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ABSTRACT: We report the combinatorial preparation and high-throughput screening of a library of modified electrodes
designed to catalyze the oxidation of NADH. Sixty glassy carbon electrodes were covalently modified with ruthenium(II) or
zinc(II) complexes bearing the redox active 1,10-phenanthroline-S,6-dione (phendione) ligand by electrochemical
functionalization using one of four different linkers, followed by attachment of one of five different phendione metal complexes
using combinatorial solid-phase synthesis methodology. This gave a library with three replicates of each of 20 different electrode
modifications. This library was electrochemically screened in high-throughput (HTP) mode using cyclic voltammetry. The
members of the library were evaluated with regard to the surface coverage, midpeak potential, and voltammetric peak separation
for the phendione ligand, and their catalytic activity toward NADH oxidation. The surface coverage was found to depend on the
length and flexibility of the linker and the geometry of the metal complex. The choices of linker and metal complex were also
found to have significant impact on the kinetics of the reaction between the 1,10-phenanthroline-5,6-dione ligand and NADH.
The rate constants for the reaction were obtained by analyzing the catalytic currents as a function of NADH concentration and

scan rate, and the influence of the surface molecular architecture on the kinetics was evaluated.

B INTRODUCTION

The deliberate modification of electrode surfaces by adsorbed
or covalently attached molecules was first investigated almost
40 years ago in pioneering work by the groups of Hubbard" and
Murray.>” In the intervening period many groups have
contributed to the development of a wide variety of approaches
for the modification of electrode surfaces, to modeling of their
properties, and development of their applications.*™

The motivation for the modification of electrode surfaces is
to achieve control over the properties of the electrode surface
and to be able to tailor these to a specific application. Through
monolayer modification of the electrode surface it is possible to
control properties such as wetting,” cell adhesion,® protein
adsorption,'”!"
through stripping voltammetry,
redox processes.'”

Although many different modified electrodes have been
studied, many of the subtleties of the effects of the
immobilization method and surface molecular structure remain
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to be explored. An attractive way to do this is to learn from the
field of high-throughput (HTP), or combinatorial, chemistry
where the synthesis of small-molecule libraries using solid-
phase synthesis on polymer supports has been widely used. In
this approach the substrate is covalently attached to a polymer
support through a linker, and after several synthetic steps the
product is generally cleaved from the solid support and
screened for the property or properties of interest.'®'” For
application to the synthesis of modified electrodes, the
electrode surface simply replaces the polymer support, but
importantly no cleavage of molecules from the surface is carried
out before screening. Although high-throughput methods have
been widely used in materials chemistry,"®"® their applications
in electrochemistry have been much more restricted and have
mostly concentrated on the screening of materials for
electrochemical applications.”® Guschin et al. used a combina-
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torial approach to prepare a range of Os electrodeposited redox
polymers>' and have screened these for application in enzyme
electrodes,” but this represents the present extent of the
applications in bioelectrochemistry.

Over the last 4 years we have been developing high-
throughput approaches to the study of modified electrodes
based on electrochemical amine oxidation or diazonium salt
reduction to attach molecules with tert-butyloxycarbonyl-
(Bozcs—)}z)srotected amine groups to carbon electrode surfa-
ces.

Modification of carbon electrode surfaces by amine
oxidation®® occurs through electrochemical generation of
primary or secondary amine radical cations, which then form
covalent bonds to the carbon surface, and a wide range of
modified electrodes have been prepared by this method.'>*¢~3!
Electrochemical oxidation of diamines® can potentially provide
carbon electrodes with an amine functionalized surface,'15‘26’30
however, a significant drawback of the approach is that
diamines can form polymeric chains or bridges on the carbon
surface.”®*® In our work we overcome this problem by using
mono-Boc-protected diamines in the initial electrochemical
oxidation step and then removing the Boc protectin% group to
generate a free amine for further surface chemistry.”

In the second approach, originally developed by Pinson et
al.**** and subsequently widely applied,’" the electrochemical
reduction of a diazonium salt is used to generate a reactive aryl
radical which couples to the electrode surface, with the benefit
that it is not restricted to carbon electrode surfaces. A variety of
functionalized aromatic diazonium salts have been em-
ployed,***" and further chemical modification of the electrode
surface can be carried out when specific substituents (e.g.,
—COOH,* —SO;H,* —NMe,,** or —CH,CI***”) are present
on the aromatic ring and hence able to bond metal complexes**
or enzymes>® or act as potential supports for combinatorial
chemistry.>® A disadvantage of the approach, however, is the
low stability and availability of diazonium salts bearing suitable
functional groups. In addition, under some circumstances
multilayers of substituted aromatic compounds can be formed
by electrolysis of diazonium salts.**** We have used 4-(N-Boc-
aminomethyl)benzene diazonium tetrafluoroborate salt as a
linker, and since the Boc group is readily removed by treatment
with acid, this allows the introduction of an amine functionality
to the surface which is not otherwise possible because of the
reactivity of unprotected amines with diazonium salts. An
alternative approach of attaching a nitro-substituted aryldiazo-
nium, followed by reduction of the nitro group, is complicated
by the difficulty of achieving full reduction of —NO, to —NH,
at the electrode surface.' Our use of a bulky Boc protecting
group discourages the formation of polymeric layers™ on the
surface by steric blocking of further coupling reactions at the 3-
and S-positions of the aromatic ring, preventing the buildup of
multilayers.

