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Abstract

In this thesis work, we have contributed to the development and optimization of
specific surface functionalization methods for the introduction of different
organic (bio)molecules on mainly boron-doped diamond (BDD) surfaces. These
methods are based on electrochemical and wet-chemical concepts. The
functionalized diamond platform was also tested for its possible applications.

In the first part of Chapter 1, a general description on diamond classification and
a brief explanation on how to grow boron-doped diamond is given. Then, the
surface properties of diamond and the electrochemical properties of boron-
doped diamond are discussed. The last part of this chapter focuses on the
surface chemistry of diamond.

In Chapter 2, a general introduction to all the characterization techniques used
throughout this thesis is given, such as X-ray Photoelectron Spectroscopy (XPS),
Ultra-violet Photoelectron Spectroscopy (UPS), Near-Edge X-ray Absorption Fine
Structure Spectroscopy (NEXAFS), Cyclic Voltammetry (CV), and Impedance
Spectroscopy.

In Chapter 3, we show that N3 dye molecules [cis-bis(isothiocyanato)-bis(2,2'-
bipyridyl-4,4'-dicarboxylato)-ruthenium(ll)] can be covalently attached onto
boron-doped nanocrystalline diamond (B:NCD) thin films through a combination
of coupling chemistries, i.e. diazonium, Suzuki and EDC-NHS. Spectroscopic
techniques such as XPS, UPS, and NEXAFS were used to verify the covalent
bonding of the dye on the B:NCD surface. The spectroscopic results confirmed
the presence of a dense N3 chromophore layer. The positions of the frontier
orbitals of the dye relative to the band edge of the B:NCD thin film were inferred
as well using UPS. Our proof of concept photoelectrochemical measurements
showed a strong increase in photocurrent as compared to non-dye-
functionalized B:NCD films.

In Chapter 4, donor-acceptor type light-harvesting molecular dyes are
covalently attached to B:NCD surfaces via a combination of diazonium
electrografting and Suzuki cross-coupling. In order to achieve a high coupling
yield for the Suzuki reaction, various catalytic systems were compared with
respect to their imposed surface coverage. We found that when combining 2-
dicyclohexylphosphino-2’,6’-dimethoxybiphenyl (SPhos) and Pd(0), the diamond
coverage improved considerably (by 98%) as compared to the standard
tetrakis(triphenylphosphino)palladium(0) (Pd(PPh3),) catalyst. From UPS
measurements, we found that the highest occupied molecular orbital (HOMO)
level of the molecular dyes aligns well with the valence band maximum (VBM) of
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B:NCD. It is concluded that this should favor hole injection from the molecular
dyes to the B:NCD during photoexcitation.

In Chapter 5, we report a straightforward protocol for the covalent
functionalization of BDD electrodes with either ferrocene or single-stranded
deoxyribonucleic acid (ss-DNA). An azide-terminated organic layer was first
electrografted on the diamond surface by electrochemical reduction of 4-
azidophenyldiazonium chloride. The azidophenyl-modified surface then reacts
rapidly and efficiently with molecules bearing a terminal alkyne moiety by
means of a Cu(l)-catalyzed alkyne-azide cycloaddition. Covalent attachment of
the ferrocene moieties was analyzed by means of XPS and CV, whereas
impedance spectroscopy was applied for the characterization of the immobilized
DNA.
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In deze thesis werd bijgedragen aan de ontwikkeling van specifieke
oppervlaktefunctionaliseringsmethoden voor de introductie van verschillende
organische (bio)moleculen op voornamelijk B-gedoteerde (BDD)
diamantopperviakken. Deze methodes zijn gebaseerd op zowel
elektrochemische als chemische concepten. Het gefunctionaliseerd diamant werd
uiteindelijk getest op zijn toepassingen.

In hoofdstuk 1 wordt eerst een algemene beschrijving gegeven van de
classificering van diamant, gevolgd door een korte introductie over de groei van
B-gedoteerd diamant. Daarna worden de oppervlakte-eigenschappen van
diamant en de elektrochemische eigenschappen van B-gedoteerd diamant
beschreven. Het laatste deel van dit hoofdstuk focust op de opperviaktechemie
van diamant.

In hoofdstuk 2 wordt een algemene introductie gegeven tot de
karakteriseringstechnieken, zoals X-stralen Foto-elektronen Spectroscopie (XPS),
Ultraviolet Foto-elektronen Spectroscopie (UPS), Near-Edge X-ray Absorption
Fine Structure Spectroscopie (NEXAFS), Cyclische Voltammetrie (CV) en
Impedantie Spectroscopie, die gebruikt werden voor dit werk.

In hoofdstuk 3 wordt aangetoond dat N3 dye molecule [cis-bis(isothiocyanato)-
bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(ll)] covalent kan binden op B-
gedoteerde dunne diamantfilms door een combinatie van chemische koppelingen,
d.w.z. diazonium, Suzuki en EDC-NHS. Spectroscopische technieken zoals XPS,
UPS en NEXAFS werden gebruikt om de covalente koppeling van het dye
molecule op het B-gedoteerde diamant te verifi€ren. Deze spectroscopische
resultaten bevestigen de aanwezigheid van een dense N3 chromofoorlaag op het
B:NCD oppervlak. Ook de positie van de grensorbitalen ten opzichte van de
valentieband van de B:NCD film werd bepaald met behulp van UPS. Foto-
elektrochemische metingen toonden een sterke stijging in fotostroom aan in
vergelijking met niet-gefunctionaliseerde B:NCD films.

In hoofdstuk 4 werden donor-acceptor type light-harvesting moleculaire draden
covalent gebonden op B:NCD oppervlakken met behulp van een combinatie van
diazonium elektrografting en Suzuki-koppeling. Om een zo hoog mogelijke
opbrengst te behalen voor de Suzuki-koppeling werden verschillende
katalytische systemen vergeleken op basis van de behaalde
oppervlaktebedekking. Bij een combinatie van 2-dicyclohexylfosfino-2’,6'-
dimethoxybifenyl (SPhos) en Pd(0) neemt de bedekking van het diamantword
oppervlak aanzienlijk toe (met 98%) in vergelijking met de standaard
tetrakis(trifenylfosfine)palladium(0) (Pd(PPh3),) katalysator. Uit de UPS
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metingen volgde dat het niveau van de ‘highest occupied molecular orbital’
(HOMO) overlapt met het maximum van de valentieband van B:NCD. We
concluderen hieruit dat de injectie van protonen van de moleculaire draden naar
het B:NCD vergemakkelijkt wordt tijdens de foto-excitatie.

In hoofdstuk 5 rapporteren we een eenvoudig protocol voor de covalente
functionalisering van BDD elektrodes met enerzijds ferroceen en anderzijds
enkelstrengs deoxyribonucleinezuur (ss-DNA). Een azide-getermineerde
organische laag werd eerst gehecht op het diamantopperviak met behulp van
elektrografting door de elektrochemische reductie van 4-azidofenyldiazonium
chloride. Het azidofenyl-gemodificeerde oppervlak kan daarna met behulp van
de Cu(l)-gekatalyseerde alkyn-azide cycloadditie snel en efficiént reageren met
moleculen die een eindstandige alkyngroep dragen. De covalente binding van
ferroceengroepen werd geanalyseerd met behulp van XPS en CV, terwijl het
geimmobiliseerde DNA werd gekarakteriseerd aan de hand van impedantie
spectroscopie.
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Chapter 1

Introduction

For most people, diamond is just a well-known gemstone and it is considered as
one of many precious possessions. Diamond comes from the Greek word
“adamas”, meaning unconquerable. The word diamond presents wealth, status,
and prosperity. Natural diamond was first discovered in India in 500 BC. The
Chinese were the first to apply diamond for industrial purposes, stemming from
its combination of supreme hardness and wear resistance. For scientists,
diamond possesses other superior properties - optical, thermal, electrochemical,
chemical, and electronic - that outclass competing materials such as silicon and
germanium. When these setlines are combined, diamond offers us an
engineering material with tremendous potential. It could offer solutions that can
shift performance to new levels or enable completely new approaches to solve

challenging problems.

The interest in chemical modification of the diamond surface is due to the
current trend that is connecting technology to nanotechnology in various fields,
which makes surface properties predominating over bulk ones. One of many
approaches originating from diamond surface modification involves the
construction of hybrid organic diamond devices, based on organic molecules
covalently grafted onto a diamond surface, for applications such as solution gate
field-effect transistors (“more Moore™), molecular electronics (“beyond Moore”),
sensors and micro-electromechanical systems (“more than Moore”). Diamond is
generally considered to have a poor reactivity, so its functionalization with

organic moieties is still a challenging issue and worthwhile to study.

