phase coordination reaction at
three different temperatures. It was observed that coordination of the 2,2’-bipyridyl
present at electrode 10 to the ruthenium metal ion in complex 3 at room temperature
was not effective, the cyclic voltammogram of modified electrode 11 prepared at
room temperature did not show peaks corresponding to the quinone groups in 3.
Increasing the temperature of the solid-phase coordination process to 80 or 100 °C
for modified electrodes 12 and 13 induced the coordination of the 2,2’-bipyridine to
the ruthenium metal centre in 3. Reversible redox processes at 0 V vs. SCE were
observed for both and values of I'jq of 0.08 and 0.09 nmol cm™ were estimated for
12 and 13, respectively. For modified electrodes 14 and 15, where solid-phase
reactions were carried out under reflux in DMF for 4 and 16 h, cyclic
voltammograms did not show the redox peaks expected for the quinone redox
process. The high temperature of the reaction mixture might cause decomposition of
the EDA linker at the surface and prevents coordination of 3 to the surface.

From data on octahedral osmium complexes, coverage of 1 x 10 mol cm™
represents a monolayer of the osmium complex at the electrode surface.'* The value
of I'meq Obtained for modified electrode 13 is closest to the theoretical literature value
of a full monolayer of the octahedral complex. For this reason, the reaction
conditions applied during modification of electrode 13 were used in further work

involving formation of the complex A.
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O
complex 3 in DMF — —
10 : — W,
various conditions N N
(table) /
cl—Ry:
/N
Cl
complex A
1117
Electrode | Concentration Temperature Surface coverage I';;,.q
L Time / h 5
number | of complex 3/ mol L~ /°C / nmol cm™
11 0.1 R.T. 16 No quinones present
12 0.1 80 16 0.081
13 0.1 100 16 0.087
14 0.1 reflux 4 No quinones present
15 0.1 reflux 16 No quinones present
16 0.5 80 16 0.055
17 0.01 100 16 0.11

Scheme 2.9 Optimisation process of the attachment of the complex 3 at the modified electrode 10

under solid-phase reaction conditions.

Modified electrode 17, which gave the highest calculated values of I'eq, was
evaluated towards catalytic oxidation of NADH. The cyclic voltammogram (Figure
2.5) of electrode 17, recorded in presence of 1 mM NADH, showed a catalytic
anodic peak at 0 V vs. SCE. This suggests that the phendione at the surface reduced
the overpotential by approximate 0.4 V relative to oxidation of NADH at the bare
carbon electrode occurring at a potential of 0.4 V vs. SCE.”*'* Presence of NADH
peak was shifted by about 40 mV to more positive potential in comparison to the
potential of the mediator. This might be caused by slow reaction rate between

quinones at the surface and NADH in solution.””!°
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Figure 2.5 Cyclic voltammograms of modified electrode 17 in the presence (red) and absence (black)
of 1 mM NADH in 0.1 M phosphate buffer solution pH 7 at a scan rate of 50 mV s (geometrical

electrode area of 0.071 sz)_

Based on the successful preparation of the initial modified electrode 17, the
same reaction conditions were applied for covalent attachment of the complex 3 at
the GC surface through six different linkers in order to investigate the effect of the
structure and length of the linker on the catalytic activity of complex A towards
NADH oxidation.

The choice of linker was based on work reported by Bartlett et al.”’ describing
functionalisation of GC electrodes by AQ redox probe covalently attached at the
surface through linkers with various aliphatic chain lengths and structures.
Electrochemical characterisation of AQ modified electrodes clearly showed that
length and structure of the linker have an impact on surface coverage of the AQ at
GC surface and electron transfer kinetics between the AQ redox center and electrode
surface.”” To our best knowledge, the effect of different linkers on NADH
electrocatalytic activity for the electrodes modified according to the methodology
developed by Bartlett and Kilburn was not reported.

Therefore, covalent attachment of complex A through linkers with different length
and structures was proposed in order to evaluate effect of linker on electrochemical
and catalytic properties of complex A at the surface.

Based on the successful preparation of the electrode 17 modified with EDA linker,
aliphatic diamine linkers with increased chain lengths were chosen, including mono-
N-Boc-butanediamine (BDA) 18 and mono-Boc-1,6-hexanediamine (HDA) 19.
Different lengths of the linker might affect accessibility of complex A during

electrocatalytic oxidation of the bulky molecule of NADH in solution. In order to
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investigate the structure of diamine linkers, hydrophilic mono-Boc-2,2'-
(ethylenedioxy)diethylamine chain (EDDA) 20 and aromatic mono-Boc-p-
xylenediamine (XDA) 21 were selected and applied for covalent attachment of the

complex 3 according to the strategy proposed in Scheme 2.2.

linker
BocHNW o l‘ “
n £ T\/);\NHBOC
6 n=0 (EDA) 22 n=0 (EDA)
18 n=2 (BDA) 23 n=2 (BDA)
19 n=4 (HDA) 24 n=4 (HDA)
| /\/O\/\ /\/NHBOC
ocH M\O/\/o\/\ 5 H
25
20 (EDDA)
]-'_
BocHN N"L@
NHBoc
Q N
2
21 (XDA)

Scheme 2.10 Covalent attachment of linkers 6 and 18-21 at the GC electrodes; a) applied potential
from 0 to 2.25 V vs. Ag/AgCl in 15 mM solution of the linker in acetonitrile with 0.1 M TBATFB at

scan rate of 50 mV s™.

Mono-N-Boc protected diamines were electrochemically oxidised at the GC
electrode by applying potential range from 0 to 2.25 V vs. Ag/AgCl. Figure 2.6
shows an example of a cyclic voltammogram recorded for oxidation of linker 20 at
blank GC electrode. Similarly as for attachment of the linker 6, an oxidation peak at
1.8 V vs. Ag/AgCl was observed, corresponding to formation of the amine radical,
which reacts with sp” carbon atoms at GC and leads to a stable carbon-nitrogen bond
at the surface. Decrease of the oxidation current observed in the subsequent scans
suggests blocking of the surface with the linker 20, which is consistent with the result
obtained for modification of the electrode with 6 (Figure 2.3), where a full

monolayer of the EDA was obtained after three scans. The same cyclic
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voltammograms were obtained during oxidation of diamine linkers 18-21 and full

monolayer of the linker attached at GC surface was obtained after 3-5 cycles.
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Figure 2.6 Cyclic voltammogram recorded in 15 mM solution of linker 20 in acetonitrile with 0.1 M

TBATEFB at scan rate of 50 mV s™' at GC surface with geometrical area of 0.071 cm®,

The versatile methodology for functionalisation of the GC electrodes
developed by Bartlett and Kilburn also included covalent attachment of linker using
electrochemical reduction of a diazonium salt, which is well known in the literature
as an effective method for formation of stable C-C bond between organic molecules

64,65,73,74

and the carbon surface. Electrochemical reduction of 4-(N-Boc-

aminomethyl)benzene diazonium tetrabluoroborate salt allowed for covalent
immobilisation of the AQ according to the methodology developed by Bartlett and
Kilburn (Scheme 2.1).° In this project, diazonium salt linker 27 was prepared

147,148

according to literature procedures in two steps synthesis (Scheme 2.11).

NH, NHBoc NHBoc

BF

27
Scheme 2.11 Two steps synthesis of diazonium salt linker 27 perpared according to the literature
proceduresl47’148; a) (Boc),0, DCM, overnight, room temperature, 46 %; b) NaNO,, 40% solution of

HBF,, 1 h, 45 %.

Linker 27 was electrochemically reduced at the GC electrode by applying the
potential from 0.6 to —1 V vs. Ag/AgCl in non-aqueous solvent. Scheme 2.12 shows
example of the cyclic voltammogram recorded for electrochemical reduction of the
linker 27 where the broad, irreversible reduction peak occurring at a potential of —0.5

V corresponds to formation of the aromatic radical and formation of stable carbon-
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carbon bond with sp® atoms at the GC. Subsequent cycling in the same solution
showed disappearance of the cathodic wave and this corresponds to fully blocked
surface by the organic layer. It is believed that presence of the bulky Boc-protecting
group in the C-4 position of the linker 21 prevents formation of multilayers of the

aromatic rings at the electrode surface.®>*”
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Scheme 2.12 Attachment of linker 27 at the GC electrode; general scheme and cyclic voltammogram
of the electrochemical reduction of 15 mM solution of 27 in acetonitrile with 0.1 M TBATFB at scan

rate of 50 mV s at GC electrode with geometrical electrode area of 0.071 cm”.

The presence of the protected amine functional groups at the modified electrodes 21-
26 allowed for following functionalisation of these electrodes under solid-phase
conditions according to the strategy proposed in Scheme 2.2 in order to covalently
immobilise complex 3 at the GC electrodes. Three subsequent solid-phase synthetic
steps, involving removal of the Boc protecting group, coupling of ligand 9 and
formation of complex A at the electrode surface, were carried out under the same
reaction conditions as for preparation of electrode 17 (Scheme 2.13). Each of the
electrodes 22-26 and 28 were functionalised individually in separate reaction vessels
to give electrodes 17 and 35-39, modified with six different linkers, ligand 9 and

complex A.
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complex A
29 (EDA) 17 (EDA)
30 (BDA) 35 (BDA)
31 (HDA) 36 (HDA)
32 (EDDA) 37 (EDDA)
33 (XDA) 38 (XDA)
34 (BA) 39 (BA)

Scheme 2.13 Solid-phase modifications of the electrodes 22-26 and 28; a) 4.0 M hydrochloric acid in
1,4-dioxane, b) ligand 9, DMF, HBTU, DIEA, room temperature, 16 h, ¢) complex 3, DMF, 100 °C,

16 h.

The modified electrodes 17 and 35-39 were individually characterised using
cyclic voltammetry in phosphate buffer solution pH 7. Firstly, each modified
electrode was cycled over potential range —0.2 to 0.15 V vs. SCE (Figure 2.7). A two
electron, reversible redox process was observed for all electrodes modified with the
different linkers. Minor changes were observed for the redox midpeak potentials
(Emp) between electrodes 17 and 35-39 with an average values of =50 mV vs. SCE.
Thus, the type of linker does not have a significant effect on thermodynamics for the
redox process of complex A at the electrode surface. Similarly, only minor changes
were observed in peak potential separation (AE,) between modifications 17 and 35-
39 with an average value of 40 mV vs. SCE between different linkers at scan rate of
50 mV s™. This would suggest that the type of linker does not affect the kinetics of

electron transfer between the GC surface and complex A.
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Figure 2.7 Examples of cyclic voltammograms of the modified electrodes 17 and 35-39 in the
presence (red) and absence (black) of 1 mM NADH in 0.1 M phosphate buffer solution pH 7 at scan

rate of 50 mV s (geometrical electrode area of 0.071 cmd).

The efficiency of formation of complex A attached through different types of
linkers was compared by calculations of surface coverages, I'neq, Of the phendione
using Equation 2.1. Figure 2.8 shows a summary of the values of I'yeq calculated for
electrodes 17 and 35-39. For aliphatic diamine linkers, values of I'yeq tend to
decrease with increasing length of the aliphatic chain, with the highest coverage
obtained for EDA and BDA linkers. Relatively low values of I'yeq were found for
electrodes modified with long HDA and EDDA linkers. This might be rationalised
by the fact that the long aliphatic chain in the diamine linker might cause a
conformational disorder within the chains and hinder the access of the free amine
group to the carbon surface and prevent the amine from being covalently attached to
the GC surface.'® This might result in lower coverage in the subsequent steps of
solid-phase coupling of 9 and coordination of complex 3. In addition, relatively low
values of I',.q were obtained for the aromatic diamine linkers XDA and BA. The
lowest value of coverage was observed for the complex A attached at the surface
through the benzylamine linker (BA). The rigid structure of the aromatic ring directly
attached at the GC might limit access of the 2,2-bipyridine to bulky complex A,

resulting in low coverage of complex A.
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Figure 2.8 Values of I',.4 calculated for modified electrodes 17 and 35-39; Each bar represents mean
values of I',q calculated according to Equation 2.1. Each bar represents mean value of I'y,q and

standard error of the mean of three replicate modified electrodes.

Modified electrodes 17 and 35-39 were evaluated one by one towards NADH
catalytic activity by cycling the electrodes in 1 mM NADH solution at pH 7. In the
presence of NADH, all of electrodes 17 and 35-39 show a catalytic anodic peak at 0
V vs. SCE, which is consistent with result obtained for initial experiments at
electrode 17. Values of i.,; were measured as a difference between the current with
NADH and the current without NADH at potential of 0.15 V vs. SCE, where all of
the mediator is in its oxidised form and allowed for measurement of the catalytic
current generated only by NADH.

In general, significant values of i, were recorded for modifications with
diamine linkers and they are comparable with values of i.,; found for modification
with XDA and EDDA. The lowest value of i.,, was recorded for the modification
with BA, which might limit access of the phendione mediators at the electrode
surface to the bulky NADH molecule in the solution. The values of i., recorded for
the electrode 17 and 35-39 strongly depends on surface coverage of the phendione.
In order to calculate efficiency between the modifications 17 and 35-39, normalised
catalytic currents i,,m Were calculated according to equation

i

cat

inorm S —— 2'2
[NADH]|T,

where [NADH] is the concentration of the NADH in solution, I'eq i1s the surface

coverage and i, is the catalytic current. As significant value of i, Was obtained for
the electrodes 36 and 37 with long HDA and EDDA linkers, which might enhance
60



Functionalisation of individual GC electrodes

access of the phendione to the folded, bulky molecule of the NADH in solution. In
addition, the hydrophilic character of the EDDA linker might enable better
interactions of the anionic NADH molecule and surface of the modified electrode 37.
Significant catalytic efficiency was also observed for the electrode with XDA linker,
which would indicate that the aromatic structure of this linker increases catalytic

efficiency of electrode 38 during NADH oxidation.
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Figure 2.9 a) Catalytic current i, for modified electrodes 17 and 35-39 recorded in | mM NADH
solution in 0.1 M phosphate buffer pH 7 at scan rate of 50 mV s; b) Normalised catalytic currents
inorm for the modified electrodes 17 and 35-39 calculated according to Equation 2.2; Each bar

represents mean values of i, (a) or i,om (b) calculated for a single modified electrode.

In summary, complex 3 was successfully attached at GC through six different
linkers according to the proposed strategy, involving electrochemical and solid-phase
methodology. All of the modified electrodes showed the presence of the quinone
groups, which confirmed formation of the complex A at the electrode surface. A
series of the electrodes modified with the complex A attached at the surface through
six different linkers showed that length and structure of the linker have an effect on
the surface coverage of the complex A and its catalytic activity towards NADH

oxidation.
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2.4 Attachment of (2,2’-bipyridine)(1,10-phenanthroline-5,6-dione)
ruthenium (II) chloride complex at the GC surface.

In order to investigate the effect of different ligands coordinated to the
ruthenium metal centre on the NADH catalytic activity of the phendione ligand,
complex 4 was covalently attached at the electrode surface according to the strategy
proposed in Scheme 2.2. This strategy involved three steps electrochemical and
solid-phase synthesis and was successfully applied for modification of the GC
electrodes with complex 3 (Section 2.1). Firstly, electrode 10 bearing the EDA linker
and ligand 9 was prepared under reaction conditions reported in Section 2.3. The
presence of 2,2°-bipyridine ligand at the electrode surface enabled formation of the
stable, tris ruthenium complex B at the GC by coordination of the 2,2’-bipyridine to
the ruthenium metal centre in complex 4 (Scheme 2.14).

Reaction conditions for the final step involving solid-phase formation of complex B
on the surface were optimised. Literature reported formation of fris ruthenium
complexes, where two chloride ligands are displaced by one chelating ligand, were
performed under reflux in order to force exchange of the chloride ligands by one
molecule of 2,2’-bipyridine.'** Solid-phase coordination at electrode 10 was carried
out in 0.01 M solution of 4, based on results obtained for optimisation of reaction
conditions for attachment of 3 (Section 2.3). The formation of complex B at
electrode 10 was initially performed by dissolving complex 4 in a mixture of
methanol and water (1 : 1) and heating under reflux overnight.'** Electrochemical
characterisation of electrode 39 indicated that complex B was formed at the GC
surface with relatively low coverage of 0.5 %10 mol em? in comparison with the
theoretical coverage of 1 x 107'° mol cm™ reported for related octahedral osmium
complexes.'*’ Formation of complex B in dry DMF solvent for the same reaction
time and maintaining reaction temperature at 100 °C gave a coverage of 0.072 mol
cm™ for modified electrode 40. This might suggests that presence of water in the

reaction decreases the yield for the attachment of complex B at electrode 10.
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10 0.01 M solution of complex 4,

100°C, 16 h
various solvents (table)

complex B

Electrode ,
Solvent Temperature/ °C Surface coverage I';,.q / nmol cm™
number
40 methanol/water (1 :1) Reflux 0.055
41 dry DMF 100 0.072

Scheme 2.14 Optimisation process of the synthesis of complex B at modified electrode 10.

Modified electrode 41 was evaluated for electrocatalytic activity by screening in 1
mM aqueous solution of NADH. The cyclic voltammetry of electrode 41 in the
presence of NADH clearly shows a catalytic anodic process at 0 V vs. SCE, which is
in good agreement with the potential obtained for complex A and suggests

electrocatalysis occurring during NADH oxidation (Figure 2.10).

i/ uA

= electrode 41
= electrode 41 with 1 mM NADH

0.2 -0.1 0.0 01 0.2
Evs.SCE/V

Figure 2.10 Example of cyclic voltammograms of modified electrode 41 recorded in the presence
(red) and absence (black) of 1| mM NADH solution in 0.1 M phosphate buffer pH 7 at a scan rate of

50 mV s and geometrical electrode area of 0.071 cm’.