In the present paper we concentrate on modified electrodes
for oxidation of NADH. The NAD*/NADH couple plays a key
role in biological electron transfer as a two-electron, one-proton
redox reagent and is relevant for the development of a wide
range of substrate specific biosensors.

The oxidation of NADH is formally a H™ transfer,* but it
has long been debated as to whether this occurs in a single step
or in sequential steps.*”** The E*' for NAD*/NADH is —0.315
V vs NHE at pH 7,*"* but at bare metal electrodes the
oxidation of NADH shows significant irreversibility and
requires overvoltages of up to 1 V;* thus, an ECE route for

direct electrochemical oxidation of NADH has been
proposed.”” The use of high overpotential at unmodified
electrodes for NADH oxidation leads to rapid fouling of the
electrode and, if used in biosensor applications, causes
problems from interference due to oxidation of other species
present in the sample. The electrochemical oxidation of NADH
is thus an ideal target for the development of modified
electrodes (designed to catalyze the electrooxidation), and
many examples have been described in the literature.*~>>

The requirements for a mediator for NADH oxidation are
stringent. It must significantly reduce the overvoltage for the
reaction, ideally to around 0—0.2 V vs SCE for application in
biosensors in order to avoid significant interference from
oxidation of species such as ascorbate, urate, and acetomido-
phen present in typical biological samples such as whole blood
and serum. At the same time it must maintain fast reaction
kinetics (ideally with a second-order rate constant of the order
of 10°~10” dm® mol™' s™" or greater). The best mediators are
molecules which can undergo reaction with NADH by hydride
transfer followed by electrochemical reoxidation in two one-
electron transfer steps, whereas species which can only undergo
a one-electron reaction with NADH are poor mediators.>”®

Herein, we use 1,10-phenanthroline-5,6-dione (phendione)55
complexes as mediators for NADH oxidation. Phendione forms
a stable complex with a wide variety of transition metals®® to
give a positively charged mediator. Such complexes have been
adsorbed on graphite®*®" and glassy carbon,®®* attached to
gold,s‘s}l mixed with carbon paste,%b’k or electropolymerized at
the electrode surface™® to give modified electrodes for NADH
oxidation which show good reactivity and stability. In this work
we report studies using phendione complexes that are
covalently attached to the electrode surface, and prepare a
library of three replicates of each of 20 different modified
electrodes using five different complexes and four different
attachments. Using a high-throughput approach we investigate
the electrochemistry of this library and the application of the
different modified electrodes for the oxidation of NADH by
studying the reaction at different NADH concentrations and
scan rates. Using an established kinetic model for the oxidation
of NADH at modified electrodes, the data are analyzed to
extract Ky and k_, values for the different modified electrodes.
This significantly extends our earlier preliminary study of a
library of dihydroxybenzene derivatives®’ and enables us to
explore the effects that the different complexes and attachments
have on the reaction kinetics.

B RESULTS AND DISCUSSION

Design and Synthesis of the Library of Modified
Electrodes. Covalent functionalization of glassy carbon (GC)
electrodes was based on methodology developed by Kilburn
and Bartlett for control of the molecular architecture on a
carbon surface, using sequential electrochemical and solid-
phase synthesis methods.”>*****” Our general approach
involved initial coupling of a linker bearing N-Boc-protected
amine functionality to the GC electrode, usinég either
electrochemical oxidation of a grimary amine>®*%?°
reduction of a diazonium salt,****** followed by N-
deprotection to give a free amine at the electrode surface
suitable for amide-coupling with a metal chelating ligand
bearing carboxylic acid functionality.”>*****” Following cou-
pling to the ligand, chelation of a reactive metal complex was
carried out. Hence, we were able to design and prepare a library
of modified electrodes which would allow us to assess the
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Scheme 1. Sequential Electrochemical and Solid-Phase Synthesis Strategy for Covalent Immobilization of Metal Complexes at

the GC Electrode Surface
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Figure 1. Structures of linkers, chelating ligands, and metal complexes used for preparation of the library of 60 modified electrodes; linkers: EDA
(1,2-ethylenediamine), HDA (1,6-hexanediamine), EDDA (2,2-(ethylenedioxy)diethylamine), and BA (p-benzylamine); chelating ligands: Bpy
(2,2"-bipyridine-5-carboxylate), Impy (2-(1-(carboxymethyl)-1H-imidazol-3-ium-2-yl)pyridin-1-ium), metal complexes: complex A ((dimethyl
sulfoxide)(1,10-phenanthroline-5,6-dione) ruthenium(II) chloride), complex B ((2,2'-bipyridine)(1,10-phenanthroline-5,6-dione) ruthenium(II)
chloride), complex C (bis-(1,10-phenanthroline-5,6-dione)ruthenium(II) chloride), complex D (1,10-phenanthroline-5,6-dione zinc(I) chloride).

effects on NADH catalytic oxidation of varying the linker unit,
the geometry of the metal complex, and the steric and
electronic effects of the ligands attached to the metal center
(Scheme 1).