This chapter first covers some general properties of diamond, classification of
diamond, and methods to grow synthetic diamonds. Next, some interesting
phenomena arising from diamond surface termination and electrochemical
properties of p-type diamond are discussed. Finally, surface and coupling

chemistries dedicated to functionalize diamond for its application in diamond-
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based devices are reviewed and discussed, emphasizing the underlying

chemistry.

1.1 General Properties of Diamond

Diamond is one of the allotropes of carbon. It is composed of the single element
carbon. The carbon atoms in diamond are arranged in a face-centered cubic
structure (diamond lattice). Under standard state conditions, diamond is the
second most stable form of carbon after graphite. At normal temperatures and
pressures, there is no easy mechanism to convert diamond into graphite due to
the large activation barrier for such conversion. However, diamond can be
transformed into graphite at temperatures above 1700 °C in vacuum. In air,

transformation starts at ~ 700 °C [1].

Unlike graphite sp? planar structure, the diamond structural network is formed
by sp3-hybridized carbon atoms, with each carbon atom is covalently bonded to
four neighboring carbon atoms in a tetrahedral coordination. This gives diamond
a lattice constant of a = 3.567 A and the distance between the nearest carbon
atoms is 1.545 A. The basic structure can be viewed as two carbon atoms
commonly placed at positions [0, 0, O] and [Y4, Y4, ¥4] of the cubic unit cell, as
shown in Figure 1.1. The strong covalent binding and inflexible three
dimensional network present in the diamond lattice give diamond an
extraordinary hardness with Young’s modulus of 4.4 x 10** Nm™, which is about
four times harder than Si (0.98 x 10** Nm™) [2]. Diamond is the hardest natural

material according to Mohs scale [3].

Diamond is a wide band gap material [4, 5] with a band gap of 5.47 eV.
Undoped diamond is an electrical insulator with a resistivity in the order of 10%°
Ohm. However, similar to other Group 14 materials, diamond can be made
conductive by doping. In order to increase its electrical conductivity, diamond
can be doped with boron at certain concentrations during the synthetic growing
process to transform it into a p-type semiconductor. At low doping levels, the
diamond acts as an extrinsic semiconductor. At high doping levels, diamond with

metallic-like conductivity can be obtained. Typical and useful boron
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concentrations in diamond are between 500 ppm to about 10, 000 ppm [6]. The
boron atoms are single substitutionally inserted into the diamond lattice to

replace carbon atoms. These boron atoms function as electron acceptors and

contribute to the formation of free-charge carriers, i.e. holes [7].

Figure 1.1 Schematic diagram of a diamond unit cell.
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Figure 1.2 Band diagram for (a) n-type diamond and (b) p-type diamond.
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Like boron doping, nitrogen [8] or phosphorus [9] doping increases diamond’s
conductivity this time by turning it into an n-type semiconductor. Here, the
nitrogen or phosphorus atoms function as electron donors and the free-charge
carriers are free electrons. Band diagrams for p-type and n-type semiconductor

diamond are illustrated in Figure 1.2.

1.2 Diamond Classification

In this section, the classification of diamonds is first done by the type and the
concentration of impurities. The second classification is based on crystallinity,

which is derived from the crystallite size in polycrystalline diamonds.

1.2.1 Classification by Impurities

This classification is based principally on the optical absorption of nitrogen,

boron, and hydrogen-related defects [10].

- Type la: Most natural diamonds are of this type. The nitrogen impurities are
present in type la diamond as non-paramagnetic aggregates. The typical

nitrogen concentration in natural type la diamond is between 500 to 3000 ppm.

- Type Ib: Most synthetic nitrogen-containing diamonds are of this type. The
nitrogen impurities are present in type Ib diamond as paramagnetic single
substitutional nitrogen atoms. The typical nitrogen concentration in synthetic

type Ib diamond is between 10*® to 10*° atoms cm.

- Type lla: Very rare in nature, these diamonds contain very little nitrogen
(< 5 ppm). Type lla diamonds are the most optically transparent diamonds.
This diamond does not show any specific IR optical absorption related to boron
and hydrogen impurities in the one-phonon region. The electrical conductivity of
type lla diamond is 10® Q.cm. High-quality CVD diamond films always fall into
this category.

- Type Illb: Extremely rare in nature. These diamonds have a very low
concentration of nitrogen (even lower than type lla). Type llb diamond shows

optical absorption due to boron impurities. It is a p-type semiconductor due to
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the uncompensated boron acceptor impurities. Synthetic type Ilb diamonds can
be doped with boron up to 10?* atoms cm™. Most of the works in this thesis

used the heavily boron-doped synthetic diamonds.

1.2.2 Polycrystalline Diamond

Diamond on the one hand, can be a single continuous crystal (single crystal) or
it can composed of many smaller crystals (polycrystal). Polycrystalline diamond
consists of a large number of single crystal diamonds (grains), held together by
thin layers of amorphous solid called the grain boundaries [11]. The grain
boundaries induce disorder, hence influencing the polycrystalline diamond
properties significantly. For instance, polycrystalline diamond has a lower
chemical stability compared to single crystal diamond due to the presence of
these grain boundaries, as they contain sp? carbon, which in most cases is more

reactive than sp® carbon.

Depending on the growth parameters such as the gas mixture, temperature and
substrate seeding, CVD growth can produce microcrystalline, nanocrystalline,

and ultrananocrystalline diamond.

When the average grain size of polycrystalline diamond exceeds the value of
500 nm, it is classified as microcrystalline diamond (MCD) [12]. The grain
boundaries and crystal defects in MCD have shown to reduce electron and holes
mobilities and degrade the electronic performance of MCD [13]. Therefore, only
limited success has been reported using MCD in the production of electronic

devices. Figure 1.3 shows a SEM image of a MCD sample.

When the average grain size of polycrystalline diamond is less than 500 nm, it
falls into the class of nanocrystalline diamond (NCD) [14]. Diamond films with
the smallest grains are called ultrananocrystalline diamond (UNCD) [15]. UNCD
has a typical grain size below 10 nm. Figure 1.4 displays SEM images of (a) a
150 nm thick B:NCD thin film and (b) a 100 nm thick UNCD thin film. NCD has
been shown to function as an excellent electrode for electrochemical applications
due to its large electrochemical potential window and low background current
[16, 17].
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Figure 1.4 Typical SEM images of (a) B:NCD and (b) UNCD films.

1.3 Growth of Doped Diamond

Due to its high cost, natural diamond is seldomly used in research. Instead,
synthetic diamond is widely used because of its low cost and reproducible
properties. Undoped diamond, due to its large bandgap (= 5 eV), is electrically

insulating and cannot be used as an electrode material. Nevertheless, like some
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other wide band gap materials, diamond can be made conductive by doping it
with certain elements during its growth. Currently, in most cases boron is used
as a dopant, resulting in p-type semiconducting properties. This section briefly

discusses two methods used to produce synthetic boron-doped diamond.

1.3.1 High Pressure and High Temperature (HPHT)

Natural diamond is believed to form at depths of around 200 km in the earth’s
mantle. This corresponds to pressures and temperatures of 7—8 GPa and 1400—
1600 °C, respectively [18]. In contrast to natural genesis, the first industrialized
HPHT method used a pressure of 5 GPa and a temperature of 1500 °C to
produce synthetic diamond [19]. As shown in Figure 1.5, HPHT diamond is
produced in the thermodynamically stable regime from a locally carbon-rich melt.
A catalytic amount of a solvent metal, such as Fe, Co or Ni, was found to be
essential for a practical process [20]. Most HPHT diamonds produced by this
method lead to small crystals of type Ib and are used in grinding and other
abrasive applications. The production of p-type diamond particles by the HPHT
method has also been reported [21, 22]. The major drawback of the HPHT
method is that it can only produce very small single crystal diamond, ranging in

the size from nanometers to millimeters, which limits its applications.

1.3.2 Chemical Vapor Deposition (CVD)

Currently most of the boron-doped diamond electrodes in use are produced by
the CVD method [23]. Figure 1.5 shows a region where diamond can be
produced via the CVD method. In this region, diamond films can be deposited on
substrates at lower pressures (10 mtorr to 769 torr) and at lower temperatures
(=700 °C to 1200 °C). In the early stages of research concerning CVD diamond
films, the major focus was on the formation of the diamond film itself. Although
diamond films could be formed, they were of little technological or commercial
importance due to several drawbacks such as extremely low growth rate, lack of
substrate selectivity, and the formation of graphite. Not until 1982, a major
breakthrough in diamond CVD technology was made by the use of a hot filament
[24]. Since then, various gas phase activation methods such as direct current

(DC)-plasma [25], radio frequency (RF)-plasma [26], microwave (MW)-plasma
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[27], electron cyclotron resonance (ECR)-microwave plasma [28], and so on,

were developed.
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Figure 1.5 Phase diagram for carbon, indicating the main regions of pressure—

temperature space in which diamond growth occurs (after [23].)