In order to investigate the effect of different linkers at the surface coverage and
NADH catalytic activity of complex B, complex 4 was coordinated at modified
electrodes 29-34 under solid-phase conditions as optimised for modified electrode
41. Choice of the linker and functionalisation of the GC electrodes with these linkers
was described in detail in Section 2.3. The final step of coordination of complex 4 at

electrodes 29-34 was carried out under reaction conditions as optimised for electrode
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40 (Scheme 2.15). Each electrode was prepared in individual reaction vessels and

characterised one by one using cyclic voltammetry.

electrodes _»a

29 (EDA)

30 (BDA)

31 (HDA)

32 (EDDA)

33 (XDA)

34 (BA)
complex B
41 (EDA)
42 (BDA)
43 (HDA)
44 (EDDA)
45 (XDA)
46 (BA)

Scheme 2.15 Attachment of complex 4 at electrodes 29-34 functionalised by six different linkers;
Each modified electrode 41-46 was prepared individually under the same solid-phase reaction

conditions a) 0.01 M of complex 4 in dry DMF, 100 °C, 16 h.

Firstly, electrodes 41-46 were electrochemically screened in phosphate buffer over
potential range —0.2 to 0.2 V vs. SCE and reversible, two electrons redox process
was observed for all of the modified electrodes (Figure 2.11), which confirms
presence of immobilised phendione containing complex B at the electrode surface.
Minor changes in values of E,, were observed for modifications with complex B
attached at the surface through six different linkers with calculated average value of
Enp =65 mV vs. SCE. This result is consistent with E, calculated for series of
modified electrodes with complex A, where minor differences in the middle peak
potential between modifications 41-46 would suggest that changes in structure and
length of the linker does not affect thermodynamics of electron transfer between
complex B containing phendione and electrode surface. In addition, similar values of
E., obtained between series of modified electrodes A and B would indicate that
presence of different ligands, chloride in complex A and 2,2’-bipyridyl in complex
B, does not appear to have a significant effect on the thermodynamics of redox
process of the phendione redox centre.

In order to compare effect of different linkers on kinetics of electron transfer between
electrode surface and complex B, potential peaks separation AE, were calculated for
electrodes 41-46. Similarly as for series of electrodes with complex A, minor
differences in AE, were observed between 41-46. This clearly suggests, that length

and structure of linker does not affect the kinetics of electron transfer for complex B
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attached at the surface through six different linkers. In comparison with series of
modified electrodes with complex A, the presence of 2,2’-bipyridine in complex B
decreases the kinetics of electron transfer with an average value of AE, of 50 mV for

electrodes 41-46.
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Figure 2.11 Examples of cyclic voltammograms recorded for the electrodes 40-45 modified with
complex B attached at the GC surface through six different linkers in presence (red) and absence
(black) of 1 mM NADH solution in 0.1 M phosphate buffer pH 7 at a scan rate of 50 mV s and

geometrical electrode area of 0.071 cm’.

The efficiency of the formation of complex B attached at the surface through
different linkers was compared by calculation of the surface coverage I'neq according
to Equation 2.1. In general, values of I,eq calculated for electrodes 41-46 are
relatively low in comparison with the coverage obtained for modifications with
complex A. This might be rationalised by the displacement of two chloride ligands
by bulky 2,2’-bipyridine ligand in complex B, causing steric hindrace and decreasing
the amount of complex 4 coordinated to 2,2’-bipyridine at electrode 10. The effect of
the type of linkage on values of I,q for electrodes modified with complex B was in
good agreement with coverages calculated for the series of modified electrodes A
(Section 2.3). For short aliphatic linkers EDA and BDA, values of [,q are relatively

high in comparison with the coverages obtained for longer HDA and EDDA linkers

65



Functionalisation of individual GC electrodes

(Figure 2.12). Relatively low values of I',.q were observed for modifications with the

aromatic linkers XDA and BA.
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Figure 2.12 Values of surface coverage I';,.q of complex B calculated for modified electrodes 41-46
based on experimental data obtained from the cyclic voltammograms depicted in Figure 2.11. Each
bar represents mean values of I',.4 calculated according to Equation 2.1. Each bar represents value of

I',q Obtained for a single modified electrode.

Each of the modified electrodes 41-46 was evaluated towards electrocatalytic activity
for NADH oxidation by cycling the electrodes one by one in 1 mM NADH solution.
For all electrodes 41-46 a catalytic anodic peak was observed at 0 V vs. SCE. Values
of catalytic currents i, measured at 0.15 V vs. SCE were compared between
electrodes 41-46 (Figure 2.13a). Significant values of i.,; were observed for the short
aliphatic EDA and BDA linkers and decrease with increasing length of the linkers as
was observed for modifications 43 and 44. There was minor difference in catalytic
currents recorded for the two aromatic linkers XDA and BA.

The catalytic efficiency of electrodes 41-46 was evaluated by calculation of the
normalised catalytic currents i,,m as shown for the series of modified electrodes A,
which was calculated according to Equation  2.2. Significant catalytic efficiency
was obtained for the electrode with complex B attached at the surface through the
long EDDA linker, which would suggest that the long polyethoxy linker provides
better accessibility of the phendione ligands at the surface to bulky molecules of the
NADH in solution (Figure 2.13b). In contrast, relatively low values of iyom were
calculated for electrode 46, modified with the BA linker, where the rigid structure of
the linker might limit access of the quinone redox group to active site of the folded,

bulky molecule of NADH in solution. Despite relatively low coverages obtained for
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modified electrodes 41-46, values of in,m oObtained for complex B are significantly
higher in comparison to values of iym calculated for the series of modified
electrodes with complex A. This suggests that the presence of the chelating ligand in

the complex B increases the catalytic activity of the modified electrodes towards

NADH oxidation.
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Figure 2.13 a) Catalytic currents i, recorded for modified electrodes 41-46 in the presence of 1 mM
NADH in 0.1 M phosphate buffer solution pH 7 at a scan rate of 50 mV s'; b) Normalised catalytic
currents inorm calculated for electrodes 41-46 according to Equation 2.2. Each bar represents values

of icy (2) Or iy (b) obtained for single modified electrode.
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2.5 Attachment of bis-(1,10-phenanthroline-5,6-dione), ruthenium
(IT) chloride complex at GC surface.

Based on the successful preparation of the series of electrodes modified with
complexes A and B, complex § bearing two phendione redox active ligands was also
immobilised at the GC surface according to the strategy proposed in Scheme 2.2.
Firstly, modified electrode 10 was prepared by electrochemical attachment of EDA
linker following by coupling of ligand 9 under solid-phase peptide coupling
conditions (Scheme 2.8).

During the final step, the two chloride ligands in complex § were replaced by the
2,2’-bipyridine at electrode 10 and the novel tris ruthenium complex C was formed
at the GC. Reaction conditions optimised for preparation of the similar tris complex
B were also applied for formation of complex C (Scheme 2.15), bearing two
phendione redox active ligands. The cyclic voltammogram in Figure 2.14 clearly
shows the presence of a reversible redox process at Ey, of 57 mV vs. SCE,
corresponding to oxidation/reduction of the phendione redox centre. The coverage,
I'ned, of complex C at electrode 47 was calculated using Equation 2.1. The calculated
value of I'jeq of 0.059 nmol cm™ (for n = 4) for electrode 46 is in good agreement
with the coverage obtained for electrode 41, modified with EDA linker and tris
complex B. The cyclic voltammetry of electrode 47 in 1 mM NADH solution shows
significant catalytic current at 0 V vs. SCE. This suggests that the phendione in
complex C acts as an effective mediator towards NADH oxidation and decreases the
overpotential of the oxidation of NADH by about 0.4 V, which is in good agreement
with results obtained for complexes A and B. The catalytic current, iy, recorded at
0.15 V vs. SCE is significantly higher than the current obtained for electrode 40
modified with complex B. This would suggest that the increased number of redox

active phendione ligands enhances the catalytic activity towards NADH oxidation.

69



Functionalisation of individual GC electrodes

(e} _ _ —|2+
10 — - H/\HNM 2cr

complex B o p

i/ uA

electrode 47
electrode 47 in 1 mM NADH

0.2 -0.1 0.0 01 0.2
E vs. SCE/V

Figure 2.14 Attachment of complex 5 at electrode 10; a) 0.01 M of complex 5 in dry DMF, 100 °C,
16 h; Cyclic voltammograms of electrode 47 recorded in the presence (red) and absence (black) of 1
mM NADH solution in 0.1 M phosphate buffer pH 7 at a scan rate of 50 mV s and geometrical

electrode area of 0.071 cm?.

Successful formation of complex C at GC was followed by preparation of a
series of electrodes modified with six different linkers as described for the series of
electrodes with complexes A and B (Scheme 2.16). Each of modified electrodes 47-
52 was prepared in an individual reaction vessel under the same solid-phase reaction

conditions and characterised, one by one, using cyclic voltammetry.
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Scheme 2.16 Attachment of complex 5 at electrodes 29-34; Each modified electrode 47-52 was

prepared individually under the same solid-phase conditions a) 0.01 M of complex S5 in dry DMF,

100 °C, 16 h.

Figure 2.15 shows cyclic voltammograms for electrodes 47-52 cycled over the
potential range —0.2 to 0.2 V vs. SCE. The quinone redox peak was observed at an
average value of Ey, of 50 mV vs. SCE for all of the electrodes. Similarly as for
complexes A and B, the type of linkage does not affect the values of Ey, for the
phendione coordinated to the ruthenium metal centre. An average value of peak
separation AE, of 50 mV measured at a scan rate of 50 mV s was obtained for
electrodes modified with the different linkers. This result is in good agreement with
the peak separations obtained for the series of complexes A and B, which would
suggest that the additional phendione ligand in complex C does not have an impact

on the kinetics of electron transfer between the electrode surface and complex C.
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Figure 2.15 Cyclic voltammograms recorded for electrodes 47-52 modified with complex C attached
at GC surface through six different linkers in the presence (red) and absence (black) of | mM NADH
solution in 0.1 M phosphate buffer pH 7 at a scan rate of 50 mV s and geometrical electrode area of

0.071 cm’.

The cyclic voltammograms obtained for electrodes 47-52 in phosphate buffer
solution allowed for evaluation of the coverage of complex C and evaluation of the
effect of the type of linkage on values of [',.q. Figure 2.16 presents values of [',eq for
complex C attached at GC through different linkers and clearly shows that significant
coverage was obtained for the short aliphatic linkers EDA and BDA. Decrease of
I'mea Was observed for linkers with longer chains EDDA and HDA, which is
consistent with values of I'yq obtained for electrodes modified with complexes A
and B. Relatively low coverage was obtained for modification 52, where the rigid
structure of the BA linker might decrease number of 2,2’-bipyridine ligands

accessible to coordinate to the rather bulky complex 5.
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Figure 2.16 Values of surface coverage I';.q of complex C calculated for modified electrodes 47-52
based on experimental data obtained from cyclic voltammograms presented in Figure 2.15. Each bar
represents mean values of I',.4 calculated according to Equation 2.1. Each bar represents value of I';,eq

obtained for a single modified electrode.

Electrodes 47-52 were evaluated towards NADH catalytic activity by cycling each of
the modified electrodes in 1 mM NADH solution (Figure 2.15). Figure 2.17a
presents a summary of the catalytic currents, i., recorded at 0.15 V vs. SCE for
modifications with six different linkers. Significant values of i.,; were observed for
electrodes bearing the aliphatic EDA linker and the aromatic linker XDA. However,
relatively low value of i, was found for modification with the BDA linker, which
was not observed for complexes A and B modified with this linker. Low value of iy
was observed for modification 52, where the rigid BA linker might decrease access
of the two phendione ligands in complex C to folded, bulky molecule of NADH in
solution.

In order to compare the catalytic efficiency between electrodes 47-52, normalised
catalytic currents, iyom, were calculated using Equation 2.2. High values of iyom were
obtained for linkers with aliphatic chains such as EDA or EDDA, which suggests
that more flexible linkers would increase access of complex C to the bulky NADH
molecules in solution (Figure 2.17a). However, calculated i,om for modification with
the BDA linker gave relatively low values of i,,m in comparison to other linkers.
Similarly as shown for complexes A and B, the rigid BA linker decreases the
electrocatalytic efficiency of complex C at the surface due to steric hindrance of the
bulky complex C, resulting in limited access of the phendione ligands to NADH

molecules in a solution.
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Figure 2.17 a) Catalytic currents icat recorded for modified electrodes 47-52 in the presence of 1 mM
NADH in 0.1 M phosphate buffer solution pH 7 at a scan rate of 50 mV s™'; b) Normalised catalytic
currents inorm calculated for electrodes 47-52 according to Equation 2.2. Each bar represents values

of icy (@) Or iyom (b) obtained for single modified electrode.
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2.6 Covalent modification of GC electrodes by (1,10-
phenanthroline-5,6-dione)zinc (IT) chloride complex.

Successful attachment of ruthenium complexes 3, 4 and S and their catalytic
activity towards NADH oxidation at the functionalised GC electrode showed that the
design of carbon electrodes proposed in Scheme 2.2 can be applied for introduction
of different ruthenium metal complexes containing the phendione redox ligand. The
presence of three different ruthenium complexes A, B and C attached at the surface
through six different linkers allowed for studies of different octahedral metal
complexes and different linkers on the catalytic activity of the phendione ligand(s)
towards NADH oxidation.

In order to study the effect of the geometry of complex and different transition metal
on surface coverage and NADH catalytic activity, synthesis of tetrahedral zinc
complex with the phendione ligand at the electrode was proposed using the strategy
shown in Scheme 2.2. Firstly, the tetrahedral (1,10-phenanthroline-5,6-dione)zinc
(IT) chloride complex 53 was prepared according to literature procedure reported by
Boghaei e al. and obtained in 60 % vyield (lit."® 85 %). The structure of 53 was
confirmed by NMR analysis and compared with literature data. '"H NMR spectrum
showed three resonance peaks in the aromatic region, which corresponds to three
equivalent protons in the phendione. NMR data obtained for 53 are in good
agreement with experimental data reported in the literature.

Complex 53 was covalently tethered at electrode 10 by replacing two chlorine
ligands by one bipyridyl at electrode 10 to form the new, tetrahedral zinc comp(0Olex
D (Figure 2.18). Initially, the literature procedure for synthesis of (2,2°-
bipyridine)(1,10-phenanthroline-5,6-dione)zinc (II) hexafluorophosphate complex
was applied for formation of complex D at the surface.””® According to this
procedure, silver nitrate salt was added to solution of complex 53 in order to
exchange two chlorine ligands for nitrate groups to increase solubility of 53 in non-
aqueous solvents. Electrode 10 was dipped in a solution of complex 54, where the
labile nitrate ligands were exchanged by more stable 2,2’-bipyridine to give electrode
55. Cyclic voltammetry of the modified electrode 53 shows quinone reversible peaks
at Epp, of =70 mV vs. SCE and highly irreversible peaks at a potential of 0.4 V vs.

SCE, which decreased after subsequent cycling in the same solution. The irreversible
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peak might correspond to trace amounts of insoluble silver chloride in solution of 54,
formed as a byproduct of the ion exchange. Despite filtration of the reaction mixture
before dipping electrode 10, a trace amount of silver chloride might be present in
solution of 54 and adsorbed at electrode 10 and might affect catalytic activity of the
phendione towards NADH oxidation.
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Figure 2.18 Preparation of electrode 55 under solid-phase reaction conditions based on the literature
procedure; a) silver nitrate, acetonitrile, complex 53, 16 h, 50 °C b) 0.01M complex 54 in acetonitrile,

50 °C, 16 h; Cyclic voltammogram of electrode 55 in phosphate buffer solution pH 7 at a scan rate of

50 mV s and geometrical electrode area of 0.071 cm’.

In order to eliminate the irreversible peak, possibly caused by adsorption of silver
chloride, conditions for solid-phase formation of complex D were optimised by
performing a series of individual solid-phase reactions at electrode 10 with complex
S at various temperature and reaction times (Figure 2.19). Due to the low solubility
of complex S5 in acetonitrile, dry DMF was chosen as the reaction solvent. Formation
of complex D at the electrode was carried out in 0.01 M solution of 5, which is the
optimum solution concentration as reported for attachment of ruthenium complexes

at GC surface (Section 2.3).
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In order to optimise the reaction time, individual reaction vessels were prepared
containing two electrodes 10 dipped in solution of 5 and heated at 50 °C varying
reaction times between 30 minutes to 16 hours. Each of the modified electrodes was
characterised by cyclic voltammetry and the surface coverage, I',.q, Was calculated
using Equation 2.1. It was observed that values of I';,q increased with reaction time
and significant coverage of 0.18 nmol cm™ was observed for two electrodes with
reaction time of 16 h. An approximate theoretical value for monolayer coverage of
0.2 nmol cm™ for complex D was calculated based upon the geometrical area of the
electrode and the size of the zinc complex D.

In order to optimise the reaction temperature for formation of complex D at the
electrode surface, reactions for attachment of complex 52 at electrode 10 were
carried out at three different temperatures. Electrodes modified at various
temperatures were also characterised by cyclic voltammetry and values of I'yeq for
each electrode were calculated. It was observed that relatively high coverage close to
the theoretical value for a monolayer of complex D was obtained for electrodes
modified at 50 and 80 °C in comparison to modification carried out at room
temperature (Figure 2.19b). A temperature of 50 °C was chosen for following
experiments due to the fact that the stability of the GC modified electrodes decreases
with temperature as was observed during optimisation of reaction conditions for

attachment of ruthenium complexes (Section 2.3).

77



solution of complex 53

in dry DMF
electrode 10 y
various conditions
0.20 4 [ Jcomplex D
a) _
0.18 1
0.16
o 0.144
IS
S 0.12 —  —
Ke)
£ 0.10
@
© 0.08+
T 0.06
3
£
" 0.04
0.02 -
000 T T T T T T T
30min  1h 2h 4h 6h 8h 12h 16h

reaction time / h

i
(&}
5
£

@
o
—

\é 0.06
~

0.20
0.18—-
0.16—.
0.14—.
0.12—-
0.10—-

0.08

0.04
0.02

0.00

Functionalisation of individual GC electrodes

complex D

[ Jcomplex D

20

30

40 50 60
temperatute / °C

70

80

Figure 2.19 Optimisation process of formation of complex D at electrode 10 in 0.01 M solution of 53

in DMF a various reaction time and reaction temperatures; a) Values of I';,.q for complex D created at

reaction times varying from 30 minutes to 16 h; b) Values of I',,.4 for complex D created at different

reaction temperatures for 16 h.