18024

Four linkers were selected to investigate the effect of
variation in their length, flexibility and chemical functionality
upon both the surface coverage of the attached metal complex
and the catalytic activity of the resulting modified electrodes. In
order to study the effect of different metal centers and
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Journal of the American Chemical Society

Table 1. Design of the Library of 20 Different Modified Electrodes 1—20 with Each Modification Prepared in Triplicate (copies
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“COLUMNS represent variation in the linker: EDA, HDA, EDDA, or BA; ROWS represent variation in the metal complex (ruthenium complexes

A—C or zinc complex D) and also the chelating ligand Bpy or Impy.

geometry of the metal complex on the electrochemical and
electrocatalytic properties of functionalized GC electrodes, two
different chelating ligands 2,2’-bipyridine (Bpy) and 2-
(imidazolyl)pyridine (Impy), three different octahedral ruthe-
nium complexes A—C, and the tetrahedral zinc complex D>~
were chosen. The three octahedral ruthenium complexes A—C
would enable us to vary the combination of chelating ligands
attached to the ruthenium metal ion and hence the steric bulk

18025

of the complex, accessibility of the active phendione moiety,
and the electronic properties of the ruthenium metal center
(Figure 1).

Preparation of 20 different modified electrodes 1—20 was
planned, utilizing various combinations of linker, ligand and
metal complex, with each electrode prepared in triplicate (a-c)
in order to test reproducibility of the electrode performance
(Table 1). It was anticipated that HTP Electrochemical
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Screening of the Library of 60 modified GC electrodes would
allow direct and rapid comparison of the different modifica-
tions, during a single set of measurements, and hence rapid
identification of the best modification in respect of the surface
coverage and catalytic activity toward NADH oxidation.

In order to determine suitable reaction conditions for
multistep, sequential functionalization of GC electrodes, a
single modified electrode, 1, was initially prepared (Scheme 2).

Scheme 2. Sequential Electrochemical and Solid-Phase
Preparation of Electrodes 120

1 EDA
e 2 HDA
/ 3 EDDA
4 BA
0o ‘ 5 EDA
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23 (12 electrodes) HDA 9 10 HDA
Eé] 24 (12 electrodes) EDDA 11 EDDA
25 (12 electrodes) BA 12BA
13 EDA
h 14 HDA

15 EDDA

(0]
| . 16 BA
e N
H N7—(i> 17 EDA
—a h 18 HDA
Q_N N~/ — 19EDDA
20 BA
26 (3 electrodes) EDA
27 (3 electrodes) HDA

28 (3 electrodes) EDDA
29 (3 electrodes) BA

“Reagents and conditions: Prior to modification, 3 mm diameter
(0.071 cm?®) glassy carbon (GC) rod electrodes were individually
polished with silicon carbide paper (grade P1200, 3M). a) 15 mM
solution of mono-N-Boc diamine linker in acetonitrile with 0.1 M
TBATEFB, from 0 to 2.25 V vs Ag/AgCl at a scan rate of 50 mV s7! for
attachment of linkers EDA, HDA, and EDDA; or 15 mM solution of
(N-Boc-aminomethyl)benzene diazonium tetrafluoroborate salt in
acetonitrile with 0.1 M TBATFB, 0.6 to —1 V vs Ag/AgCl at a scan
rate of S0 mV s™! for the BA linker; b) 4.0 M HCl in 1,4-dioxane, 1 h,
room temperature; c) 1.0 M solution of 2,2'-bipyridine-S-carboxylic
acid (1 equiv.) in DMF, HBTU (1.2 equiv), DIEA (4.2 equiv.), room
temperature, 16 h, d) 1.0 M solution of 2-(1-(carboxymethyl)-1H-
imidazol-3-ium-2-yl)pyridin-1-ium trifluoroacetate salt (1 equiv.) in
DMF, HBTU (1.2 equiv), DIEA (10 equiv), room temperature, 16 h,
e) complex A, DMF, 100 °C, 16 h; f) complex B, DMF, 100 °C, 16 h;
g) complex C, DMF, 100 °C, 16 h; h) complex D, DMF, 50 °C, 16 h.

Hence, mono-N-Boc-ethylenediamine (mono-N-Boc-EDA)
was oxidized at the GC electrode surface leading to a full
monolayer, 21, with an estimated surface coverage® of ~1200
pmol cm™. N-Deprotection of electrode 21 was then carried
out and although the resulting modified electrode bearing free
amine functionality was not directly characterized, essentially
quantitative deprotection can be inferred from our previous
work and the well-established reliability of this reaction in
solution.”*****>” Reaction of the free amino electrode with
2,2'-bipyridine-5-carboxylic acid under solid-phase peptide
coupling conditions gave electrode 22, bearing a 2,2'-bipyridine
chelating ligand. Finally, electrode 22 was treated with a
solution of bis-(dimethyl sulfoxide)(1,10-phenanthroline-5,6-

dione) ruthenium(II) chloride®® (complex A) to obtain
functionalized electrode 1. Conditions for chelation of the
metal complex to the surface-immobilized ligand were
optimized by performing the solid-phase attachment of A to
22 at various reaction temperatures (between 25 and 154 °C)
and reaction times (from 4 to 16 h). The newly formed
ruthenium complex at electrode 1 was characterized by cyclic
voltammetry in aqueous solution, for which a reversible redox
peak at potential E,, of —60 mV vs SCE was observed,
corresponding to 2H'/2e™ redox process of the phendione
ligand (Figure 2). Surface coverage I' for electrode 1 was

il pA

02 0.1 0.0 0.1 02
Ewvs. SCE/V

Figure 2. Cyclic voltammograms of electrode 1 recorded in 0.1 M
phosphate buffer pH 7 in the absence (black curve) and in the
presence (red curve) of 1 mM NADH at a scan rate of S0 mV s™".