In general, most CVD techniques can be classified into two groups: hot filament
assisted CVD and plasma-assisted CVD. This means that the gaseous source
needed for the deposition is activated either thermally [6, 29, 30] or by plasma
radiation [31-33]. In both cases, the gas phase (about 10 to 50 mbar) typically
consists of hydrogen as the carrier gas and methane (0.5-3% CH, in H,) [32] or
an acetone/methane mixture [34] as the carbon source. To introduce boron into
the diamond lattice during the film growth, a boron containing substance is
added to the deposition gas mixture. Two commonly used boron precursors are
diborane (BHg) [34] and trimethyl borane (B(CH3)3) [32]. This gaseous source
is first activated thermally or by plasma. Molecular hydrogen is then dissociated
into atomic hydrogen. Atomic hydrogen subsequently reacts with hydrocarbon
species [35]. The reacted hydrocarbon species then form hydrocarbon radical
species. The flow of molecular hydrogen and hydrocarbon radicals to the surface
of already existing diamond seed initiates the diamond growth. Due to the
presence of atomic hydrogen during the deposition, graphite is etched away

simultaneously, which in turn lead to higher diamond growth rates. The diamond
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seed which is used to initiate the growth is either a natural diamond, or a HPHT

diamond, or diamond nanoparticles produced by detonation synthesis.

As mentioned earlier, before diamond deposition the substrate has to be pre-
treated properly [34]. One pre-treatment step is the activation of the substrate
with nanoscale diamond particles. This is, however, not the case if the substrate
itself is a HPHT or natural single crystal diamond. The nanoscale diamond
crystallites act as the nucleation sites for the growth of the thin diamond film
during the CVD process. With such pre-treatment, nucleation densities are
enhanced to more than 10** cm™ [10]. This surface activation step or seeding-
pretreatment can be done in several ways such as (i) scratching the substrate
surface with diamond powders (10 nm — 10 pm), (ii) immersing the substrate
into a slurry of micron-size diamond powders accompanied by ultrasonication, or
(iii) immersing the substrate into a seeding suspension made of detonation

nanodiamond powders [32]. At IMO, method (iii) is used frequently.

The substrate temperature during diamond film production is usually maintained
at about 700 to 900 °C but temperature as low as 250 °C have also been
reported using pulsed linear antenna microwave plasma systems [36]. Typical
growth rates are between 0.2 to 0.3 um/h [32]. Various sizes and thicknesses of
diamond films can be deposited. Substrates used to deposit p-doped diamond
films are usually either p-doped silicon (both single-crystalline or polycrystalline)
or self-passivating metals such as titanium, tantalum, tungsten, molybdenum,
and niobium [33]. The use of silicon as a substrate leads to a more perfect pore-
free film. Free-standing p-doped diamond films can also be produced by first
depositing a relatively thick conductive diamond film on silicon or other
substrates and subsequent removal of the substrate, e.g. by chemical etching.
The production of single-crystalline doped diamond by CVD is also possible. To
do this, a natural or HPHT single crystal diamond is used as a substrate for the
CVD thin film deposition [37].

The boron-doped nanocrystalline diamond thin films used in Chapter 3 and 4 in
this thesis were grown on fused-silica substrates [38] to meet their final

applications. In order to grow a uniform diamond layer, the fused silica is first
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seeded with detonation nanodiamond particles to increase the nucleation

densities [39], as discussed earlier.

1.4 Electrochemical Properties of Boron-Doped Diamond Electrodes

Currently, boron-doped diamond (BDD) electrodes receive much attention [40a].
Electrochemists are fascinated by BDD electrodes as they show a number of
outstanding electrochemical properties compared to either conventional carbon
based electrodes such as glassy carbon, pyrolytic graphite, and carbon paste or
metal electrodes such as platinum and gold [40b]. BDD electrodes have: (i) low
capacitance and low background current in aqueous and non-aqueous media,
which are desirable for a material to be used as electrode in electroanalytical
and sensor applications [40-42]; (ii) very high overpotentials for both oxygen
and hydrogen evolution giving rise to a very wide potential range in aqueous
media in which the rate of water electrolysis is negligible [43]. This is interesting
because within the potential window of water stability, other electrochemical
reactions could be observed, which are important for sensor applications; (iii)
high stability even at high temperatures and current densities (0.1-10 Acm™),
enabling operation under harsh experimental conditions such as in 85% H3PO,
solution [44]; (iv) long term response stability; (v) high sensitivity, rapidity, and
selectivity to determine several redox species concurrently in aqueous or non-
aqueous solutions without any pretreatment, resulting in direct electrochemical
detection and eliminating mediated reagents [45, 46]; (vi) weak adsorption of
polar molecules, resulting in improved resistance to electrode deactivation and
fouling; (vii) high transparency even when doped, permitting its use as a

transparent electrode for spectroelectrochemical measurements [47].

There are several factors affecting the electrochemical response of BDD
electrodes such as the doping level, the presence of non-diamond carbon
impurities, and the surface chemistry. In order to have sufficient electrical
conductivity for electrochemical measurements (< 0.1 Qcm™), the boron dopant
concentration within diamond films should be maintained at 1 X 10*° atoms cm™
or greater [40]. Also it was found that electrochemical reaction rates are higher
at the (111) face compared to the (110) face and lowest at the (100) face. This
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is because the (111) face can incorporate more boron and hence approaches
metallic behavior [40]. Rectifying effects are observed in moderately doped
diamond but not in heavily doped diamond. Moderately doped diamond is a p-
type semiconductor and its anodic current is found to increase with increasing
positive overpotential. A hole accumulation region is formed in moderately
doped diamond at a potential more positive than its flatband potential [48]. At
positive overpotential (rectifying effect), the behavior of a semiconductor
electrode is similar to that of a metallic electrode because there is an excess of
charge carriers available for charge transfer. On the other hand, heavily doped
diamond shows metallic behavior rather than rectifying. This is because at a
high level of doping, the Fermi level lies within the valence band and narrows
the depletion region. This allows the positive holes in the valence band to tunnel
into the electrolyte [48].

The presence of graphitic impurities (sp>-carbon) was reported to narrow the
potential window of water decomposition. These non-diamond carbon impurities
were found to shunt the currents that passed through the electrode and short-
circuited the electrochemical process that occurred on the diamond electrode
[41]. In contrast, several groups reported that sp-carbon forms more active
sites at diamond surfaces and can cause certain electrochemical reactions to be
more active and reversible [49-51]. Thus, leaving the question of stability open,
we may still conclude that the non-diamond impurities in BDD could favor

electrode electroactivity to some extent.

Surface cleanliness greatly influences the electrode’s response as adsorbed
contaminants can either block the active sites of the electrode, thus inhibiting
surface-sensitive redox reactions, or increase the electron tunneling distance for
redox species, thereby decreasing the rate of electron transfer. Because BDD is
grown in a hydrogen-rich atmosphere, as-grown diamond surfaces are
hydrogen-terminated. This leads the diamonds to be hydrogen-terminated, and
therefore hydrophobic and with a low surface energy. As a result, the hydrogen-
terminated BDD surface is inert and not as susceptible to contamination as other
carbon electrodes are. The hydrogen-terminated surface of BDD can be easily

restored by rehydrogenation in hydrogen microwave plasma after the diamond
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electrodes are cleaned thoroughly with chemical treatment in aqua regia (HNO3
+ 3HCI)) and piranha solution (H,O, + 3H,S0,) [52].

1.5 Diamond Surface Properties

Due to its large bandgap, the conduction band minimum of diamond is close to
the vacuum level. This fundamental aspect makes diamond having some unique
surface properties that govern subsequent reaction mechanisms of diamond

surface functionalization.

1.5.1 Negative Electron Affinity (NEA)

The electron affinity y of a semiconductor material is defined as the energy
gained when an additional electron is brought out of the vacuum into the
conduction band minimum (CBM). Thus, it is identical to the energy difference
between the vacuum level (E,o) and the CBM of the semiconductor. Most
materials usually exhibit positive electron affinity (PEA) which implies that these
materials have their CBM below E,,.. On the other hand, wide bandgap materials
such as diamond have its CBM close to E,,. which can potentially lead to NEA.
There are two types of NEA: true NEA and effective NEA, and Bell has clearly
differentiated between them [53]. Figure 1.6a shows the diagram of true NEA.
As E,4c is lying below the CBM at the surface, electrons that are excited to the
conduction band can be thermalized down to the CBM at the surface and have
enough energy to escape to the vacuum. Figure 1.6b shows the diagram of
effective NEA. In this case, E,,. is located above the CBM at the surface but
below the CBM in the bulk. As such, electrons which thermalize to the surface
CBM will remain bound to the solid and only those electrons that tunnel
ballistically across the depletion region from the bulk CBM to the surface can

have enough energy to escape to the vacuum.