Optimised reaction conditions were applied for attachment of complex 52 at

electrodes modified with six different linkers (Scheme 2.17) as described for

ruthenium complexes A, B and C. Each of electrodes 56-61 was prepared

individually and characterised one by one using cyclic voltammetry.
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Scheme 2.17 Attachment of complex 53 at electrodes 29-34, functionalised by six different linkers;
Each modified electrode 56-61 was prepared individually under the same solid-phase reaction

conditions a) 0.01 M of complex 51 in dry DMF, 50 °C, 16 h.

Cyclic voltammograms of electrodes 56-61 show the presence of reversible
peaks in aqueous solution at an average value of Ey, of 90 mV vs. SCE (Figure
2.20). It was observed that value of E,, for the zinc complex was lower than for the
ruthenium complexes A-C by approximate 30 mV, which clearly indicates that the
metal centre ion has an effect on the thermodynamics for the phendione ligand(s)
redox process. Similarly as for modifications with ruthenium complexes attached at
the surface through different linkers, minor differences were observed in the values
of Enp between electrodes 55-60. This result suggests that the length and structure of
linker does not affect the thermodynamics of redox reaction between complex D and
the electrode. Based on potential peak separation AE,, the kinetics of electron
transfer are slower for zinc complex D than for ruthenium complexes an average
value of AE, of 85 mV at a scan rate of 50 mV s was calculated for electrodes 56-
61 and minor differences were observed between complex D attached at the surface

through the six different linkers.
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Figure 2.20 Cyclic voltammograms recorded for electrodes 56-61 modified with complex D attached
at the GC surface through six different linkers in presence (red) and absence (black) of 1 mM NADH
solution in 0.1 M phosphate buffer pH 7 at a scan rate of 50 mV s and geometrical electrode area of

0.071 cm’.

In order to compare the efficiency of attachment of complex D through different
linkers, surface coverages for electrodes 56-61 were calculated using Equation 2.1.
In general, the surface coverage obtained for the series of modified electrodes with
the tetrahedral zinc complex D is higher than for electrodes modified with the more
bulky octahedral ruthenium complexes (Figure 2.21). Relatively high values of ['jeq
were obtained for electrodes modified with the short aliphatic linkers EDA and BDA,
which is in good agreement with the coverages obtained for ruthenium complexes for
these linkers. The lowest values of I',,.q were obtained for the modification with the
rigid benzylamine linker BA. Similar effects of the linkers on the values of I'y,.q were

observed for electrodes modified by the different ruthenium complexes.

80



Functionalisation of individual GC electrodes

[ Jcomplex D
0.124 —
0.10 4
o
IS N
O 0.084
©
IS
o 0.06-
(=}
™ 0.04
3
13
I~
0.02 4
0.00 T J

T T T T T T T T T
EDA BDA HDA XDA  EDDA BA
linker

Figure 2.21 Values of surface coverage I';,.q of complex D calculated for modified electrodes 56-61
based on experimental data obtained from the cyclic voltammograms in Figure 2.15. Each bar

represents value of I';,.4 calculated according to Equation 2.2 for a single modified electrode.

Electrodes 56-61 were also individually evaluated towards NADH catalytic
activity in 1 mM NADH aqueous solution. It was found that phendione coordinated
to zinc metal ion catalyses oxidation of NADH at 0 V vs. SCE, which is in good
agreement with the results obtained for the ruthenium complexes. This result
indicates that the different metal centre and different geometry of complex does not
have an effect on the potential for catalysis of NADH oxidation. Catalytic currents,
icar, Tecorded at 0.15 V for electrodes 56-61 show minor differences in values of iy
between electrodes modified with diamine linkers. Relatively low values of i., were
recorded for electrode 61 attached through the benzylamine linker BA, which is
consistent with the low values of i., obtained for ruthenium complexes attached at
the surface through the rigid BA linker.

Further analysis involved calculations of normalised catalytic currents, inom, USing
Equation 2.2 to investigate the catalytic efficiency of electrodes 56-61 (Figure
2.22b). A significant value of i,om Was obtained for modification with p-xylene
diamine linker XDA and a relatively low value of i,.m Was obtained for the rigid
benzylamine linker BA. In general, the calculated values of i,om for modifications
with zinc complex D are relatively low in comparison with values of i,m Obtained
for modifications with the three ruthenium complexes A, B and C (Sections 2.3, 2.4

and 2.5).
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Figure 2.22 a) Catalytic currents i, recorded for modified electrodes 56-61 in the presence of 1 mM

NADH in 0.1 M phosphate buffer solution pH 7 at a scan rate of 50 mV s™'; b) Normalised catalytic

currents iy, calculated for electrodes 56-61 according to Equation 2.2. Each bar represents values of

icat (@) OF iy (b) Obtained for single modified electrode.
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2.7 XPS analysis of the GC electrodes modified with ruthenium
and zinc complexes.

The presence of complexes A, B C and D at the modified GC electrodes was
confirmed by X-ray photoelectron spectroscopy (XPS), which allowed for qualitative
and approximate quantitative determination of elements present at the GC surface
functionalised with ruthenium and zinc metal complexes. XPS method is based on
irradiation of atoms present in a solid sample with source of monochromatic soft X-
rays, with a photon energy range of 200-2000 eV, leading to ionisation and emission
of core shell electrons. These photons have limited penetrating power in a solid on
the order of 1-10 um.ls ' The emitted electrons have measured kinetic energy Exinet,

calculated using the photo-effect equation:

=hv-E,, 2.3

E

kinet

where Eping 1s the binding energy of the atomic orbital, from which the electron
originates and hv is the quantum energy of the photon emitted to the surface. In
practice, the instrument measures values of Eyj, at known hv and this allows
calculation of values of Ey,g, wWhich is sensitive characteristic of chemical bonds
present in the sample and is related to the energy of ionisation. Each element has a
range of electronic states which are open to excitation by x-rays, resulting in each
element having characteristic values of Eping associated with electrons being ejected
from various orbital levels. The photoelectron spectrum is presented as a plot of
binding energy versus number of detected electrons per energy interval. Relative
intensities of the peaks correspond to energy released during ejection of electrons
from core orbital levels, which are characteristic for different atoms and type of a
bonding. This allows for quantitative evaluation of the sample composition and
character of bonding in compounds present at the solid surface.

In this work, XPS analysis was applied for determination of GC electrodes
covalently modified with ruthenium and zinc metal complexes according to the
strategy proposed in Scheme 2.2. Modifications of GC electrodes with ruthenium and
zinc complexes attached at the surface were reproduced at GC sheets using the same

electrochemical and solid-phase synthesis methods. Figure 2.23 shows three XPS
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photoelectron spectra recorded for a blank GC surface and GC sheets modified with
ruthenium and zinc complexes and EDA linker. In all cases, broad peak at about 280
eV was observed, corresponding to electrons ejected from C 1s orbital level. High
intensity of this peak represents a large number of electrons ejected from sp” carbon
atoms of the aromatic structures on the underlying GC sheets. In case of the modified
GC sheets (Figure 2.23b and c), the presence of carbon peaks corresponding to
electrons emitted from organic molecules occurred after functionalisation of GC was
not possible to distinguish due to high intensity of the background carbon atoms."”!
In comparison with the blank GC (Figure 2.23a), increased intensity of electrons
ejection from the O 1s orbital level at 531 eV and the N 1s orbital level at 398 eV
were observed for functionalised GC surfaces suggesting successful attachment of
linker and complex (Figure 2.23b and c). However, relatively high intensity of the
oxygen peak might be caused by the presence of additional oxygen species directly
attached at GC surface as a result of electrochemical oxidation of the surface. For the
nitrogen peak, it was not possible to distinguish between single nitrogen-carbon bond
and the nitrogen-carbon double bond in the structure of bidentate ligands coordinated
to a ruthenium metal centre. The presence of the nitrogen with the same binding
energy was also observed at the blank GC, which might be rationalised by the
presence of residual nitrogen containing polymers used for production of GC
materials.”

Figure 2.23b shows characteristic peaks corresponding to emission of electrons from
ruthenium 3p1/2 and 3p3/2 orbital levels at values of Eyinqg of 484 and 462 eV,
respectively.151 According to the literature, ejection of electrons from ruthenium
3d3/4 and 3d5/2 orbital levels should occur at 284 and 280 eV. However, these peaks
overlap with the broad peak of C 1s and were not observed in this case. For GC sheet
modified with the zinc complex D, the XPS spectrum showed the presence of
additional two peaks at 1022 eV and 1020 eV corresponding to ejection of electrons

from Zn 2p3/2 and Zn 2p1/2 orbital levels, respectively.
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Figure 2.23 Examples of XPS photoelectron spectra recorded for GC sheets; a) polished, blank GC
sheet; b) with ruthenium complex A attached at the surface through EDA linker; c) zinc complex D

attached at the surface through EDA linker.

XPS analysis allowed also for approximate quantitative analysis of the elements
present at the modified GC sheets and comparison of the elemental composition
between different modifications. Firstly, each of the modifications with ruthenium
complexes A, B and C and zinc complex D attached through different linkers was
reproduced at GC sheets using optimised reaction conditions. In order to compare
elemental composition of the GC samples with different modifications, only two
elements were considered: nitrogen and metal ion. Carbon and oxygen elements were
omitted in the quantitative analysis due to presence of carbon background peak with
high intensity and possible additional oxygen species caused by oxidation of carbon
surface. Table 2.1 presents the theoretical atomic ratios of ruthenium and nitrogen
calculated for different modifications and experimental ratios of Ru : N obtained
from percentage atomic concentrations between different elements in samples
calculated using Casa XPS 2.3 software. The theoretical atomic ratios were based on
the assumption that each of the linker at the surface is attached to a metal complex.
Thus, we assumed that the theoretical atomic ratio for complexes A and D attached
through diamine linkers should be 1 : 6 and increased number of nitrogen per
ruthenium should be observed 1 : 8 for #ris complexes B and C.

An approximate Ru/N ratio of 1 : 10 for the ruthenium complex A and the zinc
complex D was calculated from experimental data, which suggests that not all of the
linkers are coupled to the metal complex and a number of uncoordinated 2,2’-
bipyridine ligands is present at the GC surface. It might be rationalised by the bulky

size of the complex, which prevents coordination of each 2,2’-bipyridine ligand at
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the surface to the large molecule of zinc or ruthenium complexes. For the tris
ruthenium complexes B and C, calculated approximate Ru/N ratios based on
experimental data were about 1 : 5 and 1 : 1 for complexes B and C, respectively.
The experimental results showed the decreased number of the nitrogen per one
ruthenium, which might be caused by the bulky size of complexes B and C and

prevents the photoelectron effect on nitrogen atoms on underlying linker structures.

Approximate atomic ratio

Linker Complex A Complex B Complex C Complex D

Ru:N |Ru:N* |Ru:N|Ru:N* | Ru:N | Ru:N* |Zn:N |Zn:N*
EDA | 1:10| 1:6 |1:10| 1:8 1:1 1:8 | 1:10| 1:6
BDA | 1:10| 1:6 1:2 1:8 1:1 1:8 | 1:10| 1:6
HDA | 1:8 1:6 1:8 1:8 1:1 1:8 1:9 1:6
XDA | 1:10| 1:6 1:5 1:8 1:3 1:8 1:8 1:6
EDDA | 1:7 1:6 1:4 1:8 1:1 1:8 1:7 | 1:6
BA | 1:10| 1:5 1:4 1:7 2:1 1:7 1:5 1:5

Table 2.1 The values of approximate atomic ratios Ru/N for the GC sheets modified with six different
linkers and four different metal complexes calculated from XPS experimental data (italics). Values of
Ru/N* represents theoretical atomic ratios Ru/N based on assumption that each linker at the surface is

coupled with a metal complex.

In conclusion, XPS analysis confirmed successful attachment of different
ruthenium and zinc complexes using the proposed strategy as shown in Scheme 2.2.
The XPS method allowed qualitative analysis of the modified GC sheets and the XPS
spectra clearly show peaks corresponding to the presence of ruthenium and zinc at
the modified GC sheets. XPS experimental data obtained for the modified GC sheets
were also applied for approximate quantification of elements Ru/N ratios in the
samples for bis ruthenium and zinc complexes and indicated the presence of
uncoordinated 2,2’-bipyridine ligands at the GC surface. However, presence of more
bulky complexes B and C at the GC sheets resulted in inaccurate ratios Ru/N, which
might be caused by limited photoelectron effect on the nitrogen atoms of the

underlying linkers.
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2.8 Modification of GC electrode by novel zinc complex containing
pyridine imidazole ligands.

Modification of GC by octahedral ruthenium complexes A, B and C clearly
showed that presence of different ligands affects surface coverage of the attached
complex as well as catalytic activity towards NADH oxidation. Successful formation
of tetrahedral zinc complex D at the GC surface was achieved by solid-phase
coordination of complex 52 by 2,2’-bipyridine ligand covalently immobilised at GC
through different linkers (Section 2.3). In order to study the effect of different ligands
on the zinc complex, chelating ligands containing the imidazole heterocyclic ring
were considered. Zinc complexes with coordinated bidentate and tridentate imidazole
ligands are reported in the literature and their interesting chemical and structural
properties have been applied in materials science.'””'™* Chelating ligands with
imidazole structures were also reported by Schuhmann et al. > for solid-phase
functionalisation of GC electrodes by osmium complexes. In this case, the pyridine-
imidazole ligand was functionalised at one of the imidazole nitrogen atoms by a
hydroxyethylene group and covalently tethered at the polymer supported GC using
solid-phase reaction conditions. In the presence of bis osmium complexes, the
pyridine-imidazole coordinated to the osmium metal centre and created a new, stable
osmium complex at the GC surface, which was applied for bioelectrocatalytic
oxygen reduction.

In this project, the design of a functionalised pyridine-imidazole with a carboxylic
functional group was proposed, which would allow for covalent tethering of this
ligand at GC and enable formation of the zinc complex. Based on the synthetic
approach reported by Schuhmann et al.,' the pyridine-imidazole was functionalised
at imidazole N-1 in a three steps synthesis and 2-(2-(pyridine-2-yl)-1H-imidazol-1-
yl)acetic acid 64 was successfully obtained as the TFA salt form (Scheme 2.18).
Firstly, 2-(1H-imidazol-2-yl)pyridine 61 was obtained using a literature
procedure**"7 in 31 % yield (lit."”” 33 %). Addition of 2-bromo-tert-butyl acetate to
a solution of 62 in the presence of n-butylithium allowed nucleophilic substitution of
the bromide by nitrogen in the imidazole ring at N-1 position to give compound 63 in

76 % yield. Structure of 63 was confirmed by NMR analysis. 'H NMR shows the
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presence of resonance peaks in the aromatic region corresponding to pyridine and
imidazole heterocyclic rings. In addition, a singlet at 5.2 for two o-protons of acetate
group and a singlet at 1.39 ppm for fert-butyl ester were observed. Finally,

hydrolysis of the ter-tbutyl ester 63 in 20 % solution of TFA gave ligand 63 in 98 %

0 0
[ H_a,|\/ X oo )] A
NN NN 07< NTNCN OH TRA
N N-2 NS

62 63 64

yields.

Scheme 2.18 Synthesis of ligand 64; a) 2.5 M n-buthylithium in hexane, 2-bromo-terfbutyl acetate

THF, 78 °C, overnight, 76 %; b) 20 % trifluoroacetic acid (TFA) in DCM, overnight, R. T., 98 %.

The following work involved covalent immobilisation of ligand 64 under
solid-phase peptide coupling conditions as reported for attachment of 2,2’-bipyridine
ligand 9 (Scheme 2.19). In this case, diisopropylethylamine (DIPEA) base was used
in excess of 10 equivalents in order to neutralise the TFA salt. The presence of the
attached pyridine-imidazole ligand at electrode 65 was difficult to evaluate directly
using cyclic voltammetry due to the relatively low potential of the imine redox
couple as discussed for electrode 10 (Section 2.3). Therefore, electrode 65 was
directly used in the following step of coordination of the zinc complex 53 under
solid-phase reaction conditions as optimised for coordination of the 2,2’-bipyridine

to 53.

o] o A
= H /=\ /=) |
10 a {‘/N\/\NJ\/N _N b > \/\N)I\/N /N’, \\\N = (0]
- H y H Zn.
AN = IN’ N N0
P x L
complex E
65 66

Scheme 2.19 Preparation of modified electrode 66; a) 1 M solution of 60 in DMF, 10 equiv. of

DIPEA, HBTU, R.T., 16 h; b) 0.01 M solution of 53 in DMF, 50 °C, 16 h.

In order to confirm the successful coupling of the novel ligand 64 to the amine
groups at the GC, a control experiment was performed. Attachment of 53 was carried
out at the same time by dipping electrode 10 containing mono-Boc-EDA linker and
electrode 65 modified with pyridine-imidazole ligand. Results of the control

experiment were evaluated by cyclic voltammetry. For both modified electrodes, a
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reversible redox peak corresponding to a redox process of the phendione was
observed at Epp, of =0.1 V vs. SCE (Figure 2.24). However, electrode 66 gave
significant coverage I’y of 1.4 X 107 mol cm™ in comparison to the control

electrode with a value of ['peq 1.23 X 1072 mol cm™.

i/ uA

electrode 62
control electrode
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Figure 2.24 Cyclic voltammograms of electrode 66 (black) and control electrode (red) in 0.1 M

solution of phosphate buffer pH 7 at a scan rate 50 mV s and geometrical electrode area of 0.071

sz.