estimated according to Faraday’s law,*® as ' ~110 pmol cm ™2,
corresponding to the estimated theoretical surface coverage for
a monolayer of related osmium complexes.” Since coverage of
EDA-N-Boc for electrode 21 was estimated at ~1200 pmol
cm™?, subsequent N-deprotection, ligand coupling and metal
complexation has taken place in an overall yield of ~10%,
presumably since the surface can only accommodate a
maximum coverage of 110 pmol cm™ of the bulky metal
complex. The cyclic voltammogram recorded for electrode 1 in
an aqueous solution of NADH (Figure 2) gave a catalytic
anodic peak around 0 V vs SCE corresponding to the
electrocatalytic oxidation of NADH mediated by the phendione
ligands. The presence of phendione (o0-benzoquinone moiety)
at the GC reduces the overpotential by ~0.4 V relative to
oxidation of NADH at the bare carbon electrode (0.4 V vs
SCE).61'62

Having successfully developed the necessary synthetic and
electrochemical approach for the preparation of a single
modified electrode 1 and shown it to be an effective
electrocatalyst for NADH oxidation, we applied the method
to preparation of the library of 60 electrodes 1-20 (a—c).
Preparation of bare electrodes and initial linker-attachment was
carried out individually for each of the 60 electrodes. Solid-
phase coupling of the ligand and metal complex were then
performed using parallel and combinatorial methods to
minimize the overall number of synthetic operations. Each of
the 60 blank electrodes were electrochemically modified with
EDA, HDA or EDDA linker by electrochemically assisted
oxidation of primary amines according to the previously
described procedure, or with BA linker by electrochemical
reduction of the diazonium salt.**** Simultaneous N-Boc
deprotection of all 60 electrodes was carried out by applying
the reaction conditions described for preparation of electrode
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Figure 3. Cyclic voltammograms for the library of 60 modified electrodes in pH 7, 0.1 M phosphate buffer in the absence (black) and in the presence

(red) of 4 mM NADH at a scan rate of 10 mV s~

1% The resulting free amines were coupled with 2,2'-
bipyridine-S-carboxylic acid to give electrodes 22—25 (12
replicates) or with 2-(1-(carboxymethyl)-1H-imidazol-3-ium-2-
yl)pyridin-1-ium trifluoroacetate salt®* to give modified electro-

18027

des 26—29 (3 replicates) (Scheme 2). For these coupling
reactions all electrodes were dipped in a bulk solution of
appropriate ligand, coupling reagent and base for the same
period of time and the solid-phase coupling reactions were
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performed simultaneously in order to minimize differences
resulting from possible decomposition of functionalized GC
electrodes over time. Finally, electrodes 22—29 were treated
with complex A, B, C, or D under reaction conditions which
were optimized using individual GC electrodes and based on
literature methodologies for formation of the ruthenium and
zinc complexes in solution.®*™®” These solid-phase attachments
of different metal complexes were performed in parallel. Four-
neck reaction vessels enabled four electrodes to be placed in a
sealed flask to allow immobilization of a given complex on four
electrode surfaces simultaneously. We restricted these reactions
to four electrodes in order to ensure a uniform temperature
within the reaction vessel and the reproducibility of the
modifications. One each of electrodes 22—25 was placed in a
reaction vessel containing a solution of the appropriate metal
complex, and similarly for one each of electrodes 26—29. The
arrangement was repeated for each of the 12 copies of
electrodes 22—25 and three copies of 26—29, giving three
copies (a—c) of each of the 20 different electrodes 1—20.
Importantly the three copies of each modification were
prepared in separate reaction vessels to ensure that if any
significant synthetic problems occurred in one of the reaction
flasks, it would only affect a single copy of any one electrode
structure and hence should show up clearly in subsequent
measurements of the properties of the full library of electrodes.
All the reactions were performed at the same time so that any
decomposition of the modifications with time was consistent
for all electrodes.

HTP Electrochemical Screening of the Library. The
resulting library of 60 electrodes was electrochemically
characterized in high-throughput mode using a multichannel
potentiostat. Electrocatalytic activities toward NADH oxidation
were investigated in order to evaluate the effects of different
linkers and complexes on the catalytic process. An example of a
series of voltammograms recorded in the absence and presence
of NADH is shown in Figure 3. A full set of data is given in the
Supporting Information (Figures S1—S20). Figure 3 allows
immediate visual identification of the “best” of the 20 different
modified electrodes for NADH oxidation; in this case modified
electrode 17. However a more detailed analysis is required to
extract the coverage and reaction kinetics which are of interest
if we wish to pursue a rational design of better electrodes for
NADH oxidation.

From the voltammetry in the absence of NADH the peak
separation, midpeak potentials and the surface coverages can all
be evaluated. Over the scan rate range 10—500 mV s~ the peak
currents were found to vary linearly with scan rate, as expected
for a surface-bound redox couple. The midpeak potentials E,,,
and peak separations AE, are given in Table 2.