True NEA was first reported on a H-terminated diamond (111) surface by
Himpsel et al. [54] and on a (100) surface by Van der Weide et al. [55] When a
diamond surface is hydrogen-terminated, the C-H bonds at the terminal surface
create a surface dipole layer that lowers the electron affinity, which can indeed

lead to a negative value as low as -1.3 eV [56]. On the contrary, the H-free
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clean diamond surface and the O-terminated diamond surface show PEA. The
oxygen termination increases the electron affinity due to the large
electronegativity of oxygen. Moreover, one can change the NEA on diamond to
PEA and vice versa by changing the surface dipole or by depositing
electropositive metallic layers onto the diamond surface [57]. Maier et al. [57a]
reported that when H-terminated and O-terminated diamond were slowly
annealed in vacuum, the electron affinity changed from -1.3 eV to +0.5 eV and
from +1.7 eV to +0.5 eV, respectively. Also, when a thin layer of titanium [58]

or lithium [59] was covered on O-terminated diamond, NEA was observed.

Besides surface dipoles, there are other factors affecting the NEA. For example,
Diederich et al. [60] reported no NEA effect was observed on an N-doped

hydrogenated (100) diamond surface due to the strong upward band bending.
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Figure 1.6 Band diagrams showing (a) true NEA and (b) effective NEA of p-type

diamond. (CBM= conduction band minimum; VBM= valence band maximum).

Furthermore, Diels-Alder cycloaddition reactions of unsaturated organic
molecules on H-free clean diamond have shown to lower the electron affinity of
diamond. Hossain et al. [61] and Wang et al. [62] were among the first few

groups that investigated the chemisorption of 1,3-butadiene on H-free clean



Chapter 1 14

diamond C(100) 2 x 1 by Diels-Alder [4+2] cycloadditions. However, at that
time, focus was mainly put on showing the possibility of using Diels-Alder
reactions to chemically functionalize the diamond surfaces. The effect produced
by this adsorbed hydrocarbon on the electron affinity was not documented. Not
until 2006, Ouyang et al. reported the observed lowering of diamond electron
affinity through [2+2] cycloaddition of acetylene and [4+2] cycloaddition of 1,3-
butadiene on H-free clean diamond [63]. The adsorbed molecules were found to
play the same role as surface hydrogen in inducing NEA conditions on the H-free
clean diamond. Figure 1.7 shows the [4+2] cycloaddition reaction for 1,3-
butadiene (a) and [2+2] cycloaddition for acetylene (b) on H-free clean diamond
C(100) 2 x 1 surfaces.
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Figure 1.7 [4+2] Cycloaddition reaction for 1,3-butadiene (a) and [2+2]
cycloaddition for acetylene (b) on H-free clean diamond C(100) 2 x 1 surfaces
[63].

However, the authors also found that the change in electron affinity does not
scale linearly with the coverage of the organic molecules [63]. As explained by
the authors, this is because the predominant effects on the change of surface

charge density are on the spatial profile of the C-H dipoles as well as the
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orientation of the molecules on the surface [64]. The NEA and low ionization
potential of H-terminated diamond surfaces are found to be unique and

interesting for certain applications.

1.5.2 Surface Transfer Doping

Undoped diamond with its large bandgap of 5.47 eV is undoubtedly an insulator.
However, in 1989, Ravi and Landstrass observed p-type surface conductivity on
H-terminated undoped diamond when exposed to air [65]. Subsequent research,
initially by Ri et al. [66—68], started to disclose the reasons behind the
conductivity. Ri showed that the conductivity increased with exposure to a Lewis
acidic gas such as NO,, but decreased in the presence of a Lewis basic gas such
as NH; [66, 67] and the sheet concentration of holes was as high as 7 x 103
cm™ [67]. Ri proposed that this phenomenon was due to the holes arising from
the oxidation of the terminal hydrogen atoms by the hydronium ions, H;O" [68].
Ri's explanation was among the several that were put forward to explain the
surface conductivity, including the presence of acceptor sites arising from

subsurface hydrogen [65].

In 2000, Maier et al. [69] showed that H-termination is not the only required
condition for the observed surface conductivity on undoped diamond and they
proposed a more convincing p-type surface transfer doping mechanism based on

atmospheric surface acceptors in the surface wetting layer.

When diamond is terminated with hydrogen, the C-H bonds at the terminated
surface create a dipole layer that not only induces NEA but also a concurrent
lowering of the ionization energy to 4.2 eV [56]. When this happens, it
facilitates electron transfer from the valence band into an appropriate adsorbed
layer on diamond. The hydrogen termination passivates the surface by removing
interfering surface states from the gap that would otherwise accept the
transferred charge [69]. This creates a subsurface hole accumulation layer that
extends a few nanometers into the diamond surface and a corresponding
upward band bending. The transfer doping proceeds until the Fermi level of
diamond equilibrates with the chemical potential (i) of the surface acceptors

[68, 69]. Figure 1.8 shows the accumulation of holes and band bending at the
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surface of hydrogen-terminated diamond occuring as a consequence of charge

transfer into an adsorbed water layer when exposed to air.

Strobel et al. showed that p-type surface doping could also be achieved with
fullerene (Cgo) and its fluorinated derivatives [70, 71]. In this case, charge is
transferred from the diamond valence band into the lowest unoccupied
molecular orbital (LUMO) of the fullerene which acts as a surface acceptor.
Despite providing further supporting evidence for the surface transfer doping
mechanism as being responsible for the charge accumulation at the surface of
diamond, their work has also shown for the first time the possibility of using
other molecular species beside water molecules as surface acceptors on the

hydrogenated diamond surface.

Later, surface transfer doping of diamond with other molecular species such as
7,7,8,8-tetracyanoquinodimethane and its fluorinated derivatives [72], and
molecular heterolayers have also been demonstrated [73]. Very recently,
Russell et al. [74a] and Tordjman et al. [74b] extended this work to include the
use of the transition metal oxide MoO3; as a surface electron acceptor material,
which may offer improved stability and performance in diamond devices. Even
though the use of organic acceptors to induce surface conductivity in diamond is
still in its early stage, there is considerable potential to create new functional

devices based on this type of platform.

The surface conductivity in diamond induced by transfer doping has been
applied in metal-semiconductor field-effect transistors [75, 76], solution-gate
field-effect transistors [77], ion-sensitive field-effect transistors [78], etc. The
application of diamond surface conductivity to diamond electronic devices is still
an ongoing and active research field and one can expect this trend to continue

in the future.
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Figure 1.8 Schematic picture of the hydrogenated diamond surface in contact

with a water layer as it forms in air. Bottom: Evolution of band bending during

the electron transfer process at the interface between diamond and the water

layer [68].

1.6 Surface Chemistry of Diamond

Chemically modified solid surfaces with (bio)molecules have recently become an

immensely attractive subject due to their potential applications as molecular

components in electronic and photonic devices. For molecular photovoltaic and

biosensing applications, functionalization of the electrode surface is usually

needed, and that is where suitable chemical reactions have to be performed on

the electrode surface. Diamond is a particularly attractive electrode material for
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its outstanding properties. It is chemically stable, with a surface that can be
modified with various chemical routes in order to achieve a surface termination
toward highest possible performance. There are many different functionalization
strategies for diamond surfaces that have been developed over the years and
have been reviewed by Szunerits and Boukherroub [79], Stutzman et al. [80],
Nebel et al. [81], and Zhong et al. [82]. In almost all cases, the diamonds are
first functionalized with linker molecules. This can be done via UV photochemical
and aryldiazonium salt reduction reactions on hydrogen-terminated surfaces or
silanization and esterification on oxygen-terminated surfaces. Covalent
attachment of various functional molecules to the linker molecules can then be
carried out using proper coupling chemistries such as EDC-NHS, Cu(l)-catalyzed
azide-alkyne cycloaddition click reactions, Suzuki coupling, etc. In this section,
aryldiazonium grafting, surface Suzuki coupling, and surface Cu(l)-catalyzed
azide-alkyne cycloaddition click reaction will be further discussed as these three

methods are used to attach functional molecules on diamond in this thesis.

1.6.1 Reduction of Aryldiazonium Salts

The interface between a grafted organic layer and an electrode is usually the
weakest link in a molecular device. A dense organic film interface will prevent
hydrolysis or oxidative cleavage of the interfacial bonds due to infiltration of
water or oxygen. In this case, aryldiazonium grafting [82] has advantages over
the UV photochemical grafting of diamond with terminal alkenes [79]. The
presence of n-n stacking in aryl compounds offers denser packing of the
monolayer compared to an alkyl monolayer. Moreover, the delocalized electrons
in aryl linkers might afford a greater efficiency in charge transfer compared to
alkyl linkers, which is important if diamond is to be used as electrode in organic

electronics.