In order to evaluate the effect of the pyridine-imidazole on the catalytic activity for
NADH oxidation, electrode 66 was characterised in 0.1 M solution of NADH and
shows increased, irreversible anodic process at O V vs. SCE (Figure 2.25). The
catalytic current, i.,, was measured at 0.15 V vs. SCE and is comparable with icy
obtained for complex D. Functionalisation of the GC surface by complex E attached
at the surface through different linkers followed by their detailed electrochemical and
kinetic characterisation is included in the library of 63 modified electrodes described

in Section 3.
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Figure 2.25 Cyclic voltammograms of electrode 66 in the presence (red) and absence (black) of 1 mM
NADH solution in 0.1 M phosphate buffer pH 7 at scan rate of 50 mV s and geometrical electrode

area of 0.071 cm?.
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2.9 Conclusion

A strategy for functionalisation of GC electrodes was designed in order to covalently
immobilise metal complexes containing phendione redox active ligands for NADH-
dependent biosensors. The strategy, based on sequential electrochemical and solid-
phase synthesis steps, allows for control over choice of metal centre, ligand and
linker.

According to the proposed strategy, the initial step involved electrochemical
oxidation of diamine or reduction of diazonium salt bearing amine functional groups.
The presence of amine groups at the GC surface allowed for successful covalent
attachment of the 2,2’-bipyridine-5-carboxylic acid bidentate ligand under solid-
phase peptide coupling conditions. The final step involved coordination of 2,2’-
bipyridine to a metal centre and formation of a novel complex at the surface.
Initially, octahedral bis-(dimethyl sulphoxide)(1,10-phenanthroline-5,6-dione)
ruthenium (II) chloride was successfully attached at the surface through
ethylenediamine linker under optimised solid-phase reaction conditions to create the
novel bis ruthenium complex A. Electrochemical characterisation of the modified
electrode showed that complex A exhibits reversible redox behaviour for the
phendione and acts as an effective mediator towards NADH oxidation.

Based on the initial result, the same strategy was applied for attachment of octahedral
ruthenium complexes, containing various chelating ligands. For this reason, the
additional ruthenium complexes were synthesised: (2,2’-bipyridine)(1,10-
phenanthroline-5,6-dione) ruthenium (II) chloride and bis-(1,10-phenanthroline-5,6-
dione)ruthenium (II) chloride and coordinated to 2,2’-bipyridine at the GC surface
under optimised solid-phase reaction conditions, resulting in formation of novel
ruthenium complexes B and C, respectively. In order to study effect of the geometry
of the metal complex, the tetrahedral (1,10-phenanthroline-5,6-dione)zinc (II)
chloride complex was attached at the GC surface according to the proposed strategy
to give the novel tetrahedral complex D. Results of electrochemical characterisation
showed that all of the electrodes were successfully modified with complexes B-D
showing semi-reversible redox behaviour for the phendione. Surface coverages were
calculated for the different ruthenium complexes, indicating that the value of

coverage strongly depends on the size of the metal complex at the surface, where
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relatively low coverage was obtained for attachment of the bulky ruthenium
complexes B and C and significant coverage was obtained for modification with the
tetrahedral zinc complex D.

Different metal complexes were evaluated towards NADH oxidation and preliminary
studies showed electrocatalytic activity at low overpotential in all cases. Significant
catalytic efficiency was obtained for ruthenium complexes B and C in comparison to
the zinc complex D, which would suggest that octahedral complexes with additional
bidentate ligands increase the catalytic activity of the modified electrodes for NADH
oxidation. This might be explained by the fact that delocalised //-electrons in the
2,2’-bipyridine ligand, which increases the electron transfer between phendione and
the electrode surface.

Further work involved preparation of electrodes modified with complexes A, B
and C attached at the surface through various linkers in order to study the effect of
length and structure of the linker on the electrochemical and catalytic properties of
the complexes. In general, values of surface coverages calculated for ruthenium
complexes A-D decrease with long aliphatic linkers. Relatively low coverages were
observed for the benzylamine linker, where the direct bond between the benzyl ring
and the carbon surface forms a rigid structure at the surface, resulting in limited
accessibility of the 2,2’-bipyridine to coordinate to the bulky ruthenium complex.
These results are with good agreement with the results reported for immobilisation of
the anthraquinone using the same methodology.

Attachment of complexes A-D through linkers with different flexibility and length
also affected catalytic activity of the modified electrodes for NADH oxidation. In
general, significant catalytic efficiency was obtained for flexible EDDA and XDA
linkers for all complexes. Relatively low catalytic efficiency was calculated for the
short aliphatic linkers EDA and BDA and the rigid benzylamine linker BA, which
can be rationalised by low accessibility of these linkers to the bulky, folded molecule
of NADH in solution.

The presence of complexes A-D attached at the surface through different linkers was
confirmed by X-ray photoelectron spectroscopy, which allowed for qualitative and
quantitative determination of elemental composition of the modified electrode

surface. Comparison of XPS spectra for the blank GC surface and GC functionalised

92



Functionalisation of individual GC electrodes

by complexes A-D according to the proposed strategy, showed the presence of peaks
characteristic for ruthenium or zinc elements.

In order to investigate the effect of different ligands on the coverage and
catalytic activity of the tetrahedral zinc complex, the novel 2-(2-(pyridine-2-yl)-1H-
imidazol-1-yl)acetic acid chelating ligand was synthesised and attached to the
surface through an ethylenediamine linker according to the proposed strategy. The
(1,10-phenanthroline-5,6-dione)zinc  (II) chloride complex was successfully
coordinated by the pyridine-imidazole at the GC surface and the novel, tetrahedral
zinc complex E was successfully formed under solid-phase reaction conditions.
Electrochemical characterisation of complex D at the GC surface indicates that this
complex acts as an effective mediating system for NADH oxidation. Attachment of
complex E through different linkers and detailed electrochemical characterisation are
included in Section 3 describing preparation and HTP evaluation of a library of
different modified electrodes.

In conclusion, molecular design of GC electrodes for electrocatalysis of NADH
oxidation was successfully achieved by applying electrochemical and solid-phase
methods. The proposed strategy involved sequential functionalisation of GC
electrodes in a controlled manner, designed for covalent tethering of different metal
complexes bearing the phendione redox active ligand. As a result, metal complexes
with different geometry and ligand(s) were attached at the surface through linkers
with various lengths and flexibility and successfully applied as an effective
mediating system for oxidation of NADH. Initial studies of the individual modified
electrodes clearly showed that the proposed design of the electrode surface allowed
for control over electrocatalytic performance of the modified electrodes. Synthesis
and electrochemical results presented in this chapter was applied for more detailed
investigation of modifications A-E and comparison with the literature examples in

Chapter 3.
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3 Library of modified electrodes - preparation and HTP screening

3.1 Objectives

In the previous chapters, methodology and optimisation for the covalent
modification of GC surfaces by various metal complexes were described using the

strategy outlined in Scheme 3.1.
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Scheme 3.1 General approach to covalent modification of GC electrodes by metal complexes.

As described in Section 2, ruthenium (II) and zinc (II) metal complexes with
phendione bidentate ligand(s) were successfully attached to a GC surface through
different linkers. The single electrode results show that the nature of the linker and
structure of the complex have an impact on the amount of attached metal complex at
the surface and its catalytic activity of towards NADH oxidation.

Applying the same methodology, we therefore set out to prepare a library of
modified electrodes, which could be electrochemically characterised in HTP mode
using parallel cyclic voltammetry. It was anticipated that HTP would allow the direct
and rapid comparison of many different modifications during a single set of
measurements and rapid identification of the best modification with respect to the
surface coverage and catalytic activity towards NADH oxidation.

Twenty different modifications were planned with each repeated three times to assess
the variability of different modifications towards NADH catalytic oxidation. The
final three members of the library were control electrodes. The design of the library

is presented in Table 3.1. The four selected linkers offer a variety of functional
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groups and lengths in order to investigate their affect on the surface coverage of the
attached metal complex and catalytic activity towards NADH oxidation. Two of the
linkers have aliphatic chains with different lengths (EDA and HDA). The third was a
flexible 2,2'-(ethylenedioxy)diethylamine chain (EDDA), in which hydrophobic
aliphatic chains are replaced by more hydrophilic ethoxy units. Benzylamine BA was
also selected as a linker, in which the aromatic ring was directly bonded to the GC
surface to create a short and rigid linkage between mediator and electrode surface
(Table 3.1).

Single electrode experiments had shown that bulky octahedral ruthenium complexes
A, B, C and tetrahedral zinc complex D when attached through different linkers at
the surface gave different catalytic activities towards NADH oxidation. The same
metal complexes were selected for the library in order to investigate effect of size
and geometry of the metal complex on catalytic activity towards NADH catalytic
oxidation (Table 3.1). In addition, three octahedral ruthenium complexes A, B and C,
which were different in the size and structure of the chelating ligands attached to
ruthenium metal ion. These included chloride ions (complex A), 2,2’-bipyridine
(complex B) and phendione ligand (complex C). This allowed us to observe possible
effect of these ligands on the electrochemical and catalytic properties of the
complexes A, B and C attached at the surface.

Successful modification of electrodes by complex E attached at the surface through
the EDA linker has been described previously in Section 2.8. The library allowed us
to explore this modification by including complex E attached through the four
different linkers.

Electrodes 70a-c (Table 3.1) were modified with the EDA linker, the 2,2’-bipyridine
ligand at the surface and the electrochemically inactive (2,2’-bipyridine)zinc (II)
chloride are included as a control modification to observe the electrochemical
changes due to covalent functionalisation by a metal complex in the absence of the

redox active phendione ligand.

96



Library of modified electrodes - preparation and HTP screening
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Table 3.1 Design of the library of 63 modified electrodes; the columns represent the four linkers:

EDA (1,2-ethylenediamine), HDA (1,6-hexanediamine), EDDA (2,2'-(ethylenedioxy)diethylamine)

and BA (p-benzylamine); the rows represent: the ruthenium complexes (A, B and C), the zinc

complexes (D, E) and the control electrodes 70a-c.
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3.2 Preparation and synthesis of the 63 modified electrode library.

Preparation of the 63 member library started with individual polishing of the
electrodes followed by electrochemical covalent attachment of four linkers at
electrode surface carried out one by one using conventional cyclic voltammetry.

As was observed for individually modified electrodes (Section 2), attachment of the
linker at the electrode surface generates currents in range of 200-300 LA, whereas
the HTP multichannel potentiostat has a current limit of 50 pA. Therefore,
attachment of the linkers for the 63 member library was not possible to perform in a
parallel way using the multichannel potentiostat. However, subsequent steps of
electrode modification involving solid-phase synthesis were carried out in a
combinatorial and parallel way.

Firstly, the electrodes were polished with silicon carbide paper grade P1200
prior to covalent modification. High roughness or defect levels obtained during the
polishing process might cause changes in the effective surface areas of the electrodes
and be a source of variations between electrodes with the same modification.
Polished blank electrodes were therefore screened one by one using cyclic
voltammetry in phosphate buffer solution at pH 7. The resulting voltammograms
gave consistent capacitance nonfaradaic currents (Figure 3.1). Comparison of the
background currents for the blank electrodes gives an approximate view of the
differences in their active areas after the polishing process. Voltammograms of all
polished electrodes are presented in Appendix 1 and they clearly show that the
capacitance currents measured at potential of 0 V vs. SCE is consistent for all of the

polished blank electrodes.
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Figure 3.1 Typical cyclic voltammograms of background currents recorded for blank glassy carbon
electrodes 13a-c with geometrical area of 0.71 cm” in 0.1M phosphate buffer solution pH 7 at scan

rate of 50 mV s

The first step of covalent modification was attachment of the mono-Boc
protected linker as previously reported for the modification of individual electrodes
(Section 2).55 For attachment of the diamine linkers EDA, HDA and EDDA, the
oxidation peak on the first cycle was observed at a potential of 1.96 V (Figure 3.2a),
which is in good agreement with the results previously obtained for individual
electrodes. The following cycles led to the disappearance of the faradaic curve,
which indicates blocking of the surface by the Boc-protected amine functional
groups and creates monolayer of the diamine linker at the GC surface. Similarly,
during the attachment of the diazonium salt linker (BA), the reduction wave at —0.36
V was observed on the first cycle and decreased in the following cycles, which
indicates blocking of the surface with the BA linker (Figure 3.2b). The electrode was

covered with an expected monolayer of the BA linker after two cycles.
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Figure 3.2 Typical cyclic voltammograms for linkers immobilisation at GC polished electrodes in 15
mM solution of linker in MeCN with 0.1 M TABTFB at a scan rate of 50 mV s'; a) attachment of the

EDA linker for electrode 13c¢; b) attchment of the BA linker for electrode 39a.

The further steps of modification involved parallel solid-phase synthesis.
Firstly, the Boc amine protecting group was removed by dipping all the electrodes in
a bulk solution of 0.1 M hydrochloric acid in dioxane for 1 h. This time was enough
to complete the deprotection reaction as shown in the previous results obtained for
modifications of the individual electrodes (Section 2) and based on results reported
Kilburn and Bartlett for electrodes modified with anthraquinone-2-carboxylic
acid.””’

The resulting free amine groups allowed for the attachment of 2,2’-bipyridine-5-
carboxylic acid bidentate ligand 9 using peptide coupling conditions previously

reported in the literature (Scheme 3.2).°>'%°

The coupling reaction of ligand 1 was
assumed to be completed within the same time (16 h) as previously shown in
modifications of the individual electrodes with the ligand 9 (Section 2.3). In order to
obtain identical coupling conditions during library preparation and decrease the
experimental errors associated with the coupling reaction, the following electrodes
13a-c, 41a-c, 47a-c, 56a-c, 36a-c, 43a-c, 49a-c, 58a-c, 37a-c, 44a-c, 50a-c, 59a-c,
39a-c, 46a-c, 52a-c, 61a-c were dipped in one bulk solution of reaction mixture for
exactly the same amount of time.

The preliminary experiments for attachment of the 2-(1-(carboxymethyl)-1H-
imidazol-3-ium-2-yl)pyridin-1-ium trifluoroacetate salt 64 clearly showed that

successful attachment of this linker was obtained in similar conditions as for linker 9

but with 10 equiv. excess of the DIEA base in order to neutralise the TFA salt. As
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shown for ligand 9, the coupling of ligand 64 was carried out in a parallel way,
where the following electrodes 66a-c, 67a-c, 68a-c and 69a-c were all dipped in the

one bulk solution of the reaction mixture for exactly the same amount of time.

Scheme 3.2 Attachment of linkers 9 and 64 at the functionalised GC surface; a) ligand 9, HBTU,

DIPEA, DMF, R.T., 16 h; b) ligand 64, HBTU, 10 equiv. DIEA, DMF, R.T., 16 h.

The presence of the bidentate ligand allowed for attachment of the ruthenium (II)
metal complexes A, B and C or the zinc (II) metal complexes D and E by applying

the conditions of solid-phase synthesis optimised in Section 2 (Scheme 3.3).
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Scheme 3.3 Solid-phase synthesis of metal complexes at the functionalised GC electrodes; a)
Ru(phendione)Cl,(DMSO),, DMF, 100 °C, 16 h. b) Ru(phendione)(bipy)Cl,, DMF, 100 °C, 16 h, c)

Ru(phendione),Cl,, DMF, 100 °C, 16 h, d) and e) Zn(phendione)Cl,, DMF, 50 °C.

The solid-phase synthesis was carried out in parallel, using four-neck vessels, where
each vessel contains four electrodes dipped in the solution of the appropriate metal

complex (Figure 3.3).
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Figure 3.3 Example of the parallel set up of reaction vessels used during solid-phase synthesis of
metal complexes at GC electrodes; the inset shows the reaction vessel containing a solution of

Zn(phendione)Cl, and electrodes 56¢, 58¢, 59¢ and 61c.

Table 3.2 shows the arrangement of the electrodes in vessels I to XVI. The electrodes
modified with the same linker and bidentate ligand were placed in three different
vessels, containing the same solutions of metal complex. The parallel preparation of
the electrodes with the same modification but using different vessels allows us to
evaluate the reproducibility and variation in each modification. Parallel and
combinatorial preparation of all members of the library allowed us to avoid possible

problems associated with low stability of the modified electrodes.
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Number of Linker/Electrode number
Metal complex reaction
EDA HDA EDDA BA
vessel
A I 13a 36a 37a 39a
2 a0 Il 13b 36b 37b 39b
”/&i I 13c 36c 37c 39
B v 41a 43a 44a 52
"ﬁ@%@ s \ 41b 43b 44b 53
RS
“;/ a0y Vi 41c 43¢ 44c 54
c \ll 47a 49a 50a 52a
1 G N . Vil 47b 49b 50b 52b
5;;‘5\( X a7c 29¢ 50¢ 52¢
2 X 56a 58a 59a 61a
° mj@/ Xi 560 580 590 610
oy Xl 560 58c 59c 620
Xl 66a 67a 68a 69a
E 0 -G T XV 66b 67b 68b 69b
* A
MR XV 66c 67c 68c 69c
Control electroqes
[}ATC\C@EC XVI 70a-c

Table 3.2 Arrangment of electrodes and reaction vessels during parralel attachment of the metal

complexes.
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3.3 HTP electrochemical screening of the library.

The library of 63 modified electrodes was electrochemically screened in HTP
mode using a multichannel potentiostat. Firstly, the electrodes were cycled in 0.1 M
phosphate buffer solution, over the range —0.3 to 0.2 V to observe the surface redox
process for the phendione ligand coordinated to the ruthenium or zinc metal ions
(Appendix 3). The effect of sweep rate was studied by screening the library at range
of scan rates from 10 to 500 mV s™'. The anodic and cathodic peak currents increase
linearly with scan rate as shown in Figure 3.4. This is consistent with surface
immobilisation of the metal complexes and was observed for all modified electrodes

in the library.””’