The midpeak potentials for the three octahedral Ru
complexes attached through the four different linkers are very
similar (=SS = S mV vs SCE at pH 7), showing that the
phendione electrochemistry is unaffected by the nature of the
other ligands around Ru, and are consistent with those reported
for the ghendione in [Ru(phendione);]** in aqueous
solution.’®® For the tetrahedral Zn complexes the redox
potentials are slightly more negative but are again all very
similar (—83 + 8 mV vs. SCE). This slight (~30 mV) cathodic
shift reduces the thermodynamic driving force for the oxidation
of NADH and might therefore be expected to reduce the rate of
reaction. We return to this point below when we discuss the
NADH reaction kinetics. The voltammetric peak separations
are an indication of the overall rate of the coupled electron and

Table 2. Summary of Peak Separations (AE,) and Mid Peak
Potentials (E,,,) for Functionalized Electrodes 1—20."

Linker
EDA | HDA | EDDA | BA
AE,/ mV 45 58 51 83
14
E‘““/ ‘:;SCE S5Ol 52 =GR 56
AE,/ mV 58 65 67 84
58
E““/ ‘:;\S]CE B 50 RN 52
AE,/ mV 45 49 50 72
912
E““/‘:i\S,(’E 61| -5s S0 _s6
AE,/mV | 93 | 108 | 113 | 139
1316
E“P/‘:;SCE SOl -so [[EE=oiE -5
AE,/mV | 88 | 121 132 | 112
1720
B : ‘:‘;\S]CE SO o0 [EESEGE o1

“Obtained from cyclic voltammograms recorded at 50 mV s™' in 0.1
M, pH 7.0 phosphate buffer. The values are averaged for three
replicate electrodes with approximate estimated errors ~+3 mV.

proton transfer between the electrode and the phendione. For
the Ru complexes linked through the diamine linkers (EDA,
HDA, and EDDA) the peak separations at S0 mV s~ are all
around 56 mV with a slightly higher value, ~80 mV, for the
diazonium linker; for the Zn complexes the peak separations
are a little larger, ~115 mV, with no significant difference
between the diamine and diazonium linkers.

Surface coverage (calculated from voltammetry, Figure 4) is
clearly related to the size of the immobilized metal complex at
the surface. Hence, electrodes modified with the smaller
tetrahedral zinc(II) complexes tend to show higher coverage for
a given linker than electrodes modified with the bulkier
ruthenium(II) complexes. Among the Ru complexes, highest
coverage for any given linker is found for 1—4, which contain
two relatively small chloride ligands. Substitution of the
chloride by the more bulky Bpy or phendione bidentate
ligands (modifications 5—12) decreases the surface coverage.

The use of linkers with different structures and chain lengths
also influences the surface coverages obtained for a given metal
complex. In earlier work we have shown that the coverage of
diamine linkers on GC electrodes decreases with the increase in
length of the aliphatic chain.>* The presence of the longer
aliphatic chain in the diamine is assumed to cause conforma-
tional disorder which prevents the access of free amine groups
to the carbon surface and hinders covalent bond formation as
the electrochemical oxidation proceeds.>® Lower surface

dx.doi.org/10.1021/ja307390x | J. Am. Chem. Soc. 2012, 134, 18022—18033
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Figure 4. Mean values (n = 3) of the surface coverage of phendione
ligand (I") for the library of 60 GC electrodes; modifications 1—4 (red
bars), 5—8 (green bars), 9—12 (blue bars), 13—16 (gray bars), and
17—20 (yellow bars).

coverage of the linker may lead to a decrease in the amount of
ligand subsequently attached to the linker and in the amount of
metal complex formed in the final step. However, since only
10% of the available amine sites are required for coupling on
the EDA surface (vide supra), a significant reduction in surface
coverage of the linker could be tolerated without necessarily
affecting coverage of the final metal complex. It therefore seems
probable that conformational disorder and entanglement of the
aliphatic chains, using the longer chain linkers, also affects the
efficiency of subsequent coupling reactions, with the amine
head groups of the deprotected linkers being buried or sterically
inaccessible. This problem may become more pronounced after
attachment of the ligand (Bpy or Impy), leading to lower
coverages of the final metal complexes.

Relatively low surface coverages were also obtained for
electrodes modified by the BA linker. Here the limited
flexibility of the linker presumably limits the ability of the
2,2'-bipyridine ligand to coordinate to the metal ion of the large
complex. Hence, overall, the length and flexibility of the linker
and the geometric arrangement of the metal complex at the
surface all affect the surface coverage for the different
modifications, and coverage can vary quite markedly with
relatively small changes to these variables.

The library was screened in solution with NADH at pH 7 to
assess the ability of the modified electrodes to catalyze the
oxidation of NADH. Sample results are shown by the red
curves in Figure 3 and show that the overpotential for NADH
oxidation is significantly decreased compared to a bare glassy
carbon electrode.®® In each case catalytic oxidation of NADH is
observed at the potential of the immobilized mediator. This
confirms that the surface-bound phendione ligands are able to
mediate the NADH oxidation, consistent with published work
on adsorbed phendione complexes.563’13‘}1’i’k In order to assess
the role the particular linker—metal complex combination plays,
the kinetics of the catalytic process at each modified electrode
were characterized.