The electrochemical reduction of aryldiazonium cations at a BDD electrode to
form a covalently modified surface was first reported by Kuo et al. [83] in 1999
and was recently reviewed [84-86]. This method is popular because diazonium
reagents with a wide range of functional groups (carboxylic, bromo, nitro, etc.)
are commercially available and can be introduced onto the electrode surface in

one step. Moreover, diazonium salts can be easily prepared from aromatic
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amines, widening their application scope. Two unique characteristics of
aryldiazonium cations are the strong electron withdrawing effect of the N,"
group and the high stability of the dinitrogen leaving group (evolution of N, gas)
[85]. The formation of C-C bonds between BDD surfaces and phenyl radicals
generated by diazonium reduction is shown in Figure 1.9. It is clear that the
electroreduction of aryldiazonium cations proceeds through a concerted
mechanism. One equivalent of an electrogenerated radical is required to
abstract a hydrogen atom from the H-terminated BDD surface. After that, a
second radical can couple with the surface radical to form the final C-C bond
[86].

| i?)zg; DA

BDD - BDD - BDD — BDD - BDD

R =NO,, COOH, Br, etc.

Figure 1.9 Electrografting of organic layers through reduction of aryldiazonium

cations.

Diazonium grafting has two specific features that make it particularly attractive
for surface modification [86]. Since the reactive radical is made
electrochemically, it is generated precisely where it is most likely to react with
the electrode surface [86]. Moreover, the C-C bond that is formed between the

phenyl radical and the electrode surface is strong.

Whilst the electrochemical aryldiazonium reduction method is a convienient way
for the derivatization of diamond surfaces, precise control to limit the reaction to
a monolayer, is however, not a straightforward task. The formation of
multilayers is possible due to the aggressive reactions of electrogenerated

radicals [87, 88]. A radical generated at an unmodified electrode surface can
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attack an adjacent surface of bound molecules instead of the electrode surface
itself [86]. Monolayer formation can only be achieved through careful control of
the grafting parameters such as the charge consumed during the electrografting
process and the concentration of aryldiazonium salts [84]. For instance, Nebel
and coworkers compared the electrografted organic layer of 4-nitrobenzene on
diamond using cyclic voltammetry and constant potential attachment with AFM
measurements [89]. They found that the cyclic voltammetry attachment formed
a thick organic layer of up to 80 A. On the contrary, by employing the constant
potential attachment, the organic layer that formed was denser and only 25 A
thick. Besides, the reactivity of the aryldiazonium salts controls the extent of the
reaction. The presence of a strong electron-withdrawing group activates the N,*
leaving group. As an example, a monolayer of 4-bromobenzene can be achieved
by the constant potential method, but the same conditions produce a 25 A thick

layer of 4-nitrobenzene [89].

One more possible way to overcome the problem of multilayer formation using
the electrochemical grafting process is the use of spontaneous grafting
(chemical grafting), as shown first by Lud et al. [90] and further confirmed by
Zhong et al. [91]. Zhong made a comparison of 4-nitrobenzene layers grafted
on diamond by cyclic voltammetry, constant potential, and spontaneous grafting.
They found that the spontaneous grafting method resulted in a self-limiting
monolayer formation. More significantly, they also found that the spontaneous
grafting method is applicable to undoped H-terminated diamond, but not to
undoped oxygenated diamond. They claimed that the reaction on undoped H-
terminated diamond could occur possibly due to the spontaneous electron
transfer from the H-terminated diamond to the aryldiazonium cation, which is
facilitated by the NEA of H-terminated diamond, as shown in Figure 1.10. This
spontaneous grafting is attractive as it does not require expensive

electrochemical equipment or doped diamond films.

The principle interest in diamond diazonium coupling is that the diamond-
tethered functional groups can be used for the covalent linking of various
(bio)molecules. In this thesis, we showed that we are able to functionalize
4-bromophenyl, 4-aminophenyl boronic esters, and 4-azidophenyl groups on

B:NCD surfaces with aryldiazonium grafting. The 4-aminophenyl boronic ester
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layer is particularly important for the covalent coupling of novel donor-acceptor
light harvesting molecules to B:NCD via Suzuki coupling. In the same way, Click
reactions were demonstrated on 4-azidophenyl-functionalized B:NCD surfaces

with a terminal alkyne redox probe and DNA.

Surface Conductivity
_HH3O+
] Ue (H30")
H H H OHO OH g
| | | | — | Evem @®® HOH‘
u-NCD:H u-NCD:O U-NCD:H Ue (4-BrPD)
—HHs0*

Figure 1.10 Schematic description of spontaneous reduction of
4-bromophenyldiazonium tetrafluoroborate (4BrPD) on undoped H-terminated
NCD (u-NCD:H). The reaction is facilitated by a surface conductive layer induced
by acidic water (0.1M HCI) [91].

1.6.2 Surface Suzuki Coupling

The Suzuki coupling reaction is a transition metal catalyzed cross coupling
between aryl halides and aryl boronic acids to form biaryls. The most common
catalyst used is a palladium complex. This reaction has emerged as an
extremely powerful tool in organic synthesis for C-C coupling [92]. This Pd-
catalyzed cross-coupling reaction has been applied for the preparation of a huge
variety of conjugated aromatic compounds, for example to be used for organic
light-emitting diodes (OLEDs) [93], polymer LEDs [94], organic photovoltaics
[95], and nonlinear optical materials [96]. The first application of the Suzuki
cross-coupling on a solid surface was by Cheng and Adronov [96]. In 2006, they
used iodophenyl pre-functionalized single-walled carbon nanotubes (SWCNTSs) as
synthons for Suzuki coupling. They successfully functionalized these SWCNTs

with porphyrins, fluorene, and bithiophene. Subsequently, in 2008, Loh and co-
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workers at the National University of Singapore published a paper that
demonstrated the Suzuki coupling on diamond [91]. The authors investigated
the optimal conditions for the generation of bromophenyl and arylboronic ester
functional groups on a diamond surface, to be used as a solid platform for
surface Suzuki cross-coupling to the respective arylboronic ester and
bromobenzene. They showed that 2-fluorobiphenyl boronic acid (2FBB) can be
coupled to the bromophenyl functionalized surface with a high coupling yield (of
87%) by monitoring the bromine and fluorine markers from XPS. Also, from AFM
measurements, they found that the thickness of the 2FBB adlayer on single
crystal diamond agrees well with the height of the grafted 2FBB molecules,
suggesting that surface Suzuki coupling eliminates any possible multilayer film
formation and proving that the Suzuki coupled mesogenic molecules are

standing upright on the diamond surface [91].

The practical application of this versatile surface Suzuki coupling was further
demonstrated by the same group in their subsequent paper with the coupling of
various conjugated “donor-acceptor” molecular dyes on arylboronic ester-
functionalized diamond surfaces [98], as shown in Figure 1.11. They found that
the interface between diamond and the coupled molecules is highly stable, as
evident from the higher photostability exhibited for the dye-coupled diamond
compared to the dye coupled to conventional transparent conductive oxide

electrodes such as indium tin oxide (ITO) and fluorine-doped tin oxide (FTO).

In the same way, Suzuki coupling of pyrene-boronic acid to bromophenyl-
functionalized detonation nanodiamond (DND) was demonstrated [99]. The
pyrene-functionalized DND show a fluorescent effect under UV light. Despite
showing all the advantages of surface Suzuki coupling, some aspects such as
variations in apparent surface coverage and optimum conditions were not
properly addressed. For example, the authors claimed that 2FBB can be coupled
to bromophenyl-functionalized diamond with 87% vyield. However, the reported
surface coverage of 2-(dicyanovinyl)-5-iodobithiophene was as low as 0.41
monolayer, relative to a high quality reference monolayer of dodecanethiol on

gold, as determined by XPS.
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Figure 1.11 Schematic drawing of surface functionalization of arylboronic ester-
functionalized diamond with bithiophene-C60 (2TC60) and bithiophene-dicyano
(2T(CN),) on a BDD thin film [97].

As the selection of an efficient catalytic system is of great importance in
transition metal catalyzed cross-couplings [92], in this thesis work, we have
investigated the optimum conditions for Suzuki coupling reactions to achieve

high coupling yield.