40 a) 401 b)
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—fl- anodic currents

< < f
= 0 S 0 —@-— cathodic currents
H 3
= & 104
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207 20 mV/s 20
=50 mV/s
=100 mV/s -304
404 =200 mV/s
=500 mV/s 40
T T T T T T T T T T T T
-0.3 -0.2 -0.1 0.0 0.1 0.2 0 100 200 300 400 500
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Figure 3.4 a) Effect of scan rate on modified GC electrode 13a in 0.1 M phosphate buffer solution pH
7, electrode area of 0.71 cm?; b) Plot of anodic (red) and cathodic (black) currents as a function of
scan rate v for modified electrode 13a.

Table 3.3 reports the anodic (E,) and cathodic (E.) peak potentials, peak separation
(AE,) and midpoint potential (Enp) (Figure 3.5). In general, the choice of the metal
ion and geometry of the metal complex affect the kinetics of electron transfer as

shown by the difference between anodic and cathodic potentials for the tetrahedral

zinc and the octahedral ruthenium complexes.
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Linker | Metal | Complex E,vs. E_vs. AE, vs. E,vs.
ion SCE/mV | SCE/mV SCE/mV SCE/mV
EDA Ru A -33 -78 —45 -56
Ru B -33 —-86 =53 -60
Ru C -39 -84 —45 -61
Zn D —44 -137 -93 -91
Zn E —47 -135 —-88 -91
HDA Ru A -23 -81 -58 =52
Ru B -17 -82 —65 =50
Ru C -33 -82 —-49 -58
Zn D =35 —-143 -108 -89
Zn E -30 -151 -121 -90
EDDA Ru A —24 =75 =51 =50
Ru B -20 -87 -67 —54
Ru C -34 -84 =50 =59
Zn D -34 —-147 -113 -91
Zn E -12 —-144 -132 =77
BA Ru A -15 -98 -83 -56
Ru B -10 -93 -84 =52
Ru C -20 -92 =72 =56
Zn D -5 —-144 -139 =75
Zn E =35 —-147 -112 -91

Table 3.3 Summary of anodic and cathodic potentials peaks E, and E, separation peak AE,, midpoint
potential E,,,, = (E, + E,) / 2 obtained from cyclic voltammograms recorded in 0.1 M phosphate buffer

solution pH 7 at a scan rate of 50 mV s™.

Slower electron transfer was observed for electrodes modified with zinc complexes
where the average AE, of 1136 mV is significantly greater than for a ruthenium

modified electrodes where AE, of 60£4 mV. The choice of the metal ion also affects
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the thermodynamics of the phendione ligand redox process as shown by the variation
in the midpotential E,, values with average E., of =551 mV vs. SCE for the
ruthenium complexes and Ep,, of —=86+2 mV vs. SCE for the zinc complexes.

Similar values of AE, and E,,, were observed between the metal complexes A, B and
C, which might suggest that the presence of various ligands such as chloride ions,
2,2’-bipyridine ligand or increased number of the phendione ligands (complex C),
have negligible effect on the kinetics and thermodynamics of the modified electrodes
(Figure 3.5). A similar situation was observed for the electrodes modified with
tetrahedral zinc complexes D and E, where the presence of different chelating ligands
did not affect the values of AE,, and E,,,. Previously reported modification of the GC
electrode by various linkers and anthraquinone as the redox probes showed that the
nature of the linker has an effect on the electron transfer kinetics. The values of AE),
were found to increase with increasing chain length of the aliphatic linkers.
Relatively high values of AE, were observed for electrodes functionalised with the
benzylamine linker BA.>>’ A similar effect of the linker on the electron transfer
kinetics was observed between different linkers in the library.

Based on the peak separation data AE,, the electron transfer kinetics are faster for
electrodes modified with the aliphatic linkers EDA, HDA and EDDA rather than the
benzylamine linker BA. In the case of the ruthenium modified electrodes average
values of AE, of 5443 and AE, of 80+4 mV were obtained for aliphatic and BA
linkers, respectively. The values of the peak separation AE, for the modified
electrodes with the zinc complexes were relatively smaller with AE, of 109+7 mV
for the aliphatic linkers and AE,, of 125+14 mV for the BA linker. However, the type

of linkage does not influence the redox potential (Ey,p) of the modified electrodes.
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Figure 3.5 Average values of the separation pontential E, (plot a) and the midpoint potential E,,, (plot
b) observed for twenty different modifications in the library based on the experimental data recorded

in 0.1 M phosphate buffer solution pH 7 at scan rate 50 mV s

The efficiency of the different modifications for the 63 member library was
determined by calculating the amount of immobilised metal complex with redox
active phendione ligands. The surface coverage, ['eq, of the modified electrodes was
calculated according to Equation 2.1. Figure 3.6a shows the summary of the mean
values of the surface coverage I'eq (mol cm'z) calculated for twenty different
modifications in the library and the standard errors of the mean value associated with
each modification. The average value of I'yq for each modification was calculated
from three replicate electrodes. The reproducibility of each modification was
justified by calculations of the standard errors of the mean using Origin 8.1 software.
Electrodes modified with different linkers and metal complexes show variations in
the calculated values of the coverages I'y.q. The coverage is related to the size of the
immobilised metal complex at the surface. Electrodes modified with the relatively
smaller zinc (II) complexes D and E show significantly higher coverage than
electrodes modified with the bulkier ruthenium (II) complexes. The coordination
environment also affects the surface coverage as observed for the electrodes
modified by the three different ruthenium complexes A, B and C. Higher coverages
were observed for complex A, which contains two relatively small chloride ligands.
Substitution of the chloride by the more bulky 2,2’-bipyridine or phendione bidentate
ligands decreases the coverage for the electrodes modified with complexes B and C.
The presence of different bidentate ligands at the surface does not affect the coverage

as shown by comparison between the modifications with the complexes D and E.
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The attachment of linkers with different functionalities and chain lengths also
influences the values of the surface coverage of the metal complexes. Electrodes
functionalised with the EDA linker show higher values of I'y,q in comparison with
electrodes modified with the longer aliphatic linkers HDA and EDDA. These results
are in good agreement with modifications of the individual electrodes (Section 2).
This might be rationalised by the fact that the coverage obtained after initial
electrochemical attachment of the mono-Boc protected diamine linkers decreases for
the amines with longer aliphatic chains. Approximate values of the surface coverages
of the diamine linkers with different chain lengths were calculated based on XPS
experimental data and clearly show that the coverages of the diamine linkers
decrease with the length of the aliphatic chain.’’ The presence of the longer aliphatic
chain in the diamine might cause a conformational disorder within the alkyl chains
and hinder the access of the free amine group to the carbon surface thus preventing
the amine from covalent attachment to the GC surface.'*’ As a result, the surface
coverages calculated from XPS data for the longer linkers are relatively smaller than
for electrodes modified with shorter linkers such as EDA. Thus, lower number of the
linker at the GC decreases yields of the subsequent steps of the electrode
modification (Scheme 3.3), resulting in lower final coverage of the redox active
metal complex attached at the surface.

Relatively low values of I',,.q were also obtained for electrodes modified by the BA
linker. In this case, it might be explained by the limited flexibility of the bond
between the aromatic ring of the linker and the GC surface. The rigid structure of the
linker at the surface might prevent the 2,2’-bipyridine ligand from coordinating to the
metal ion in the relatively large metal complex.

These results show that the length and flexibility of the linkers and the geometric
arrangement of the metal complex at the surface all affect the surface coverage for

the different modifications.

111



Library of modified electrodes - preparation and HTP screening

124 I complex A
a) [ complex B
I complex C

10 A [ complex D
[ Jcomplex E

I/ 10" mol cm®
o
1

complex

linker

Figure 3.6 Average values of the surface coverage I'yq of the metal complex calculated for 20
different modifications in the library using Equation 2.1 based on experimental data recorded in 0.1 M
phosphate buffer solution pH 7 at scan rate of 50 mV s™'; geometrical electrode area of 0.071 cm®;
Complexes A, B, D and E contain one phendione ligand whereas complex C has two phendione
ligands; a) Each bar represents mean values of I';;,.q with the and standard error of the mean for three

replicate electrodes; b) three dimensional representation of the means.
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3.4 Catalytic oxidation of NADH

The electrochemical HTP screening of the library was applied for rapid evaluation
of the catalytic activity of the library towards NADH catalytic oxidation in a single
set of parallel measurements.

The initial experiment was performed in a freshly prepared 1 mM aqueous solution
of NADH at 50 mV s Figure 3.7 compares cyclic voltammograms in the absence
(red line) and presence (black line) of NADH for modified electrode 13a. The results
are typical for all the modified electrodes in the array. A decrease in the potential of
NADH oxidation Enapy to 13+1 mV vs. SCE was observed relative to oxidation of
NADH at bare GC, clearly indicating an electrocatalytic effect for all of the
modifications.”® A full set of cyclic voltammograms in the presence and absence of

NADH for all members of the library are given in Appendix 2.
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Figure 3.7 An example of a cyclic voltammograms recorded in the presence (black) and absence (red)
of 1 mM NADH in 0.1 M phosphate buffer solution pH 7 at a scan rate of 50 mV s™', geometrical

electrode area of 0.071 cm”. Data shown in Figure 3.7 corresponds to a modified electrode 13a.

The catalytic currents, i.,, were defined as the difference between the anodic
currents in the presence and absence of NADH at a potential of 0.15 V. Figure 3.8
shows a summary of average values of i, obtained for twenty different
modifications in the library; the associated standard errors of the means for all of the
modifications does not exceed twenty percent. This error might be related to the
differences in roughness between individual electrodes. Each mean value of i.y

represents currents in the presence of NADH recorded for three replicate electrodes.
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In general, the trends in the values of i.,y reflect the surface coverage of the metal
complexes for electrodes modified with the ruthenium complexes A, B and C, where
the values of i., increases with higher coverage of the metal complex (Figure 3.6). In
this case, increase of the values of i., with the surface coverage would suggest all the
phendione ligands present at the surface participate in the catalytic reaction.

The values of i, obtained for the modifications with the zinc complexes D and E are
lower than would be expected for relatively high coverages calculated for the
modifications with these complexes. This might suggest that not all of the phendione
ligands coordinated to the zinc metal ion participate in the oxidation of the NADH.
This explanation could be confirmed by designing modified GC electrodes, where
zinc complexes D and E would create less than a full monolayer of the complex at
the GC, which could be obtained by introduction of different blocking (capping)
groups. The partial surface coverage of complexes D and E would be then studied for
dependence of the coverage on the NADH catalytic currents.

The measured values of i., obtained for the various linkers are also affected by the
surface coverage (Figure 3.8). The most pronounced catalytic activity was obtained
for modifications with the EDA linker and decreases with longer aliphatic linkers as
shown in modifications with HDA and EDDA linkers. Relatively low values of i,
were found for electrodes modified with the BA linker, presumably due to its limited
flexibility, which might prevent the orientation of the phendione ligand necessary for

hydride transfer between the quinone groups at the surface and NADH molecules.

5 B complex A
a) ] complex B
I complex C
4 I complex D
[ Jcomplex E

EDA HDA EDDA BA
linker

Figure 3.8 a) Means of the catalytic currents i, for 20 different modifications of the library measured

in 1 mM NADH solution at a scan rate of 50 mV s™'. Each bar represents an average value of i, and
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the standard errors of the means calculated for 3 replicate electrodes; b) The means of i, values for 20

different modifications of the library presented in three dimensional bar plot.

In order to justify the differences in the catalytic efficiency between various
modifications, the catalytic currents were normalised according to Equation  2.2.
The values of catalytic currents obtained for 1 mM NADH and presented in Figure
3.8 were initially normalised by surface coverage of the phendione ligands (Figure
3.6).

In general, the structure and length of the linkers has a pronounced effect on the
values of i,om (units of A cm’ mol_z) (Figure 3.9). The values of i,om calculated for
electrodes modified with the aliphatic linkers show higher values of i,om than for
electrodes modified with the BA linker, which might be related to the limited
flexibility of this linker as discussed previously. On the other hand, structure and
geometry of the metal complex has a smaller effect on the values of i,om. However,
the general trend was observed for complexes B and C with phendione and 2,2’-
bipyridine ligands showing slightly higher catalytic activity than complexes A, D or
E. This might suggest that the presence of additional ligands with conjugated
aromatic systems in the metal complex increases the catalytic activity towards
NADH oxidation. The best catalytic effect was observed for modification with the
complex B attached at the surface through the EDDA linker. This might be
rationalised by long chain of the EDDA linker, which provides better accessibility of
the mediator for the bulky NADH molecule and the presence of the 2,2’-bipyridine
ligand in the structure of the complex C might also affect the catalytic activity
towards NADH oxidation.

The values of i,om presented in Figure 3.9 were calculated based on surface
coverage of the phendione ligands, which is valid if we assume that all of the
phendiones at the surface are involved in the catalytic oxidation of the NADH. For
the octahedral complex C, the cis geometrical orientation of the two phendione
ligands might limit access of both quinone groups simultaneously to the relatively
large NADH molecule and prevent two molecules of the NADH being oxidised by

the pair of phendione ligands in a single C complex at the same time.

115



Library of modified electrodes - preparation and HTP screening

80+

I complex A
[ complex B
I complex C
[ complex D
[ Jcomplex E

60+

6 5 -2
/10" Acm” mol
o
ESN
o
1

I
m
n
o
1

complex

EDDA
linker

Figure 3.9 Average values of the normalised catalytic currents i, calcultated for 20 different
modifications in the library based on the surface coverage of the phendione ligands using
experimental data recorded for | mM NADH in phopshate buffer solution at scan rate of 50 mV s™'; a)
Each bar represents an average value of i, and the standard errors of the mean calculated for 3

replicate electrodes; b) The means of i, values presented in a three dimensional bar plot.

In order to present the experimental data in different way, the values of inom Were
recalculated based on the assumption that only one of the phendione ligands in the
complex C participates in the oxidation of NADH. In this case, the catalytic currents
were normalised by surface coverage of the metal complex as one molecule of the
complex C can catalyse oxidation of one molecule of the NADH at a time.

As shown in Figure 3.10, the values of i, for the complex C are significantly
higher than for others metal complexes in the library. According to this assumption
the highest iyom of 72.5 and 82.4 x 10° A cm® mol™ were obtained for the complex C
attached at the surface through the EDA and EDDA linker, respectively. These
results clearly suggest that the presence of the additional phendione ligand
coordinated to the metal centre might contribute to the catalysis of NADH oxidation

at the GC surface.
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Figure 3.10 Average values of the normalised catalytic currents i, calcultated for 20 different
modifications in the library based on the surface coverage of the metal complexes using experimental
data recorded for | mM NADH in 0.1 M phopshate buffer solution at scan rate of 50 mV s
Complexes A, B, D and E contain one phendione ligand whereas complex C has two phendione
ligands; a) Each bar represents an average value of i, and the standard errors of the mean calculated

for 3 replicate electrodes; b) The means of inorm values presented in a three dimensional bar plot.
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3.5 Control electrodes.

Interesting results were observed for control electrodes 16-18 modified with
electrochemically inactive (2,2’-bipyridine)zinc (II) chloride complex and EDA
linker. Screening of these electrodes in 1 mM NADH solution gave faradaic current
at potential of 0 V, which corresponds to the oxidation of NADH catalysed by
quinone groups (Figure 3.11). In case of the control modifications, the only source of
quinone groups are those present at the oxidised glassy carbon surface, which are

known to catalyse the NADH oxidation at low overpotential.”

electrode 10 control electrode 16 control electrode 17 control electrode 18
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Figure 3.11 Cyclic voltammograms for the modified electrode 13a and the control electrodes 70a-c
obtained duirng HTP screening in 0.1 M phosphate buffer solution pH 7, scan rate of 50 mV s~ (black

curve), in 1 mM NADH aqueous solution at scan rate of 50 mV 57! (red curve).

An average value of i, measured for the control electrodes is about 1.5 LA and it is
relatively low in comparison with the catalytic currents obtained for the
modifications with the EDA linker and zinc complex D with an average value of i.y
about 3 UA. This indicates that the catalytic currents observed for all electrodes
modified with complexes from A to E are result of the catalysis of NADH by the
quinone groups of phendione ligand. As shown in Figure 3.11, the peaks for
oxidation of NADH by quinone at the surface and quinone groups of the phendione
occur at the same potential of 0 V. Therefore there is not possible to distinguish
between the catalysis come from quinone of metal complexes and the oxidised
carbon. In addition, the fraction of the NADH current catalysed by quinone directly
bonded at the surface might also depend on size of the linker and the metal complex.
As a result, values of i, and i,om for modification of electrodes by complexes A, B,

C, D and E discussed in Sections 2 and 3.4 also might include unknown amount of
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the catalytic current obtained from oxidation of NADH by quinone functional groups

directly bonded at the surface.
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3.6 Kinetic analysis for 63 member library

3.6.1 General

HTP electrochemical screening of the library of 63 modified electrodes in NADH
containing solution clearly showed that the complexes A-E bound at the electrode
surface catalyse oxidation of NADH at low overpotential (Sections 2 and 3). The
values of catalytic currents in the presence of NADH vary between different
modifications and clearly indicate effect of the linker and metal complex on the
catalytic activity towards NADH oxidation. In order to understand in more detail the
mechanism of the catalytic reaction between modified electrode surface and NADH
as well as justify the catalytic efficiency of individual modifications, the kinetics of
the NADH oxidation were studied for modified electrodes A-E.

In general, catalytic oxidation of NADH by mediator M can be described by a
reaction sequence obeying the well-known Michaelis-Menten kinetic model (Section
1.5). Reversible formation of an intermediate charge complex {NADH-M,} allows
for a hydride transfer reaction within the complex followed by its decomposition to

yield reduced mediator M,.q and NAD" with a heterogeneous rate constant kcat.“

NADH + Med,, === {NADH-Mediator} ——NAD"+ Med__,

Figure 3.12 Mechanism of NADH catalytic oxidation according to the Michaelis-Menten model.