Previous work with a variety of mediators* has shown that
the electrocatalytic oxidation of NADH can be described by a
mechanism in which the NADH forms a reaction complex with
the mediator followed by oxidation of the NADH and
reduction of the mediator in the reaction complex. This
reaction scheme can be written

Ky
NADH_, - NADH, (1)

[Q] + NADH, & [QNADH] (2)
[QNADH] ~% [QH] + NAD; (3)
[QH] + H" - [QH,] 4)
(QH,] 5 [Q] +2¢ +2H* ()
NAD; s NAD(, (6)

where [Q] and [QH,] represent the oxidized and reduced
forms of the bound phendione and the subscripts oo and 0
denote the bulk and electrode surface, respectively. In these
equations k'p is the mass transport rate constant (cm s™'), and
Ky and k., respectively describe the formation of the reaction
complex between the NADH and surface-bound phendione
and the oxidation of the NADH in the reaction complex. In
writing the reaction scheme we have ignored any potential
effects of partition or diffusion of NADH in a modified layer at
the electrode surface because we are dealing with monolayer-
modified electrodes. The reoxidation of the phendione at the
surface is described by the electrochemical rate constant k. In
the analysis which follows we assume that k', is sufficiently fast
so as not to be rate determining at the overpotentials used. This
assumption is supported by the measured peak separations for
the immobilized phendione complexes reported above. A
kinetic treatment of the mechanism described here has been
discussed in the literature for heterogeneous redox catalysis.’”
From that analysis, the catalytic current can be expressed as

’

k
i= nFAYD{(KME +¢)

= K + 07 = K eogse/ k| .

where ¢ is the bulk concentration of NADH and k'y; and Ky
are respectively the effective electrochemical rate constant and
apparent Michaelis constant for the redox mediator modified
electrode and are related to k., and Ky by

ke = Kyekye/T (8)
and
Ky = Kyp(1 = kyge/kp) )

In order to use eq 7 to analyze the catalytic responses we
need to know the value of the mass transport rate constant k',
For a rotating disk or microelectrode, where mass transport is
under steady-state conditions, this is well-defined. For a
stationary electrode in cyclic voltammetry the diffusion layer
thickness, and hence k'p, changes as the potential is scanned in
the experiment. In order to define k' for the stationary
modified electrode we return to the expression for the current
as a function of potential given by Nicholson and Shane” (eq
25 in their paper)

i, = nFAc\zDa y(at) (10)
where a is the dimensionless scan rate
a = nFv/RT (11)

D is the diffusion coefficient of NADH, v is the scan rate, and
all other symbols have their usual meaning.
Recognizing that
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' 1

D uFAc (12)

we obtain

) DnFv '/
ki, = VzDay(at) = Jry(at)

RT (13)

Taking the values of \/ﬂ)((at) corresgonding to the peak
current for the forward scan we obtain’

1/2
k) = 0.4463( D”FV)
RT (14)
This value was used in the analysis of the data. It is worth
noting that the analysis is not strongly dependent on the
precise value of k' used; a variation in k'py of 10% resulted in
an average variation in the corresponding values of k., and Ky,
of the order of 0.5% and 3%, respectively. This uncertainty can
be considered negligible as compared to the experimental
errors and does not alter the relative values for the different
electrodes and therefore the conclusions presented below.

To gain insight into the kinetics of the catalytic reaction,
cyclic voltammograms were recorded at 10, 20, 50, and 100 mV
s”!, corresponding to four distinct values of k'p. The
measurements were performed for varying concentrations of
NADH, up to 4 mM. Shown in Figure S is an example of a
family of voltammograms obtained, in this case, for the
electrode 1 in solutions of increasing concentration of NADH.

i/ uA

-10+

03 02 01 00 01 02
E vs. SCE/V

Figure S. Example of cyclic voltammograms recorded with modified
GC electrode 1 in 0.1 M phosphate buffer pH 7 at a scan rate of 50
mV s~! and different NADH concentrations: (black line) 0, (red line)
1, (blue line) 2, and (green line) 4 mM.

The catalytic currents were then used to obtain plots of i, as
a function of concentration of NADH for different values of
scan rate and the data fitted to eq 7 to obtain the values for k'yg
and Ky (see the example for 1 in Figure 6). Subsequently,
values of k. and Ky, were calculated using eqs 8 and 9 with the
appropriate values for k' (calculated using a diffusion
coefficient D value of 2.4 X 107 cm® s™' for NADH in
aqueous solution) and surface coverage of phendione ligands
obtained by integration of voltammetric peaks in the absence of
NADH. A full set of plots and the tabulated results for all 60
electrodes are given in the Supporting Information.

While the surface coverage of metal complex is the same as
the coverage of phendione for modifications 1—8 and 13—20, it
is one-half the value for electrodes 9—12 which bear two
phendione ligands. In the following analysis we assume that all
the phendione ligands are equivalent and available to mediate

L hA
i

ImM

CN.NJH

Figure 6. Catalytic currents for NADH oxidation as a function of
NADH concentration for electrode 1 at a range of scan rates; (black-
filled square) = 10, (red-filled circle) = 20, (blue-filled triangle) = SO
and (pink-filled heart) = 100 mV s™". The currents were determined
from cyclic voltammograms in pH 7, 0.1 M phosphate buffer as a
difference in current at 0.15 V vs SCE between NADH containing
solution and NADH free solution. The lines are the least-squares fits of
the experimental data to eq 7.

NADH oxidation, and therefore we use the ligand rather than
metal complex coverages. The resulting kinetic parameters for
all 20 different electrode modifications (obtained by averaging
the three replicate measurements in each case) are summarized
in Table 3 and compared graphically in Figures 7 and 8. For the
complete set of voltammograms, plots of i vs cyapy fitted with
eq 7, as well as tables containing I', k'yg, Ky, ke and Ky for
each electrode the reader is referred to the Supporting
Information (see Figures S1—S40 and Tables S1—S5).