1.6.3 Surface Cu(l)-Catalyzed Azide-Alkyne Cycloaddition (CuAAC) Click

Reaction

According to Sharpless’ definition, click reactions are characterized by high
yields, mild reaction conditions, and tolerance to a broad range of functional
groups [100]. Click chemistry is not limited to a specific type of reaction, but
comprises a range of reactions, with different reaction mechanisms yet common
reaction paths. The copper(l)-catalyzed Huisgen 1,3-dipolar cycloaddition of

azides and terminal alkynes (CuAAC) is arguably the most prominent example of
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a click reaction [101]. This heterogenous coupling strategy was found to be fast,
reproducible, with a minimum of side reactions, and highly tolerant to diverse
reaction conditions. This reaction is catalyzed by Cu(l) and an organic azide and
a terminal alkyne are united to afford 1,4-regioisomers of 1,2,3-triazoles as the
sole products as shown in Figure 1.12. Due to the orthogonal nature of the
CUAAC reaction, it holds great promise for surface immobilization of complex
molecules in their unprotected and functional form. The CuAAC reaction has
already been tested on various surfaces such as polystyrene, polyethylene, glass,
silica (gels), gold, etc. [102]. Virtually any material to which an alkyne or azide
can be attached, can be functionalized by CuAAC. For example, Arnold et al.
recently demonstrated the clicking of 5-azidofluorescein to 4-(trimethyilsilyl)
ethynylstyrene polymer brushes that were grown on a silicon surface [103].
Grabosch et al. presented a ‘'dual click' strategy for the fabrication of

bioselective glycosylated self-assembled monolayers as glycocalyx models [104].
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Figure 1.12 Schematic diagram showing the CuAAC reaction.

Szunerits and her colleagues published a series of papers that demonstrated the
CUuAAC reaction on either polycrystalline diamond or on DND. Among the
molecules they have attached are ferrocene [105], carbohydrates [106],
thiophene [107], decyne and pyrene [108]. They showed that their click
reaction provides a rather mild surface immobilization with excellent coupling
yields, versatility, regioselectivity, functional group tolerance, and stability of the
catalytic process in different solvents. In one particular paper, Szunerits and
coworkers “clicked” an alkynl-terminated BDD surfaces with azide-terminated
mono- and disaccharides by a CuAAC reaction using CuSO,/sodium ascorbate

for the construction of a glycan-modified diamond. The measurement of the
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affinity of the sugar to different lectins could be followed by impedance

spectroscopy [106].

Electrocatalytic active molecules that are tethered on conductive substrates offer
highly efficient conversion of electrical energy to chemical energy, high stability,
and low catalyst loadings. Metalloporphyrins containing earth-abundant metals
such as cobalt are of particular interest for CO, reduction, and Hamers and
coworkers have demonstrated the functionalization of a BDD surfaces with a
cobalt(ll) porphyrin via surface CUAAC reaction for CO, reduction studies [109].
The BDD surface was functionalized with azide groups and then the cobalt(ll)
porphyrin complexes bearing four alkyne groups were “clicked” to the azide-
functionalized BDD surface via a CUuAAC reaction using Cu(BF,)./DIPEA, as
shown in Figure 1.13. The catalyst-modified BDD was used as “smart” electrode
for the electrochemical reduction of CO, to CO in acetonitrile solution. Besides
showing good electrocatalytic activity, the modified BDD electrode exhibited
good stability owing to the extremely stable surface-immobilized catalytic

system.

NéN//N N”NéN
4 4 CU(BF4)2, DIPEA,
sodium ascorbate, THF,
EtOAc, 60 °C, 48h
BDD

Figure 1.13 Attachment of a cobalt porphyrin onto an azide-functionalized

diamond surface by a CuAAC reaction [109].
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Another interesting report by Meinhardt et al. [110] describes an elegant
double-functionalization of DND. An Oregon-Green dye and a TAMRA dye were
functionalized onto the same DND surfaces. sp®-graphitized DND was first
functionalized with alkyne and carboxylic groups using a mixture of the
respective anilines via diazonium coupling. Next, the Oregon-Green dye bearing
an amino functional group was coupled to the carboxylic acid group using the
zero-length cross linker EEDQ (N-ethoxycarbonyl-2-ethoxy-1,2-
dihydroquinoline). Finally, the second dye TAMRA bearing an azide functional
group, was “clicked” to the alkyne group on the DND surface. This functionality
is not affected by the first functionalization due to its orthogonal nature (Figure
1.14). This procedure, as claimed by the authors, produces a multifunctional

surface on DND.

In Chapter 5, we report on a straightforward protocol for the covalent
functionalization of BDD with either ferrocene or single-stranded
deoxyribonucleic acid (ss-DNA). An azide-terminated organic layer is first
electrografted on the diamond surface by electrochemical reduction of
4-azidophenyldiazonium chloride. The azidophenyl-modified surface then reacts
rapidly and efficiently with ferrocene and ss-DNA bearing a terminal alkyne

moiety by means of a CUAAC reaction.
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Figure 1.14 Orthogonal functionalization of DND with alkyne and COOH groups

enables the specific grafting of two dyes with different terminal groups [110].

1.7 Scope of This Study

In this thesis work, several methods were applied to functionalize diamond with
a view toward its application in the area of photoelectrochemistry and
biosensing. Various surface and spectroscopic techniques were employed to
characterize the functionalized diamond surfaces. The underlying theory of

various techniques used will be discussed in Chapter 2. Detailed introduction,
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experimental setups and results of the different topics will be given in chapter 3,

chapter 4 and chapter 5, respectively.
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Chapter 2

Experimental

2.1 Introduction

This chapter presents the principles of the various surface techniques used for
the characterization of the physical and chemical properties of the functionalized
boron-doped diamond films. The boron-doped diamonds were derivatized with
various functional groups and covalently linked to (bio)molecules. A wide range
of analytical techniques were used to analyze the composition of the resulting

diamond-(bio)molecule hybrids.

2.2 X-ray Photoelectron Spectroscopy (XPS)

All solid materials interact with their surroundings through their surfaces. The
physical and chemical compositions of these surfaces determine the nature of
the interactions. Surfaces therefore influence many important properties of the
solids. X-ray photoelectron spectroscopy (XPS) (Figure 2.1) has become one of
the widely used techniques in the area of surface analysis [1], as it can
determine (i) the elemental composition, (ii) the chemical state and chemical
empirical formula, and (iii) electronic states of the elements that exists within a
material. If the material is present as a thin film at the surface, XPS can
measure the thickness and determine how uniform the chemical composition of
the thin film is [2]. XPS uses highly focused monochromatic soft X-rays to
irradiate the sample surface under ultra-high vacuum conditions (102 to 107°
mbar). The two commonly used X-ray sources for XPS are Al Ka (1486.6 eV)
and Mg Ka (1253.6 eV). These two X-ray sources produce photons with few
satellite peaks, resulting in relatively narrow line widths, and consequently

better chemical state information [1].

The process of photoemission is shown schematically in Figure 2.2. An X-ray
photon is absorbed by an atom on or near the surface, leading to the

photoionization and the emission of core shell electrons to the vacuum. Those
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electrons which are excited and escape without energy loss contribute to the
characteristic peaks in the spectrum; those which undergo inelastic scattering
and suffer energy loss contribute to the background of the spectrum. Once the
photoelectron has been emitted, the ionized atom relaxes either by emission of
an X-ray photon, known as X-ray fluorescence or by ejection of an Auger

electron [1].

Electron energy analyzer
(0—1.5 keV) measures kinetic energy
Photoemitted electrons (< 1.5 keV) of electrons.

escape only from the very top surface
(70-110 A) of the sample.
\ Electron detector
counts the electrons.

Electron
collection
lens

Electron
Focused beam of take-off-

X-rays (1.5 keV)

SiO,/ Si

Sample
Samples are usually solid because XPS requires ultra-high Si (2p) XPS signals
vacuum (<107® mbar) from a silicon wafer.

Figure 2.1 Schematic drawing of the basic components of an XPS system [2b].

The kinetic energy of the emitted electron can be measured by using an electron

energy analyzer. The binding energy (Eg) is calculated as

Eg = hv — Eyjn — @ (Equation 2.1)
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Figure 2.2 Schematic diagram of the XPS process, showing photoionization of

an atom followed by ejection of a 1s electron.

where @ is the work function of the spectrometer, Eg is the binding energy
with respect to the Fermi level, and Ey;, is the kinetic energy of the emitted
electron. Each photoexcited atom will exhibit a characteristic binding energy of
the core-level electron, and this varies with different chemical environments
such as oxidation states and molecular environments. This results in a chemical
shift in the spectrum of up to a few eV, providing useful information for the

investigation of surface changes before and after modification.