This type of mechanism has been suggested for NADH oxidation at a number of
chemically modified electrodes. The presence of the intermediate complex between
mediators at the surface and NADH in solution was indicated for electrodes modified

108,159,160
159160 g1ch as Meldola blue or

by conducting organic salts,'? phenoxazine dyes,
1,2-benzophenoxazine7-one (BPO) adsorbed at the electrode surface. The theoretical
kinetic model of the heterogeneous catalytic reaction was initially studied by Albery
and co-workers suggesting the analogy between the enzyme electrode kinetics and
heterogeneous redox caltallysis.lzo’l(’l'167 As a result, they developed a mathematical
model of the kinetics for heterogeneous catalysis where the amperometric response is
governed by number of the surface processes, such as:

e Mass transport of the substrate to the electrode surface including

concentration polarisation effect
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* Bonding of the substrate to the mediator at surface to create an intermediate
reaction complex, if the catalytic reaction occurs according to Michaelis-
Menten model

e Electron and proton transfer within the intermediate complex followed by its
decomposition to yield products of the catalytic reaction

¢ Electrochemical regeneration of the mediator at the electrode surface

¢ Diffusion of the product from the surface considering the effect of product
inhibition.

Analytical treatment of the kinetics for heterogeneous catalysis proposed by Albery
was also applied for investigation of the kinetics of NADH and ascorbate oxidised at
polymer coated electrodes.””'? In this case, the substrate is assumed to diffuse into
vacant sites within the polymer film, where the Michaelis-Menten type of reaction
occurs and the kinetics of the catalytic reaction were also determined by the
thickness of the film and the diffusion process of the substrate into the polymer.

Aspects of the kinetic studies of Albery were also applied by Lyons'®® and Bartlett'®
in a proposed theoretical model for oxidation of formate and glucose at hydrated
oxide electrodes in alkaline solution.'®'”® The same theoretical model was applied
for kinetic analysis of the library of 63 modified electrodes presented in this thesis.
The following Section gives a brief explanation of the mathematical approach and

discussion of its application to twenty different modifications in the library.
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3.6.2 Theoretical kinetic model for NADH oxidation at modified electrodes.'®®

The Michaelis-Menten kinetic approximation was used by Lyons'®® and Bartlett'® in
order to design a kinetic model for heterogeneous redox catalysis for NADH
oxidation at stationary electrodes. According to their approach, the Michealis-

Menten catalytic reaction occurs at the solution/electrode interface, where NADH

diffuses to the electrode surface then forms the intermediate complex with the

immobilised mediator. This is followed by dissociation of the NAD* and subsequent
electrochemical oxidation of the mediator to complete the catalytic cycle. The overall
scheme for the catalytic reaction is analogous to that discussed by Bartlett (Figure

3.13).'%

NADH_ —*— NADH,

NADH, + [Q] == [NADH-Q]
[NADH-Q] —*=— NAD; +[QH]
NAD; —®©—NAD?

[QH] —— [Q] +2e + H"

Figure 3.13 Proposed reaction scheme for the oxidation of NADH at the mediator modified
electrodes, according to Bartlett and Wallace.'® Subscripts oo and (, indicate NAD in the bulk
solution and at the surface/solution interface. Q represents the oxidised form of the mediator;
QH represents the reduced form of the mediator; [NADH-Q] represents the intermediate
complex; kp is the diffusion rate constant and is considered to have the same values for
NADH and NADY; Ky is the Michaelis-Menten equlibrium constant for the complex
[NADH-Q]; k., is heterogenous rate constant for the chemical reaction within [NADH-Q]

complex; kg is the rate constant for the electrochemical oxidation of the reduced mediator
QH.

As shown in Figure 3.13 NADH,, diffuses from bulk solution to the surface/solution
interface NADH, with a diffusion rate constant kp. [Q] represents the oxidised
quinone groups of the phendione ligands, which binds the NADH, to give the
[NADH-Q] complex. The strength of the interactions between Q and NADH is
described by the equilibrium constant Ky (units of mol cm™). The bounded NADH
is oxidised by the quinone groups, giving the reaction products NAD" and the
reduced form of mediator [QH]. Chemical reaction within the [NADH-Q] complex
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occurs with a rate constant k., (units of s_l). The reduced form of the mediator [QH]
is recycled electrochemically driven by the applied anodic potential at the electrode.
Electron transfer between the electrode and the immobilised mediator is assumed to
be rapid and its kinetics are described by the rate constant kg (units of s7. Finally,
the NAD" diffuses away from the surface with rate constant kp and product
inhibition by NAD" in this case is ignored. The mass transport rate constants kp of
the substrate and product are assumed to be the same.

Mathematical analysis reported by Lyons leads to an expression for the steady-state
reaction rate or flux j, where the different possible rate-limiting steps can be

distinguished

1 J 1 1 K\ 1
—=|1- + + + 3.1
J k,INADH] ) | k.I', ., k., I k. I ,..[NADH] k,[NADH]

cat™ med

where term [NADH] represents the concentration of NADH in a bulk solution and
I'mea 1s a surface coverage of the mediator. The overall flux j is determined by the
rate-limiting step in the catalytic reaction scheme, Equation 3.1 can be simplified for
each case. When mass transport of NADH is slow, the term in kp will be dominant.
The overall flux can also be limited by the kinetics of the chemical reaction between
mediator and NADH. For lower concentrations of NADH, the flux is limited by the
binding constant between product and mediator and the catalytic rate constant given
by Ky and k., respectively. Equations can be then reduced to

1. K 3.2
j kcal 1—‘med [ NADH ] .

In the case of saturated kinetics at high NADH concentrations, all quinone groups at
the surface can take part in the catalytic reaction and the expression for j will be
reduced to

l_ ! 33
j kT '

cat™ med

When the overall reaction rate is governed by the rate of the electron transfer

between the electrode and mediator kg, then the Equation 3.1 reduces to

Sz 34
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In the case of the slow NADH transport through the diffusion layer, concentration
polarisation will cause the surface concentration of NADH to be less than the
concentration of NADH in the bulk solution and results in less saturated catalysis

than would be expected. This effect is described in Equation 3.1 as

. .
P 3.5
j  k,[NADH]

Next, using the relationship between current and flux,'”

i = nFAj 3.6

Equation 3.1 was rearranged by Lyons and Bartlett'®® to give an expression for the

overall catalytic current icy

icat = nFA %{(KME-F [NADHOQ])_\/(KME + [1\IIAIDH°<,])2 _{4KMEkMEk[NADHm]j } 3.7
D

where Ky is the Michaelis-Menten constant for the modified electrode defined by
-1
KME - & + L i + L
kcat kD kE kcal 38

and kv is the effective electrochemical rate constant for modified electrode at low

substrate concentrations

-1
k., Ik
The above expression for the catalytic current has four limiting cases depending on
the relative values of NADH concentration and the different kinetic parameters.
L Mass transport kinetics
When the mass transport of NADH to the electrode is the limiting factor, the rate
constant kp will be dominant in the expression for the overall current. This is valid
only for unsaturated catalysis ([NADH]<Kyg) when the catalytic reaction and the

electrochemical regeneration of the mediator are fast enough not to be considered as

rate limiting (kp<kc,I7/Kwm). In this case the current can be described

i, = nFAk,[NADH], 3.10
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In this work, the diffusion rate constant kp was calculated using the Randles-Sevc¢ik

equation for the mass transport limited current at a stationary electrodes' "

ky =046~ vaD 3.11
RT

F, R and T have their usual meanings, v is the scan rate (V s'l), n is the number of
electrons taking part in the electrochemical reaction and D represents diffusion
coefficient, which in this case equals 2.4x107° cm® s™' for NADH in aqueous
solution.'”

11. Unsaturated reaction kinetics kea/Kwm
In this case, the overall current is determined by the term in k.,/ Km

. _ MFAk,TINADH],,,
m—
KM

cat

3.12

In this situation, the kinetics of the chemical reaction are slower than the mass
transport of the NADH (kp>k../ Kn) and electrochemical reaction (kg>kca Km)-
111 Saturated catalysis and slow electrochemical reaction kinetics
For higher concentrations of NADH, where all the active sites of the mediators take
part in catalysis ([NADH]>Kyg), if the rate of mass transport and the catalytic rate
constant are assumed to be greater than the rate of electron transfer between mediator

and surface (kg<kc, and kg<kp). The overall current will be described by

Iy = ”FAkEF 3.13

IV. Saturated catalysis and slow chemical reaction kinetics
In the case of saturated catalysis at high NADH concentrations, the kinetics of the
chemical reaction can also become the limiting step if the electrochemical and mass
transport kinetics are fast (kg>kcac and kg>kp). In this case, the chemical reaction within
the intermediate complex between NADH and quinone groups is rate limiting. The

current in this situation is given by

iy, =nFAk_ T 3.14
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3.6.3 Analysis of the heterogeneous rate constant k., and the equilibrium
constant Ky for the library of 63 modified electrodes.

The mathematical model presented in Section 3.6.2 was applied to analyse the
experimental data obtained from the HTP screening of the library, carried out at four
different scan rates 10, 20 50 and 100 mV s and a range of NADH concentrations
from 1 to 4 mM. Plots of the catalytic currents as function of NADH concentration
were fitted to the Equation 3.7, using commercial software (Origin 8.1). Figure 3.14

shows a typical example of the fitting curves for electrodes 13a-c.

/ uA

at

i
o

= 13a electrode
® 13b electrode
A 13c electrode
—— fit 13a electrode
—— fit 13b electrode
—— fit 13c electrode

-1 T T T T T

0 1 2 3 4
NADH /mM

Figure 3.14 Plot of catalytic current i , as a function of NADH concentration at a scan rate 10 mV s7!

obtained for modifed electrodes 13a-c; the points represent the experimental data and the lines are the

best fits calculated from the theoretical model using Equation3.7.

Fitting of the theoretical model was also successfully obtained for experimental data
at different scan rates, see Figure 3.15a for an example. However, the catalytic
current at 100 mV s in 2 mM NADH solution gives unexpected the lower values
and leads to poor quality of the fitting curve. A similar problem was observed for
most of the library members, which might be related to some unknown instrumental
error during measurement. Fitting of the 100 mV s™' curve was improved after
excluding the data for 2 mM NADH solution for all members of the library (Figure
3.15b).

A similar problem occurred for some of the other experimental data, mostly for the
electrodes modified with the BA linker at slow scan rates. The source of these errors

is unknown. To obtain the best fits, these problematic data were excluded from our
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calculations. Values of kyg and Kyg for the best fits calculated for all members of the

library are given in Appendixes 4-7.

< = 10mV/s <
= EX
T e 20mV/s =
= 4 A 50mV/s 49
v 100 mV/s / . )
——fit 10 mV/s = experimental data with 2 mM NADH
1 —— fit 20 mV/s 24 /) ® experimental data without 2 mM NADH
——fit 50 mV/s fitting curve without 2 mM NADH
04 —— fit 100 mV/s 04 — fitting curve with 2 mM NADH
0 1 2 3 4 0 1 2 3 4
NADH /mM NADH /mM

Figure 3.15 a) Plot of catalytic current as a function of NADH concentration at scan rates of 10, 20,

50 and 100 mV s™'; the points are experimental data, the lines are fitting curves obtained calculated

from Equation 3.7; b) Comparison of the fitting curves obtained for scan rate 100 mV s with

experimental data in 2 mM NADH (black line) and without 2 mM NADH (red line).

Rearrangement of Equation 3.8 and 3.9 leads to expressions for the catalytic rate
constant k. and the Michaelis-Menten equilibrium constant Ky based on the
assumption that the electrochemical regeneration of mediator at the electrode surface
is not the rate-limiting step (kg > kp and kg > kc). The rate of electron transfer
between electrode surface and mediator is relatively rapid as evidenced by constant
peak potentials observed for all members of the library in range of applied scan rates.

For values of kg — oo, Equation 3.8

-1
Ky = &+£ 1 3.15
kcat kD kcat

which can be rewritten as

KM_
k

cat

K
k

cat

rmed
kD

ME

3.16

Equation 3.16 was then substituted into Equation 3.9 to obtain an expression for the

catalytic rate constant K,

-1
kl'\/IE = (KME _rmed jrl +i 3.17
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k = kI'\/IEKME

=T 3.18

med

Rearrangement of Equations 3.15 and 3.18 gave the expression for the Michaelis-
Menten constant

K, = KME( —kkﬂj 3.19
D

Values of the fitting parameters kyg, Kve and the calculated values of k., and
Ky for all the electrodes in the library are presented in Appendix 8. Each value of
kme and Kyp was calculated using experimental data obtained for three different
NADH concentrations (1 mM, 2 mM and 4 mM) and screened at four different scan
rates (10 mV s'l, 20 mV s'l, 50 mV s~! and 100 mV s'l). The values of kyvg and Kyg
for each modified electrode in the library were then used to calculate k., and K.
Average values of k., and Ky for twenty different modifications were calculated
using three replicate electrodes and their summaries are presented in Figure 3.16-
3.18. Overall, the mean value of k. or Ky for each modification represents
experimental data obtained from 36 single sets of HTP measurments. The HTP
electrochemical screening allowed for rapid evaluation and direct comparison of the
kinetics between different modifications.

In case of the k¢, structure of the metal complex has a pronounced effect on
the heterogeneous rate constants kq,; (Figure 3.16). The highest values of k., were
obtained for modifications with ruthenium complexes B and C with additional
bidentate ligands such as 2,2’-bipyridine or phendione. In comparison, the values of
kear obtained for electrodes modified with complex A containing two monodentate
chloride ligands are relatively lower. This might indicate that the presence of the
bidentate ligand with the conjugated aromatic system increases the rate of the
catalytic reaction in the bound complex.

As seen from Figure 3.16, choice of the linker also affects the rates of the catalytic
reaction. The highest calculated value of k., was obtained for modifications with
relatively long EDDA, containing ethoxy functional groups in its structure.
Relatively low values of k., were observed for modifications with the EDA linker.
These results would clearly suggest that the longer linker increases the rate of the

catalytic reaction, which might be rationalised by better accessibility of the bulk
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metal complex to the large molecule of NADH. However, the proposed
rationalisation could not be applied for modifications with the longer aliphatic linker
HDA, where the values of k., were lower in comparison to the modifications with
shorter EDA linker. For a given metal complex, the lowest values of k. were
observed for the modifications with BA linker as would be expected from very low

values of i., recorded for these modifications.

20

I complex A
[ complex B
Il complex C
[ complex D
[ Jcomplex E

linker

Figure 3.16 Average values of catalytic rate constants k., caclulated using surface coverage of the
phendione ligands obtained for 20 different modifications in the library, where k., for each individual
electrode was calculated using experimental data of 12 single sets of HTP measurments performed in
0.1 M phosphate buffer solution pH 7; complexes A, B, D and E contain one phendione ligand
whereas complex C has two phendione ligands; a) means values of k., with the standard error of the
mean of three replicate electro'des; b) 3D bar plot of average values of k. for 20 different

modifications in the library.

According to Equation 3.18, the catalytic rate constants were normalised by
surface coverage of the phendione ligands. For complex C, these results are based on
the assumption that both of the phendione ligands participate in the catalytic
oxidation of two molecules of NADH. However, oxidation of two molecules of
NADH by both of the phendione ligands might be limited due to the cis-geometry of
this complex, which might result in lower accessibility of the bulky NADH
molecules to the quinone functional groups. Therefore, a second assumption was
suggested in the analysis of k., where only one phendione ligand in the metal

complex participates in the catalytic oxidation of NADH. In this case, the catalytic
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rate constants are normalised by surface coverage of the metal center as the whole
molecule of the complex C participates in oxidation of molecule of the NADH. As a
result, the calculated values of k., for the complex C increase their values by a factor
of two making it by far the most efficient mediator towards NADH oxidation (Figure

3.17).

204 a) I complex A

i [ complex B

19.6 Il complex C

| [ complex D

16.8 [ Jcomplex E
14.04
—‘U) B
~ 1.2
x 4

8.4
5.6

2.84

EDA HDA EDDA BA
linker

Figure 3.17 Average values of catalytic rate constants k., caclulated using surface coverage of the
metal complex obtained for 20 different modifications in the library. The value of k. for each
individual electrode was calculated using experimental data for 12 single sets of HTP measurments
performed in 0.1 M phosphate buffer solution pH 7; a) mean values of k., with the standard error of
the mean for the three replicate electrodes; b) 3D bar plot of average values of k., for 20 different

modifications in the library.

The equilibrium constants Ky; represent the strength of the intermediate
complex formed between the NADH and the quinone groups. In general, values of
the equilibrium constant Ky calculated for all modifications in the library are
consistent for the electrodes modified by the aliphatic linkers EDA, HDA and EDDA
at approximate Ky of 1.8 mM (Figure 3.18). A significant decrease in Ky was
observed for modifications with the BA linker, which indicates that the charge
transfer complex is more stable for the BA linker than for the aliphatic linkers. In this
case, the relatively small amount of metal complex attached through this linker at the
electrode surface might increase the number of uncoordinated 2,2’-bipyridine ligands

present at the surface. This might additionally stabilises the intermediate complex by
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interactions between free 2,2’-bipyridine ligands and the phosphate groups of the

NADH.

2.5+

I complex A
[ complex B
I complex C
I complex D
[ Jcomplex E

2.04

0.0

EDDA
linker

Figure 3.18 Average values of Michaelis-Menten constnat Ky and their three dimensional
representation obtained for 20 different modifications in the library. Each bar represents mean value
of Ky and standard error of the mean of three replicate electrodes, where Ky, for each individual
electrode was calculated using experimental data of 12 single sets of HTP measurments performed in

0.1 M phosphate buffer solution pH 7.

To the best of our knowledge, the discussed values of k., and Ky are the first
report of quantitative analysis of the NADH catalysis by the phendione containing
metal complexes based on the theoretical kinetic model proposed by Bartlett and
Lyons. This theoretical kinetic model allowed us to evaluate the Michaelis-Menten
constants and the first order rate constants kg corresponding to the saturated
catalysis where the kinetics are independent on the NADH concentration. A similar
kinetic model was also developed for oxidation of NADH at polymer coated
electrodes, where the catalytic reaction occurs within the whole polymer film rather
than at the polymer surface and the reaction is reversibly inhibited by the oxidation
product NAD".'%"'* For the reported examples of polymer mediators, the values of
rate constants were determined as a function of film thickness, electrode potential
and NAD" concentration. Therefore, the literature examples could not be directly
compared with the kinetic parameters obtained for the phendione complexes
presented in the library, where the values of k. were determined based on
assumptions that the reaction occurs at the electrode/solution interface and the NAD"

inhibition was neglected.
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However, a number of the phendione containing metal complexes physically
adsorbed at the electrode surface were reported in the literature and showed

116,126,127,131,132,134,175 1+, .-
ERIELEIR SRR Kinetic

significant amperometric response for NADH oxidation.
studies for these complexes were based on a simplified kinetic model, where mass
transport of the NADH is fast and concentration polarisation is negligible. The
kinetic analysis reported for these complexes describes second order catalytic rate
constants valid for low concentrations of NADH ([NADH] < Ky), where the
chemical reaction between NADH and mediator is considered as bimolecular.