To compare the kinetic results obtained here with those in
the literature for phendione complexes reacting with NADH we
need to introduce the apparent second-order rate constant, k,,
where

k2 = kcat/KM (15)

corresponds to the second-order rate constant for the reaction
at low NADH concentration when the reaction sites are not
saturated ([NADH] < Ky,).

The values for k, (Table 4) compare well with the published
values for similar complexes of phendione. Thus, Wu et al.>**
found values of k, of ~4.4 mM™" s™! for [Ru(phendione)(4-
vinyl-4'-methyl-2,2'-bipyridine),]*", ~6 mM™' s™' for [Fe-
(phendione);]**, and ~2.5 mM™ s™' for [Re(phendione)-
(CO);]* for electrodeposited films on glassy carbon measured
at pH 7.2. Popescu et al.** found values for k, and Ky, of ~0.8
s' and of ~0.4 mM, respectively, giving a values of k, of ~2
mM™' s7!, for drop-coated [Os(4,4’-dimethyl- 2,2-bipyridi-
ne),(phendione)]** adsorbed on spectrogragyhic graphite and
measured at pH 6.1, and Yokoyama et al.>*" reported a value
for a monolayer of [Ru(phendione),(S-amino-1,10-phenan-
throline)]** attached to Au of ~1.2 mM™' s™! at pH 7.0. The
values in Table 4 are also consistent with the linear free energy
relationship for the reaction of NADH with various
phenoxazine mediators (gallocyanine, ethyl capri blue, and
methyl capri blue) reported by Gorton.*"

On the basis of our high throughput study it is interesting to
ask the question “which is the best modification for the
oxidation of NADH?” On one level the answer to this question
is simply obtained by looking at the raw data in Figure 3 where
we can see that the largest catalytic currents are obtained for
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Table 3. Kinetic Parameters for NADH Oxidation in pH 7.0, 0.1 M Phosphate Buffer for the Library of Modified Electrodes”

Linker
Electrode EDA HDA EDDA BA

Ko f5 K/ mM Kae/ 8 K/ mM ka/s' | K/ oM | ko /s' | Ky/mM

1-4 -3+ 1.9 1.4+£0.2 3.7+0.6 b e (B 6.6 £ 0.6 1.8+£0.1 | 24+0.9 1.0+04
5-8 6.6 + 1.7 1202 1.6 £ 0.6 0.9 £0.1
9-12 6913 1.9+0.2 29+03 | 1.1+0.1
13-16 8.8+1.2 2.0+£0.1 45+1.3 1.7+ 0.3 9.7+3.8 23+04 | 24+03 0.4+0.2
17 - 20 11.7+ 1.3 2:6 £ 071 4.2 +0.8 1.8 £ 0.1 70+ 1.4 1.5£0.2 | 0.8+0.1 0.3+0.2

“The values are based on three replicates of each surface modification.

Figure 7. Comparison of k. for the reaction of phendione with

NADH for the library of 60 electrodes 1-20 a—c.

Figure 8. Comparison of Ky, for the reaction of phendione with
NADH for the library of 60 electrodes 1-20 a—c.

modifications, 9 (using ruthenium complex C and the Bpy
ligand) and 17 (using zinc complex D and the Impy ligand)
both attached through the EDA linker. However, if we look at
the values for k, in Table 4 the conclusion is different; the
largest value for k, is found for modification 7 with ruthenium
complex B and the EDDA linker. This difference arises because
the k, values take account of the phendione coverage on the
electrode surface and suggest that, provided the current
increases linearly with the phendione coverage as assumed in
our analysis, the optimum electrode could be achieved using
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Table 4. Calculated Values for k, for NADH oxidation in pH
7.0, 0.1 M Phosphate Buffer for the Library of Modified

Electrodes
b/ mM™! s
Electrode EDA HDA EDDA BA
1-4 62208 3.4 + 1.2 [WSSEHOGE 2.4 + 1.9
5-8 5.5 2.5 1.8 + 0.9
9-12 3.6+1.1 2.6 £0.5
13-16 | 44+08 | 26+1.2 | 42+24 | 6.0+3.8
17-20 | 45+0.7 [ 23+0.6 | 47+1.6 | 2.7+2.1

the EDDA linker and complex B if the coverage on the
electrode could be increased.

The values of k,, the apparent second-order rate constant for
the oxidation of NADH, are made up of the contribution from
Ky and k, (see eq 15). The equilibrium constant Ky, (Figure
8) represents the strength of the intermediate complex formed
between the NADH and the phendione moiety. The values of
Ky calculated for all modifications containing aliphatic linkers
show little variation and average around 1.8 mM. Within this
group of modifications slightly lower values of Ky are observed
only for electrodes with immobilized complex A. A significant
decrease in Ky, is observed for electrodes modified with the BA
linker, which indicates that the phendione—NADH charge
transfer complex is more stable for the mediators attached via
BA compared to the aliphatic linkers. For the BA linker, the
surface coverages of the metal complexes are low and therefore
there is a high number of uncoordinated 2,2’- bipyridine ligands
present at the surface. It is possible that the resulting local
chemical environment around the mediator provides additional
stabilization for the intermediate complex by interactions
between the uncomplexed 2,2'-bipyridine ligands and the
phosphate groups of the NADH.