2.3 Ultra-violet Photoelectron Spectroscopy (UPS)

The first ultra-violet photoelectron spectroscopy (UPS) measurements were
developed to study the photoelectron spectra of free molecules in the gas phase
by Tuner and coworkers in 1964 [3]. Today UPS is regarded as the most
powerful and versatile technique to study the electronic structure of the valence
bands in solid materials and HOMO levels of molecules [4]. Two sources of
photons often used in UPS are He | (hv = 21.2 eV) and He Il (hv = 40.8 eV).
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During the UPS experiment, the helium lamp is used to excite electrons from the
valence band of the sample. Although valence band structures can also be
obtained from XPS studies, UPS has two advantages over XPS in such
experiments [5]. First, UPS gives higher photoionization cross-section for
electrons in the valence region; second, helium lines give photon sources with

higher energy resolution for a full-width of half-maximum (FWHM) of ~30 meV .

UPS of Au
A (Ao

UPS of Organic layer on Au

o

P o g

v

—— — S —— — a—

VBM

Figure 2.3 Schematic drawing of important parameters from UPS and energy

alignment between a gold substrate and its overlying organic layer [5].

As shown in Figure 2.3, UPS spectra can provide valuable information such as:

(i) The work function, @, of the sample through the equation:
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O =hv-W (Equation 2.2)

Where hv is the UV light energy and W is the spectrum width, which is the
energy difference between the Fermi level, Er, and the secondary electron cut-
off (Ecutoff)-

(ii) The ionization potential, IP, of the sample through the equation:
IP =-VBM + @ (Equation 2.3)
Where VBM is the valence band maximum or HOMO.

(i) If the bandgap, E4, of the sample is known, the conduction band minimum
(CBM)/ LUMO can be deduced by:

CBM = E4 + VBM (Equation 2.4)

In this thesis work, UPS is used to probe the valence band structures of
hydrogen terminated B:NCD and dye-functionalized B:NCD in order to obtain
first insights whether dyes-functionalized B:NCD could be employed as a hole

conductor in dye-sensitized solar cells.

2.4 Near-Edge X-ray Absorption Fine Structure (NEXAFS) Spectroscopy

With the continuous efforts to improve synchrotron sources throughout the
years, today’s synchrotron facilities are fully optimized to give a beam of
radiation with a small beam cross section and higher degree of collimation using
special aid devices called wigglers and undulators [6]. As a result, many
synchrotron-based techniques have been developed that allow detailed
exploration of the properties of various materials. One of these synchrotron-
based techniques is near edge X-ray absorption fine structure (NEXAFS). It was
devised in the 1980s, mainly to study the structure of low-Z molecules
(molecules that consist of ‘light’ atoms such as carbon, nitrogen, oxygen, and
fluorine) bonded to surfaces [7, 8]. Since then, it has been applied to many
other molecules [9] and materials [10-12]. NEXAFS spectroscopy requires a

high intensity and tunable monochromatic light source with smooth
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characteristics within the energy regions of interest. Synchrotron radiation
sources are therefore well suited for NEXAFS spectroscopy [13]. NEXAFS
spectroscopy is a surface sensitive technique that enables to probe the
unoccupied electronic states as well as providing information on chemical and

structural properties of adsorbates that are present on a solid surface [14-17].

During a NEXAFS measurement, the sample is irradiated with monochromatic X-
rays. The X-ray photon energy is varied around a core-level absorption edge,
and the absorbed X-ray intensity is measured by probing the excitation of the
core electron to unoccupied states. NEXAFS refers to the absorption fine
structure close to an absorption edge, approximately the first 30 eV above the
actual edge (e.g. K-edge). This region usually exhibits strong and distinctive
features in the X-ray absorption coefficient and is often dominated by intense

narrow resonances [13].

NEXAFS measurements proceed via a two-step process. At first the X-ray
photon excites a core electron to an unoccupied state, hence leaving a core hole,
and in the second step the recombination process of the core hole takes place
[13]. There are two main channels for the core-hole to recombine (Figure 2.4):
the radiative type, with the emission of photons (fluorescence), or the non-
radiative type (Auger-like transitions), with the emission of electrons, which can
be collected from the surface with suitable detectors such as a channeltron or

energy analyzer [13]. In our experiment, the latter type was measured.

There are two kinds of Auger-like transitions in this case: participator decay, in
which the excited electron participates in the core-hole decay process, and
spectator decay, in which the excited electron remains in the normally
unoccupied level and two valence electrons are removed. The number of
generated Auger electrons is directly proportional to the X-ray absorption cross

section [7].
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Figure 2.4 Schematic diagram of photoexcitation and recombination processes
during a NEXAFS experiment. The photogenerated core hole is filled by an
electron from a higher shell, either radiatively by emission of a photon, or non-

radiatively by emission of an Auger electron.

Photoabsorption can be detected by the fluorescence yield (FY) or the electron
yield (EY) [13]. For bulk materials, FY detection is more frequently used. On the
other hand, EY is popular for the investigation of adsorbates on surfaces [13].
There are three ways to perform EY measurements: total electron yield (TEY),
partial electron yield (PEY) or Auger electron yield (AEY). In the TEY method, all
Auger electrons and photoelectrons are measured. This results in a high signal
rate but a very small signal-to-noise ratio. In the PEY method, the surface
sensitivity is enhanced by placing a retarding voltage in front of the electron
detector to suppress electrons with lower kinetic energy. This way, only those
electrons that emerge from the outer most regions (= 3 nm) are detected [13].
Due to the flexibility in choosing the retarding voltage, one can avoid the
interference from the low kinetic energy electrons, thus increasing the signal-to
noise ratio. A further method, the AEY method, measures only the elastically

scattered Auger electrons by setting the energy analyzer at a specific Auger
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transition energy [13]. This method offers the largest signal-to-noise ratio of all
the electron-yield techniques, but the smallest signal rate. In this thesis work,

the PEY method was employed.

2.5 Electrochemistry: Controlled-Potential Techniques

Controlled-potential (potentiostatic) techniques deal with the study of charge
transfer processes at the electrode-solution interfaces and are based on non-
zero-current situations. In potentiostatic techniques, the electrode potential is
used to drive an electron transfer reaction and the resulting current is measured.
Among the well-known potentiostatic techniques are DC polarography, AC
polarography, chronoamperometry, cyclic voltammetry and stripping

voltammetry [18].

2.5.1 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is perhaps the most versatile electroanalytical
technique for the study of electroactive species [18,19]. Its versatility combined
with the ease of measurements has resulted in extensive use of CV in the field
of electrochemistry, inorganic chemistry, organic chemistry, biochemistry, etc.
Most of the CV experiments now are done with a potentiostat in the three-
electrode configuration (Figure 2.5) [19b]. This method uses a reference
electrode (RE), a working electrode (WE), and a counter electrode (CE). CV
consists of cycling the potential of the WE, which is immersed in an unstirred
solution, and measuring the resulting current. The potential of this WE is
controlled by the potentiostat versus the RE and the CE closes the electrical
circuit for the current to flow [19]. The potential applied across the WE and RE
electrodes can be considered as an excitation signal [18]. The excitation signal
for CV is a linear potential scan with a triangular waveform. During the
measurement, CV sweeps the potential of the electrode between two values,
known as switching potentials [18]. The sweeping rate is known as the scan rate
(vs™). Single or multiple cycles can be used. Modern instrument allows
switching potentials and scan rates to be easily modified [19]. During the CV

experiments, the current at the WE is measured and plotted versus the applied
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voltage and a cyclic voltammogram is obtained [18, 19]. The resulting current
can be considered as the response signal to the potential excitation signal.
During the forward scan, the current will increase as the potential reaches the
electrochemical potential of the analyte in the solution, but soon decreases as
the concentration of the analyte is substantially diminished at the electrode
surface. If the redox analyte is electrochemically reversible, it will be oxidized (if
it is reduced in the forward scan) or reduced (if it is oxidized in the forward scan)
back in the reverse scan. In order for the oxidation/reduction peak to be
observed, the redox analyte must be redox active within the electrochemical
window of the WE and the electrolyte solution [18, 19].

reference
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Figure 2.5 Three electrode electrochemical cell for cyclic voltammetry [19b].

The important parameters of a cyclic voltammogram are the magnitude of the
anodic peak (ips) and cathodic peak current (iy;), and the anodic (Eps) and
cathodic peak potential (E,c) [18, 19]. For an ideal reversible redox system, the
relationship between the oxidation (E,x) and reduction (E.eq) potential can be
described by Equation 2.5.

0.059
n

AE, = Epa — Epc =

(Equation 2.5)

Where n is the number of electrons transferred in the electrode reaction for a

reversible couple and AE, is the peak separation. The ideal reversible redox
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system will obey the equation and show a peak separation of 59 mV in a cyclic
voltammogram. In contrast, slow electron transfer at the electrode surface

causes the peak separation to increase.