In order to compare the catalytic efficiency with the literature examples, the values
of k., normalised by surface coverage of the metal complexes and the values of Ky
were used to calculate a rate constant k,/Ky corresponding to unsaturated catalysis
at low NADH concentrations ((NADH] < Ky). In this case, the reaction between
quinone groups and the NADH is considered as bimolecular and the calculated rate
constant k.,/Ky 1s assumed to be second order (units of M s_l).

Figure 3.19a clearly shows that the values of k../Km depend on the metal complex
for electrodes modified with the aliphatic linkers. Length and structure of the
aliphatic linker has a minor effect on the values of k./Ky. The best catalytic
efficiency was obtained for electrodes modified with the complex C and EDDA
linker with the highest ke/Ky of 7.44x10° M~ s™'. In general, high values of kea/Kwy
were obtained for complexes B and C in comparison with the other metal complexes.
The effect of the linker for reaction rate at low NADH concentrations is negligible.
In addition, relatively high average values of k.,/Ky were observed for modifications
with the BA linker, however high errors obtained for this linker unable compare
them with other modifications in the library. For complex C, the catalytic rate
constants k., were also calculated based on the assumption that only one phendione
ligand participates in the catalytic reaction giving values of k., increased by a factor

of two (Figure 3.16).
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Figure 3.19 Average values of rate constants k.,/Ky at low NADH concentrations ([NADH] < Ky)
obtained for 20 different modifications in the library; Each bar represents mean values of k.,/Ky with
a standard error of the mean for three replicate electrodes; a) Means for k.,/Ky calculated using values
of k., presented in Figure 3.16 for the surface coverage of phendione ligands and Ky in Figure 3.18;
b) Means for k.,/Ky calculated using values of kcat presented in Figure 3.17 for the surface coverage

of metal complexes and Ky in Figure 3.18.

The values of k.,/Ky for the library members were compared with a number
of literature examples for modified electrodes with adsorbed monolayers of
phendione containing metal complexes. The reported rate constants for unsaturated
catalysis suggest that metal complexes with a higher number of phendione ligands
increase catalytic efficiency and vary from 0.9x10° (M™' s7") for [Os(4,4’-dimethyl-
2,2’—bipyridine)z(phendione)]ZJr and 1.2x10° (M_1 s_l) for [Ru(phendione),(5-amino-
1,10—phenanthroline)]2+ to 6.8x10° (M'1 s"l) for a monolayer of [Fe(phendione)3]2+

134
complex. 3

The same effect was observed between modifications in the library,
where complexes A, B, D and E with one phendione ligand gave lower values of
kea/ Ky than electrodes modified with complex C containing two phendione ligands
(Figure 3.19). In comparison to the literature examples, the values of k.,/Kw obtained
for the complexes A, B, D and E attached at the surface through different linkers are
relatively high. Similarly, second order rate constants for the modifications with
complex C are significantly higher than k.,/Ky reported for the literature examples.
The pronounced catalytic efficiency observed for complex C in the case of only one

phendione participating in the catalytic reaction (Figure 3.19b) is about two times

higher than the catalytic efficiency reported for the [Fe(phendione);]** complex.
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These results would clearly suggest that the molecular architecture of the surface by
combination of the metal complex and linker have a pronounced effect on the

catalytic efficiency k.,/Ky towards catalytic oxidation of NADH.
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3.7 Conclusion

The library of 63 modified electrodes was designed based on previous results
obtained for the individual electrodes and successfully prepared using combinatorial
and solid-phase synthesis methods. To the best of our knowledge, the presented
library of covalently modified electrodes is the first report on molecular design of the
phendione type of mediators covalently bound at the electrode surface in a
combinatorial way. HTP electrochemical screening allowed for evaluation and direct
comparison of electrochemical properties and catalytic activity for all modified
electrodes in the library in a single set of measurements.

Firstly, the library was screened in aqueous solution to evaluate the amount of the
metal complex bound at the surface. Comparison of the calculated surface coverage
between different modifications clearly suggested that the structure of the metal
complex and type of the linker have an impact on the amount of the bound complex
at the surface. The coverage decreased with the size and geometry of the metal
complex with relatively high values of surface coverage obtained for tetrahedral zinc
complexes D and E and low coverages were found for modifications with bulky
octahedral ruthenium fris-complexes B and C. For modifications with aliphatic
linkers, the coverage of metal complexes tends to decrease with longer aliphatic
chain. Relatively small amounts of the bound complex were obtained for the rigid
benzylamine linker BA, where limited flexibility of this linker decreases the amount
of the complex bound at the surface.

HTP screening of the library in the presence of NADH allowed for direct comparison
of the catalytic activity between different modifications. In general, the values of
directly measured catalytic currents i. are proportional to the surface coverage,
where high catalytic currents were recorded for modification with relatively small
tetrahedral zinc complexes D and E and lower values of catalytic currents were
observed for octahedral ruthenium complexes A, B and C.

Catalytic currents normalised by surface coverage of the metal complex or phendione
ligands clearly showed that the presence of fris-ruthenium complex containing
ligands with conjugated aromatic systems gave pronounced catalytic activity toward
NADH oxidation. For coverage of phendione ligands, the highest catalytic activity

was observed for modification with complex B and EDDA. For the coverage of
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metal complex, the highest catalytic activity was observed for complex C attached at
the surface through EDDA linker.

Similar results were obtained from studies of the kinetics for catalytic reaction in the
presence of NADH based on a theoretical model for heterogeneous catalysis. The
HTP electrochemical screening allowed for rapid evaluations of the heterogeneous
rate constants using experimental data obtained for three different NADH
concentrations at several scan rates. For rate constants in the case of saturated
catalysis, comparison between different modifications in the library clearly suggested
that the reaction rates depend on the geometry and structure of the metal complex.
Any effect of the linker on the reaction rate is negligible. Relatively high rate
constants were calculated for octahedral ruthenium complexes B and C with an
additional bidentate ligand coordinated to the metal ion. Equally high values of the
rate constants were obtained for modifications with the ruthenium complex C
attached at the surface through EDA and EDDA linker.

In addition, catalytic rate constants obtained for twenty different modifications in the
library in the case of unsaturated catalysis were significantly higher than reported
literature examples of electrocatalysis of NADH oxidation by the metal complexes
physically adsorbed at electrode surface.

In conclusion, the presented catalytic analysis for different modifications in the
library suggests that molecular design of the surface electrode allows for control over
the catalytic activity and kinetics of the catalytic reaction between mediator at the
surface and NADH. The array of mediator systems analysed in the library, clearly
suggests that the modifications with the highest catalytic activity are attractive
mediators in biosensor applications. All of the modified electrodes regenerate the
NADH to enzymatically active NAD" at low overpotentials, however they exhibit
differences in the catalytic response. The electrode modified with complex E
attached at the surface through the EDA linker generates the highest catalytic current
corresponding to the number of NADH molecules being regenerated to NAD™ during
the catalytic cycle. Therefore this mediator would be the best choice to apply for
activity-based biosensors.

However, the most effective mediator was found to be modifications with complex B

or C and the EDDA linker, since these modifications gave the highest catalytic
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activity independent on the coverage of mediator (i,om) and fastest kinetics during
regeneration of the NADH to enzymatically active NAD™.

To the best of our knowledge, the presented analytical approach is the first
report on the evaluation of library of mediators for NADH catalytic oxidation using
HTP electrochemical screening. The HTP screening allowed for rapid evaluation of
the electrochemical and catalytic properties of all modified electrodes and selection
of modified electrodes with the best catalytic properties towards NADH oxidation,

which could be used in the biosensor applications.
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Experimental Section

4 Experimental Section

4.1 Synthesis

4.1.1 General

Synthetic experiments were carried out under air unless otherwise specified.
Experiments requiring dry conditions were performed under nitrogen atmosphere in
dried glassware. Solvents and reagents were commercial grade and they were used
without further purification or where necessary were distilled prior to use. DMF was
distilled under reduced pressure and stored in a Schlenk bottle over M/S 4A. Ethanol
and DCM were distilled above calcium hydride directly before use. Dry THF was
obtained by distillation of THF and benzophenone mixture above sodium wire under
the argon atmosphere.

Flash chromatography columns were performed on Silica 60A, particle size 35-70
micron (Fisher Scientific). Thin layer chromatography was performed on silica pre-
coated aluminium plates (Merck Silica gel F,s4) and the spots were visualised with
UV light or KMnOy stain.

The following compounds were synthesised according to the literature procedures:
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linkers 4-(N-Boc-aminomethyl)benzene diazonium tetrabluoroborate salt and

tert-butyl N-(aminomethyl)phenylmethyl)carbamate,'’® ligands 1,10-phenanthroline-
5,6-dione'”’ and 2,2’-bipyridine-5-carboxylic acid,'® complexes
dichlorotetrakis(dimethyl sulphoxide) ruthenium an'’

5,6-dione)zinc (II) chloride.'

and (1,10-phenanthroline-

4.1.2 Instrumentation

Proton NMR were obtained at 300 MHz on a Bruker AC 300 and 400 MHz on a
Bruker DPX 400 spectrometer. Carbon NMR spectra were recorded at 75.5 MHz on
Bruker AC 300 and 100 MHz on Bruker DPX 400. Chemical shifts (6) are reported
in ppm and coupling constants (J) are given in Hz. Spectra were referenced with
respect to the residual peak for the deuterated solvent. The following abbreviations

are used for spin multiplicity: s = singlet, d = doublet, t = triplet, q = quadruplet, m =
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multiplet and br = broad signal. For metal complexes, assignment abbreviations are:
pd for 1,10-phenanthroline-5,6-dione ligand and bpy for 2,2’-bipyridine ligand.
Carbon spectra were proton decoupled and the multiplicities of the signals quoted
within the brackets using the following notation: primary carbon (3), secondary (2),
tertiary (1) and quaternary (0).

Infra-red spectra were recorded on BIORAD Golden Gate FTS 135. Melting points
were determined in open capillary tubes using a Gallenkamp Electrothermal melting
point apparatus. Mass spectra were obtained on VG analytical 70-250 SE normal
geometry double focusing mass spectrometer. All electrospray (ES) spectra were
recorded on a Micromass Platform quadruple mass analyser with an electrospray ion
source using acetonitrile as a solvent. High resolution accurate mass measurements
were carried out at 10,000 resolution on a Bruker Apex III FT-ICR mass
spectrometer. MALDI mass spectra were recorded at Micromass TofSpec2E

spectrometer.
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4.1.3 Synthesis of 2-(2-(pyridin-2-yl)-1H-imidazol-1-yl)acetic acid ligand.

4.1.3.1 tert-Butyl 2-(2-(pyridin-2-yl)-1H-imidazol-1-yl)acetate.154

2-(1H-Imidazol-2-yl)pyridine (1.45 g, 10 mmol) was prepared according to literature
procedure'”’ and dissolved in dry THF (20 mL) under nitrogen. The solution was
cooled to =78 °C and n-butyl lithium (2.5 M in hexane) (4.5 mL, 11 mmol) was
added dropwise. The stirred reaction mixture was kept at =78 °C for 3 h and a
solution of tert-butylbromoacetate (1.6 mL, 11 mmol) in dry THF (20 mL) was then
added dropwise. The reaction mixture was allowed to warm to room temperature
followed by stirring overnight under nitrogen. The reaction mixture was quenched
with 10 mL of water and three times extracted with DCM (3 x 25 mL) The organic
layers were dried over magnesium sulphate and solvent was evaporated in vacuo The
residue was purified by flash chromatography (eluent MeOH : DCM, 1 : 9) to give
tert-butyl 2-(2-(pyridin-2-yl)-1H-imidazol-1-yl)acetate as a brown oil in 76 % yield
(2 g). Rf = 0.8 (eluent MeOH : DCM, 1 : 9), '"H NMR (300 MHz, CDCl;): 5= 8.49
(1H,d,J=438,PyH),825(1 H,d,J=8.1,PyH), 7.74 (1 H, td, J = 7.7, 1.8, PyH),
7.18-7.22 (1 H, m, PyH), 7.17 (1 H, s, ImH), 6.97 (1 H, s, ImH), 5.20 (2 H, s, CH>),
1.39 (9 H, s, C(CH3)3), *C NMR (75 MHz, CDCL3): § = 167.4 (0), 150.2 (0), 147.9
(1), 144.5 (0), 136.6 (1), 128.1 (1), 124.3 (1), 122.4 (1), 122.1 (1), 82.0 (0), 51.3 (2),
27.9 (3), IR (em™): 2978 (v), 1743 (s), 1589 (m), 1152 (s), 1093 (m), 740 (m), 705
(m), LR-MS ES+ (m/z): 282.2 [M + Na]" (100%), 260.2 [M + H]" (47%), HR-MS
ES+ (m/z): found 260.1395 [M + H]", calculated 260.1394.
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4.1.3.2 2-(1-(carboxymethyl)-1H-imidazol-3-ium-2-yl)pyridin-1-ium

trifluoroacetate salt.

¢
X
ENj\/N/_«OH TFA
\

tert-Butyl 2-(2-(pyridin-2-yl)-1H-imidazol-1-yl)acetate (0.26 g, 1 mmol) was
dissolved in 20 % solution of TFA in DCM (15 mL) and stirred overnight at room
temperature under nitrogen atmosphere. The solvent was evaporated to give an oily
residue and azeotropic distillation in toluene and subsequent washing with DCM and
ethyl acetate gave 2-(1-(carboxymethyl)-1H-imidazol-3-ium-2-yl)pyridin-1-ium
trifluoroacetate salt as a bright yellow solid in 97 % yield (0.42 g). M.p. (crystallised
from MeOH) 158-162 °C.

"H NMR (300 MHz, DMSO-dy): § = 12.2 (1 H, br. s, CO,H), 8.63-8.75 (1 H, m,
PyH), 8.13-8.21 (1 H, m, PyH), 8.17 (1 H, d, J = 8.1, PyH) 8.07 (1 H, td, J = 7.7,
1.8, PyH), 7.76 (1 H, d, ] = 1.5, ImH), 7.66 (1 H, d, J = 1.5, ImH), 7.56 (1 H, dd, J =
7.7, 4.8, PyH), 5.45 (2 H, s, CH,), *C NMR (75 MHz, DMSO-d): 6 = 168.8 (0),
149.4 (1), 144.9 (0), 141.8 (0), 138.0 (1), 126.2 (1), 125.2 (1), 123.2 (1), 121.9 (1),
50.8 (2), IR (em™): 3131 (v), 3165 (v), 1688 (m), 1582 (v), 1141 (s), 777 (s), 714 (s),
LR-MS ES+ (m/z): 204.2 [M — H]" (100%), HR-MS ES+ (m/z): found 204.0770
[M— H]", calculated 204.0768.

4.1.4 Synthesis of ruthenium (II) complexes.

4.1.4.1 Synthesis of bis-(dimethyl sulphoxide)(1,10-phenanthroline-5,6-dione)

ruthenium (II) chloride.'”

Complex dichlorotetrakis(dimethyl sulphoxide) ruthenium (II) (0.1 g, 0.2 mmol) and

1,10-phenanthroline-5,6-dione ( 42 mg, 0.2 mmol) were dissolved in distilled ethanol
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(3 mL) and refluxed overnight under nitrogen. The brown reaction mixture was
cooled to room temperature and precipitated brown solid was washed with diethyl
ether and dried under vacuum to give bis-(dimethyl sulphoxide)(1,10-
phenanthroline-5,6-dione) ruthenium (II) chloride in 55 % yield (0.06 g). M.p. above
300 °C.

'"H NMR (400 MHz, DMSO-dy): 6=9.84 (1 H,d, J = 5.5, C,CH-ring B), 9.72 (1 H,
d, J =5.0, CCH-ring A), 8.63 (1 H, d, J = 8.0, NCH-ring B), 8.49 (1 H, d, J = 8.0,
NCH-ring A), 7.98 (1 H, dd, J = 8.0, 5.5, (CH),CH-ring B), 7.83 (1 H, dd, J = 8.0,
5.0, (CH),CH-ring A), 3.43 (6 H, s, SO(CH3)»), 2.89 (3 H, s, SO(CHj3),), 2.33 (3 H,
s, SO(CH3),), ®C NMR (100 MHz, DMSO-dj): 6 = 181.2 (0), 174.5 (0), 159.0 (1),
157.5 (0), 155.5 (1), 155.4 (1), 136.3 (1), 135.3 (1), 131.6 (0), 130.9 (0), 127.4 (1),
127.2 (1), 46.2 (3), 45.6 (3), 44.6 (3), 44.1 (3), IR (cm™):3085 (w), 3006 (w), 2920
(w), 1705 (m), 1431 (m), 1078 (s), 727 (m), 440 (w), MS-MALDI TOF (LD+)
(m/z): found 539.9 for [M]", calculated 539.9.