Figure 7 presents a summary of the values for the
heterogeneous rate constant k. The kinetics of the catalytic
oxidation of NADH depends both on the structure of metal
complex and the linker. The highest values of k_,, were obtained
for modifications with ruthenium complexes B and C with
additional bidentate phendione and 2,2'-bipyridine ligand,
respectively. In comparison, the values of k., obtained for
electrodes modified with complex A with two monodentate
chloride ligands tend to be the lowest for a given linker.
Modifications 13—20 with tetrahedral zinc complex D show
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intermediate values of k., with the exception of modification
17, which among all modifications was found to give the second
highest k., of ~12 s™'. These observations suggest that the
presence of the additional bidentate ligands with conjugated
aromatic systems increases the rate of catalytic reaction of the
phendione ligand with NADH. Simply based on the redox
potential values (Table 2) we should expect the values for k.,
for the Zn complex to be smaller than those for the Ru
complexes because the thermodynamic driving force is lower. If
we use the linear free energy relationship from Gorton>'
(logolky/dm® mol™ s7'] = 2.97 + 0.0059[E*" vs SCE/mV]) we
expect k., for the Zn complexes to be around 1.5 times smaller
than the values for the Ru complexes due to the ~30 mV
cathodic shift in the redox potential. In practice any effect of the
thermodynamic driving force appears to be obscured by other
factors such as the differences in the geometry of the complexes
and the effects of the other ligands. It is also notable that there
does not appear to be any strong eftect from the charge on the
metal complexes (compare modifications 1—4 with neutral
ruthenium complex with the other complexes which are
dications).

The choice of linker was found to have a significant effect on
the values of k. For the electrodes modified with BA linker we
obtain the smallest k., values irrespective of the phendione
complex attached. For a given metal complex the highest values
of k., are found for the EDDA linker followed by EDA; HDA
shows intermediate values between these two aliphatic linkers
and BA. The effects here appear to be subtle and may relate to
the precise geometry of the transition state for H™ transfer in
the intermediate complex.

Finally, it is worth commenting on the results for electrodes
9—12 with two phendione ligands as compared to electrodes
5—8 with only one. In our analysis we have taken I" in eq 8 to
be the surface coverage of phendione rather than the surface
coverage of the complex. One could argue that the close
proximity of the two phendione ligands on a single complex
precludes both being involved in catalysis at the same time for a
large substrate such as NADH. However, for the high surface
coverages used in these experiments similar steric blocking will
occur for adjacent complexes, and it therefore makes no
difference whether the two adjacent phendiones are on the
same molecule or on adjacent molecules. To see a significant
effect one needs to go to smaller coverages, below ~10 pmol
cm™?, where the complexes are further apart on average than
the size of the substrate.

B CONCLUSIONS

In this work we have described the synthesis of several new
complexes containing the redox active phendione ligand and
their attachment at glassy carbon electrodes using a generic
approach that uses a variety of different linkers and both 2,2’-
bipyridine and 2-(imidazolyl)pyridine ligands. We have used
this to construct a library of three replicates of each of 20
different modified electrodes using combinatorial solid-phase
synthesis. This library has been screened using a multichannel
potentiostat to investigate the electrochemical properties of the
immobilized complexes and their propensity to catalyze the
electrochemical oxidation of NADH.

We find that the coverages of the phendione complexes are
related to the size of the immobilized metal complex; the
smaller tetrahedral Zn(II) complexes show significantly higher
coverages than the Ru(II) complexes, and among the Ru(II)
complexes modifications with the less bulky bis-chloride

complex A give the higher coverages. For a given complex we
find that the choice of linker affects the coverage, with the short
ethylene diamine (EDA) linker giving the highest values of
surface coverage.

High-throughput methods were used to evaluate the different
modified electrodes for oxidation of NADH by simultaneously
recording the cyclic voltammetry for all the electrodes at several
scan rates and for several concentrations of NADH. By analysis
of this data using an established model for the kinetics of the
mediated reaction we were able to extract the kinetic
parameters k., and Ky that describe the reaction and to assess
the influence of the particular complex and choice of
attachment and linker on the kinetics of NADH oxidation.
We find that, for the modifications studied here, the best
performance is obtained for electrodes modified with the EDA
linker, 2,2"-bipyridine ligand and complex C or the EDA linker,
2-(imidazolyl)pyridine ligand and zinc(II) complex D.
However if we look in greater detail at the kinetics we find
that the most effective complex, once the effect of coverage is
taken into account, is the Ru(II) complex with one phendione
and two 2,2'-bipyridine ligands attached through the EDDA
linker. This suggests that the modified electrode performance
might be improved by finding ways to increase the coverage of
this molecule on the glassy carbon surface.

Finally, we have shown that this approach of using solid-
phase synthesis methodology and high-throughput screening
offers great promise as a way to investigate the relationship
between structure and reactivity for chemically modified
electrodes.

B ASSOCIATED CONTENT
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Experimental procedures for preparation of Impy ligand and
metal complexes A—Dj; solid-phase and combinatorial prepara-
tion of the 60-member library of modified electrodes 1—-20;
cyclic voltammograms for electrodes 1—20 recorded in the
presence and absence of NADH, plots of NADH catalytic
currents i.,, and fitting curves at different scan rates; fitting and
kinetic parameters k., and Ky, for all library members. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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