4.1.5 Synthesis of (2,2’-bipyridine)(1,10-phenanthroline-5,6-dione) ruthenium

(I1) chloride.'*

Complex bis-(dimethyl sulphoxide)(1,10-phenanthroline-5,6-dione) ruthenium (II)
chloride (0.1 g, 0.2 mmol) and 2, 2’-bipyridine (31 mg, 0.2 mmol) were dissolved in
DMF (16 mL) and dark solution was heated under reflux for 4 h under nitrogen
atmosphere and reduced light. The dark purple solution was then evaporated to
dryness in vacuo and the residue dissolved in 4 mL of methanol. The purple solution
was left overnight at low temperature to give black-purple microcrystalline solid,
which was collected by filtration, washed ten times with 50 mL of diethyl ether and
dried in vacuo to give (2,2’-bipyridine)(1,10-phenanthroline-5,6-dione) ruthenium
(IT) chloride as a microcrystalline solid in 60 % yield (60 mg). M.p. decomposed
above 300 °C. '"H NMR (400 MHz, DMSO-d): 6 = 10.08 (1H, d, J = 5.0, C,CH-

145



Experimental Section

ring B pd), 10.01 (1 H, d, J = 5.5, C,CH-ring A pd), 8.66 (1 H, d, J = 8.5, C,CH-ring
B bpy), 8.51 (1 H, d, J = 8.0, C,CH-ring A bpy), 8.44 (1 H, J = 7.5, NCH-ring B pd),
8.11 (1 H, t, J = 8.3, (CH),CH-ring B bpy),8.06 (1 H, d, J = 8.0, NCH-ring B bpy)
7.97 (1 H, dd, J = 7.8, 5.5, (CH),CH-ring B pd), 7.79-7.85 (2 H, m, (CH),CH and
NCH-ring A bpy), 7.73 (1 H, t, J = 7.5 (CH),CH-ring B bpy), 7.51 (1 H, d, J = 5.5
Hz, NCH-ring A pd), 7.30 (1 H, dd, J = 7.5, 6.0, (CH),CH-ring A pd), 7.14 (1 H, t, J
= 6.5, (CH),CH-ring A bpy), *C NMR (100 MHz, DMSO-d;): 6 = 180.9 (0), 175.0
(0), 174.8 (0), 159.8 (0), 159.4 (0), 158.1 (0), 157.5 (0), 156.7 (1), 155.6 (1), 153.2
(1), 152.4 (1), 135.1 (1), 134.0 (1), 132.0 (1), 2 x 130.73 (1), 130.70 (1), 130.4 (0),
126.2 (1), 125.5 (1), 125.2 (1), 122.8 (1), 122.6 (1), IR (cm™): 2990 (v), 1688 (s),
1459 (v), 761 (s), 722 (s), MS-MALDI TOF (LD+) (m/z): found 503.3 [M — CI]*,
calculated 503.0.

4.1.6 Synthesis of  bis-(1,10-phenanthroline-5,6-dione)ruthenium (II)

chloride.'**

Complex dichlorotetrakis(dimethyl sulphoxide) ruthenium (II) (0.1 g, 0.2 mmol) and
1,10-phenanthroline-5,6-dione (0.087 g, 0.4 mmol) were dissolved in dry DMF (25
mL) under nitrogen and heated under reflux for 4 hours. The black reaction mixture
was evaporated to dryness in vacuo and the black residue was dissolved in 4 mL of
methanol. The solution was left overnight at 5 °C to precipitate the black
microcrystalline solid, which was collected by filtration and washed with 50 mL of
diethyl ether followed by drying in vacuo to give bis-(1,10-phenanthroline-5,6-
dione)ruthenium (II) chloride in 33 % yield (0.04 g). M.p. above 300 °C. '"H NMR
(400 MHz, DMSO-ds): 6 = 10.12 (2 H, d, J = 5.5, C{CH-ring B), 849 2 H, d, J =
8.0, C,CH-ring A), 8.10 (2 H, d, J = 8.0, NCH-ring B), 8.02 (2 H, dd, J = 8.0, 5.5,
(CH),CH-ring B) 7.77 (2 H, d, J = 5.5, NCH-ring A), 7.35 (2 H, dd, J = 8.0, 5.5,

(CH),CH-ring A), *C NMR (100 MHz, DMSO-d): J = 175.3 (0), 175.2 (0), 159.6
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(0), 157.9 (0), 157.2 (1), 156.5 (1), 133.0 (1), 131.9 (1), 131.1 (0), 131.0 (0), 126.9
(1), 126.6 (1), IR (em™): 1689 (s), 1557 (v), 1297 (m), 1103 (m), 833 (m), 824 (m),
MS-MALDI TOF (LD+) (m/z): found 557.3 [M — CI']*, calculated 557.0 [M - CI +
MeCN]™.
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4.2 Electrochemical and solid-phase covalent modification of GC

electrodes.

4.2.1 Instrumentation

Electrochemical experiments for single electrodes were recorded on an Autolab
PGSTAT30 Potentiostat/Galvanostat (Eco Chemie, Netherlands) and done in 10 mL
glassy 3-neck electrochemical cells. All glassware was soaked in 5% aq. solution of
Decon 90 for 48 h followed by extensive washing with water and drying overnight in
an oven at 50 °C. All electrochemical experiments presented in this thesis were
carried out with the use of Faraday’s cage. A homemade Ag/AgCl electrode and
homemade standard calomel electrode (SCE) were used as the reference electrodes
prepared according to literature procedure.'® Platinum gauze (1 cm?) was used as the
counter electrode for the single electrode electrochemical experiments. The working
electrode was 3 mm diameter (0.071 cm?) glassy carbon rod (HTW Hochtemperatur-
Werkstoffe GmbH, Germany) sealed in glass (by Southampton University
glassblowers) and wired up with a copper wire using melted indium (Sigma-
Aldrich). Directly before electrochemical modification, blank GC electrodes were
polished with dry silicon-carbide polishing paper (grade 1200, 3M), rinsed with
acetone and sonicated in MeCN (HPLC grade) for 15 min.

4.2.2 Reagents

Linkers mono-Boc-1,2-ethylenediamine (EDA), mono-Boc-1,4-butanediamine,
mono-Boc-1,6-hexanediamine and mono-Boc-(ethylenedioxy)diethylamine (EDDA)
were purchased from Sigma-Aldrich and used without further purification. Linkers -

(N-Boc-aminomethyl)benzene diazonium tetrabluoroborate salt' 47148

and tert-butyl
N—(alminomethyl)phenylmethyl)calrbalmalte176 were prepared according to the
literature procedures. N,N-Dimethylformamide (DMF, analytical grade) was
obtained from Fisher Scienitfic and purified by distillation under reduced pressure.
Coupling reagent O-benzotriazol-1-yl)-N,N,N’,N’-tetramethylammonium
hexafluorophosphate (HBTU) was obtained from Novabiochem.

Disopropylethylamine (DIEA) (reagent grade) was purchased from Sigma-Aldrich.
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Acetonitrile (HPLC grade) used for electrochemical experiments was obtained from
Rathburn. Aqueous solutions for electrochemical experiments were prepared using
water purified by Whatmann RO80 system coupled to a Whatmann ,,Still Plus”.
Homemade aqueous solution of 0.1 M phosphate buffer pH 7 was prepared using 0.1
M phosphoric acid (Fisher Scientific) and saturated solution of sodium hydroxide.
All other solvents and reagents were purchased from Sigma-Aldrich and used as

received without further purification.

4.2.3 Electrochemical modifications of GC electrodes.

3.2.1.1 General procedure for attachment of diamine linkers."!

Electrochemical attachment of mono-Boc diamine linkers (EDA, EDDA, BDA and
HDA) was performed in a solution of 20 mM mono-Boc-protected diamine and 0.1
M TBATFB in acetonitrile by electrochemical cycling (5-10 cycles) the electrode
potential in a potential range from 0 to 2.2 V vs. Ag/AgCl at a scan rate of 50 mV

-1
S .

4.2.4 Attachment of (N-Boc-aminomethyl)benzene diazonium

tetrabluoroborate salt.'®!

Covalent attachment of diazonium salt to the GC surface was performed by
electrochemical reduction from a solution of 10 mM 4-(N-Boc-
aminomethyl)benzene diazonium tetrafluoroborate salt and 0.1 mM TBATFB in
acetonitrile. Modification of GC electrodes was carried out by cycling the electrode

potential from 0.6 to —1 V vs. Ag/AgCl for three cycles at scan rate of 50 mV s™".
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4.3 Solid-phase modification of the GC electrodes.

4.3.1 General procedure for Boc removal of modified GC electrodes."®!

A Boc-protected modified GC electrode was suspended in a solution of HCI in
dioxane (4.0 M) at room temperature for 1 hour. The electrode was then washed in
DMF (0.5 mL), followed by subsequent washing with deionised water (0.5 mL) and
absolute EtOH (0.5 mL) before further solid-phase modification.

4.3.2 General procedure for the coupling reaction of 2,2’-bipyridine-5-
carboxylic acid at the GC surface.

2,2’-Bipyridine-5-carboxylic acid, HBTU, and DIEA were dissolved in DMF. The
mixture was gently heated for 2 minutes with a heat gun to obtain a homogenous
solution. An unprotected modified GC electrode was then suspended in this solution
which was allowed to cool to room temperature and stirred for 16 h. The electrode
was then washed with DMF, followed by absolute EtOH and allowed to dry in air for

5 minutes.

4.3.3 General procedure for coupling of the 2-(1-(carboxymethyl)-1H-
imidazol-3-ium-2-yl)pyridin-1-ium trifluoroacetate salt at the GC
electrodes.

2-(1-(Carboxymethyl)-1H-imidazol-3-ium-2-yl)pyridin-1-ium trifluoroacetate salt,
HBTU (0.46 g, 1.2 mmol) and DIEA (1.74 mL, 10 mmol) were dissolved in DMF (1
mL). The mixture was gently warmed with a heat gun to obtain a homogenous
solution. An unprotected modified GC electrode was then suspended in this solution
which was allowed to cool to room temperature and stirred for 16 h. The electrode
was subsequently washed with 1 mL of DMF followed by 1 mL of absolute EtOH

and allowed to dry in air for 5 minutes.
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4.3.4 General procedure for grafting of ruthenium (II) complexes at the
modified GC electrodes.

The modified GC electrode with linker and binedate ligand was dipped in a solution
of the ruthenium (II) complex (27 mg, 0.05 mmol) in DMF (5 mL). The reaction
mixture was heated at 100 C° for 16 h under nitrogen. The electrode was then dipped
in 5 mL of DMF for 10 minutes followed by washing with 5 mL of EtOH and dry in

air for 5 minutes before electrochemical characterisation.

4.3.5 General procedure for grafting (1,10-phenanthroline-5,6-dione)zinc (IT)
chloride complex at the GC surface.

(1,10-Phenanthroline-5,6-dione)zinc (II) chloride complex (17 mg, 0.05 mmol) was
placed in a dry multi-neck vessel and DMF (5 mL) was added under nitrogen. The
GC electrodes were dipped in the solution and heated at 50 °C overnight under
nitrogen. The electrode was dipped in 5 mL of DMF for 10 minutes followed by
washing with 5 mL of EtOH and dry in air for 5 minutes before electrochemical

characterisation.
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4.4 General procedure for electrochemical characterisation of the

individual modified GC electrodes.

The modified electrode, SCE reference electrode and Pt counter electrode were
placed in 5 mL of 0.1 M phosphate buffer solution and degassed with argon for 5
minutes. The GC modified electrodes were characterised by cycling the potential
between —0.2 and 0.2 V vs. SCE at a scan rate of 50 mV s™'. After 10 cycles, stable
and reproducible peaks were obtained, which correspond to the redox process of the
mediator. The last cycle was saved and used for calculation of the surface coverage
of the mediator at GC electrode. Afterwards, the modified GC electrode was dipped
in 1 mM solution of NADH in aqueous solution of 0.1 M phosphate buffer solution
pH 7, which was degassed with argon for 5 minutes. The modified GC electrode was
then screened in a potential window from —0.2 to 0.2 V vs. SCE at a scan rate of 50
mV s~'. The first cycle was saved and used for analysis of the electrocatalytic
activity of the modified electrode for NADH oxidation.

The electrochemical data were reprocessed using Origin 7.0 and Origin 8.1 software.
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4.5 Electrochemical screening of the library of 63 modified
electrodes.

High-throughput electrochemical experiments were carried out using a high-
throughput electrochemistry analyser HTEA Mark II Potentiostat (ILIKA). The HTP
electrochemical experiments were performed in a 250 mL Petri dish in homemade
0.1 M phosphate buffer solution at pH 7 as supporting electrolyte. The Petri dish was
soaked in a 5% agq. solution of Decon 90 for 48 h followed by drying overnight in an
oven at 50 °C. A homemade standard calomel electrode was used as reference
electrode and 3 cm® Pt gauze as the counter electrode. The 0.1 M phosphate buffer
solution was degassed with argon for 5 minutes directly prior to each electrochemical
measurement.

The 63 modified electrodes were placed in a Teflon stand and dipped in 200 mL
aqueous solution of 0.1 M phosphate buffer pH 7. The solution was degassed with
argon for 15 minutes prior to each electrochemical screening. Initially, the library
was screened in a potential window from —0.3 to 0.2 V vs. SCE at a scan rate of 50
mV s~ for 4 cycles in order to remove the residues of metal complexes physically
adsorbed at the carbon surface. Stable and reversible redox peaks were observed after
three cycles. The same procedure was repeated for screening of the library at the
following scan rates: 10, 20, 100, 200, 500 and 100 mV s!. The solution was
degassed for 5 minutes between each measurement. The last recorded cycle for all
modified electrodes was used for evaluation of surface coverage of the mediator.
Afterwards, all electrodes in the library were dipped in a freshly prepared solution of
1 mM NADH in aqueous 0.1 M phosphate buffer pH 7 and degassed for 15 minutes.
The library was screened from —0.3 to 0.2 V vs. SCE at a scan rate of 50 mV s™'. The
same procedure was repeated for the following scan rates: 10, 100 and 200 mV s
Similarly, 2 and 4 mM NADH solutions were prepared and in each case the same
screening procedure was repeated for all scan rates. The electrochemical and kinetic
analysis was performed by introducing electrochemical data in to Origin 8.1 software

and using theoretical model as described in Section 3.6.
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5 Conclusion

The work presented in this thesis has demonstrated a novel strategy for the
molecular design of glassy carbon (GC) electrodes modified by various metal
complexes bearing the redox active 1,10-phenanthroline-5,6-dione ligand based on
sequential electrochemical and solid-phase synthesis methods. This strategy was
successfully applied for the preparation of a library of modified GC electrodes,
followed by HTP electrochemical screening and evaluation of the library as
electrocatalysts towards NADH oxidation.

Initial studies involved covalent functionalisation of individual GC electrodes using
sequential electrochemical attachment of different linkers followed by introduction
of different ligands and metal complexes under solid-phase conditions. The
individual modified electrodes were characterised using conventional cyclic
voltammetry towards their electrochemical and -electrocatalytic properties for
oxidation of NADH. In general, the surface coverage of the covalently attached
metal complex strongly depends on the size and geometry of the metal complex.
Relatively high surface coverage was observed for tetrahedral zinc complexes at the
GC surface in comparison with the more bulky octahedral 7ris ruthenium complexes
bearing 2,2’-bipyridine or additional phendione chelating ligands. The metal
complexes were also attached at the surface through six different linkers in order to
study the effect of length and structure of the linker on electrochemical and
electrocatalytic activity of the modified GC electrodes. In general, calculated values
of surface coverage decreased with the length of the linker for aliphatic linkers.
Relatively low values of coverage were obtained for metal complexes attached
through the rigid benzylamine linker.

Preliminary studies on the individual modified electrodes towards electrocatalytic
activity for NADH oxidation showed that different metal complexes and different
types of linkage affect the electrocatalytic activity of the phendione redox active
ligand(s). In general, a decrease in overvoltage was observed for the oxidation of
NADH for all of the modified electrodes. An enhanced NADH electrocatalytic
activity was observed for electrodes modified with octahedral ruthenium complexes

bearing additional bidentate ligands with conjugated aromatic systems. In the case of
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the aliphatic linkers, a decrease in the NADH catalytic activity of the modified
electrodes was observed with increase in length of the linkers. Relatively low values
of catalytic currents were recorded for the rigid benzylamine linker, which might
limit the phendione ligand access to the bulky NADH molecule in solution.

Based on the initial results obtained for individual electrodes, a library of 63
GC electrodes modified by different linkers, ligands and metal complexes was
designed and prepared in a combinatorial and parallel way. HTP electrochemical
screening of the library using a multichannel potentiostat allowed instant comparison
of different modification in the library during single set of measurements. An initial
result of HTP screening showed that the highest NADH catalytic currents were
recorded for modifications with the zinc complex attached at the surface through
ethylenediamine linker and this mediator system would be the best choice to apply
for activity-based biosensors. The experimental data extracted from HTP screening
of the library were also applied for evaluation of heterogeneous rate constants of the
NADH catalytic reaction according to the kinetic model reported for electrocatalysis
at different modified electrodes. Based on the catalytic rate constants, k¢, the most
effective mediator system was modification with the #ris ruthenium complex attached
at the surface through the ethylenediethoxydiamine linker.

In conclusion, the results obtained for the modified GC electrodes confirmed
that the proposed strategy of sequential functionalisation of the carbon surface allows
control over the electrochemical and electrocatalytic properties of the modified
surfaces. To the best of our knowledge, the presented work is the first report
describing detailed high-throughput electrochemical and kinetic analysis towards
development of novel modified electrodes for biosensor application.

The successful preparation of array of covalently modified GC electrodes using
combinatorial methodology and the HTP screening can be applied for different redox
systems towards electrocatalytic oxidation of NADH and other substrates.

The molecular design of the carbon surface proposed in this thesis allowed for
control over the surface coverage and NADH electrocatalytic activity by introduction
of different linkers and metal complexes containing redox active phendione ligands.
In order to investigate in more detail the effect of environment on the catalytic
activity of the redox centre, a number of redox centres at the GC surface would be

decreased in a controlled manner. This can be achieved by formation of partial
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coverage of different redox centres using blocking groups with different
functionalities and applying the well-known solid-phase synthesis and

electrochemical methodologies.
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