2.5.2 Chronoamperometry

Chronoamperometry is one of the potential-controlled techniques. As shown in
Figure 2.6, during a single potential step chronoamperometry experiment, the
applied potential is changed instantaneously from the initial potential to the first
step potential, and it is held at this value for the first step time. In a double
potential step experiment, the potential is changed to the second step potential
after the first step time, and it is then held at this value for the second step time.
The resulting current from the faradic process at the working electrode is then
recorded as a function of time [20]. In this thesis work, chronoamperometry is
used in Chapter 3 and Chapter 4 to measure the photocurrent generation by the
molecular dye-functionalized B:NCD electrodes. An electron mediator (acceptor)

is added during the measurements.
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Figure 2.6 Potential waves from a chronoamperometry experiment.
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2.6 Eletrochemical Impedance spectroscopy (EIS)

Most, if not all, classical electrochemical experiments involve large amplitude
electrical perturbations of the electrode-solution interface. In a typical
voltammetric experiment for example, the electrode is subjected to a potential
ramp often spanning several hundred millivolts. As a consequence, the current-
potential response is nonlinear. Electrochemical impedance spectroscopy (EIS) is
another methodology which applies very small amplitude periodic (usually
sinusoidal) electrical perturbations to an electrochemical cell and measures its
impedance over a range of frequencies [21]. These applied perturbations are

sufficiently small.

EIS experiments comprise the following steps: (1) a small ac voltage of between
5 to 50 mV is applied to a system over a range of frequencies of 1 mHz to 100
kHz; (2) its ac signal is then acquired and analyzed as a sum of sinusoidal
functions (sinusoid at the same frequency but shifted in phase); (3) an
equivalent electrical circuit is worked out; (4) components of the equivalent
circuit are related to key physical and chemical characteristics of the
electrochemical system. Data obtained from EIS is plotted graphically in a Bode
plot or Nyquist plot. Each of the circuit elements of the electrochemical system

in the solution can be represented by an equivalent circuit model.

An EIS instrument records both the real and imaginary components of the
impedance response. Similar to resistance, impedance is a measurement of the
ability of a circuit to resist the flow of electrical current. For an electrode that
behaves like a pure resistor, the relation between current and potential follows
Ohm’s law. This is actually not the case for the ac behavior of the real electrode,
but instead reactive elements (capacitive elements) appear which give a more
complex behavior [20]. Hence, impedance is used instead of resistance. Table
2.1 compares a resistor and a capacitor and the equation for their current
versus voltage and impedance relationship. The impedance of a resistor is
independent of frequency and has only a real component. As there is no
imaginary impedance, the current passing through a resistor is always in phase

with the voltage. On the other hand, the impedance of a capacitor is dependent
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on the frequency and consists of real and imaginary components as described by

parameter j.

Table 2.1 Comparison between a resistor and a capacitor.

Component Current vs. Voltage Impedance
Resistor E=IR Z=R
Capacitor | = C dE/dt Z = 1/jwnC

EIS has grown tremendously over the past few years and it is now widely used
in various scientific fields, such as fuel cell testing [22, 23] and biomolecular
interactions [24, 25]. In Chapter 5, non-faradaic impedance detection is applied
to follow the surface modification and to record the changes in resistance or

capacitance of the interface which are induced by the DNA hybridization events.
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3.1 Abstract

N3 dye molecules [cis-bis(isothiocyanato)-bis(2,2'-bipyridyl-4,4'-dicarboxylato)-
ruthenium(ll)] are covalently attached onto B:NCD thin films through a
combination of coupling chemistries, i.e. diazonium, Suzuki and EDC-NHS. XPS,
UPS, and NEXAFS are used to verify the covalent bonding of the dye on the
B:NCD surface (as compared to a hydrogen-terminated reference). The
spectroscopic results confirm the presence of a dense N3 chromophore layer and
the positions of the frontier orbitals of the dye relative to the band edge of the
B:NCD thin film are inferred as well. Proof of concept photoelectrochemical
measurements show a strong increase in photocurrent as compared to non-dye-
functionalized B:NCD films. This study opens up the possibility to apply N3-

sensitized B:NCD thin films as hole conductors in dye-sensitized solar cells.

Keywords: boron-doped diamond, diazonium coupling, Suzuki cross-coupling,

N3 dye, spectroscopy surface characterization, photocurrent
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3.2 Introduction

Diamond is an extraordinary material with excellent properties such as high
optical transparency, corrosive resistance, a wide electrochemical potential
window and biocompatibility. With recent advanced technologies such as
microwave plasma-enhanced chemical vapor deposition (MW-PECVD),
nanocrystalline diamond (NCD) thin films can be grown on various substrates at
lower temperatures and pressures and reduced costs from cheap hydrocarbon
precursors [1, 2]. Furthermore, the films can show p-type conductivity by
doping with boron. High boron doping ratios afford metallic conductivity with a
specific resistivity as low as 0.005 Q.cm. This has opened up various
technological applications for boron-doped nanocrystalline diamond (B:NCD)
thin films. They have for instance been used as efficient transducers for sensors
[3-7]. B:NCD thin film electrodes decorated with metal nanoparticles have
shown catalytic effects in the reduction of CO, and alkenes [8], the oxidation of
methanol [9], and the degradation of environmental pollutants [10]. Recently,
boron-doped diamond nanoparticles have been produced from CVD diamond
films [11]. These nanoparticles not only are conductive due to boron doping but
also have high surface-to-volume ratio owing to their very small size. This new
interesting diamond material may be applied for a broad range of applications.
Despite these advantages, the major downside of diamond is the low reactivity
of its surface, which makes the direct attachment of functional organic
molecules quite challenging. This difficulty can be overcome by using
photochemical attachment techniques [11, 12], diazonium coupling [13—15] or
plasma treatment [16]. Post-modification of the diamond surface with (other)
organic moieties can then be carried out employing various efficient chemical
reactions [14, 15, 17-19].

The first report on dye sensitization of p-type semiconductive diamond
electrodes was published in 1999 by Fujishima et al. [20] Photocurrent was
observed when a synthetic semiconductive p-type diamond electrode was
photosensitized by the Ru(bpy)s®* (bpy = 2,2’-bipyridine) molecule in an
electrolyte solution. More recently, robust covalent linking of Ru(tpy). (tpy =
2,2':6’,2"-terpyridine) dye molecules onto a boron-doped diamond (BDD)

surface has been demonstrated [18]. The electronic structure of the obtained
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films was systematically probed by spectroscopic techniques [21]. The HOMO
level of the Ru(tpy). dye was found to be 0.9 eV lower than the valence band
maximum (VBM) of BDD, prompting the authors to suggest a possible facile hole
transfer from Ru(tpy). to BDD. This result could pave the way to employ dye-

sensitized BDD as an electrode in dye-sensitized solar cells (DSSCs).

The N3 dye [cis-bis(isothiocyanato)-bis(2,2’-bipyridyl-4,4’-dicarboxylato)-
ruthenium(Il)] (Figure 3.1) is one of the most efficient sensitizers used in
DSSCs [21]. The dye has a large molar extinction coefficient in the visible region
and is more widely used than Ru(tpy). and Ru(bpy)s;?*. Sensitization of the N3
dye with n-type semiconductors has been reported before [22-25]. Dye-
sensitized tandem solar cells have also been made using p-type semiconductors
such as p-NiO in combination with N3 dye molecules. This p-type semiconductor
co-deposited onto titania acted both as a light absorber and hole conductor
[26]. B:NCD possesses several advantages over NiO. B:NCD is highly
transparent [27] in the visible range, whereas NiO absorbs a significant amount
of light [28]. NiO also has a lower hole mobility (4 x 10 cm?vs™?) [29] as
compared to B:NCD (0.77 cm?v's™') [30]. B:NCD is known to be very
chemically stable as well [1]. In DSSCs, p-doped diamond electrodes might be
employed as hole conductors to replace the traditional highly corrosive tri-iodide
electrolyte [21] Moreover, as shown previously by Zhong et al. [14], a highly
stable photocurrent conversion could be observed for molecular dye-
functionalized B:NCD, which was attributed to strong interfacial C-C covalent
bonding. To the best of our knowledge, covalent attachment of the N3 dye on
p-doped B:NCD thin films has not been performed so far. To obtain insights
whether B:NCD could be a possible hole conductor when sensitized with N3
molecules, first of all covalent attachment of the N3 dye on a B:NCD surface has

to be established.

Herein we report a strategy to covalently attach the N3 dye on B:NCD thin films
using a combination of coupling chemistries. The B:NCD surface is first
functionalized with 4-bromophenyl groups by diazonium coupling. Suzuki cross-
coupling is then applied to couple 4-aminophenylboronic pinacol ester to the
bromophenyl moieties to obtain (1,1'-biphenyl)-4-amine groups on the B:NCD

surface, and finally the amine functions are used to attach the N3 dye through
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EDC-NHS coupling. Wet chemical functionalization in solution is preferred here
over physical plasma treatment to obtain a more homogeneous surface.
Moreover, the use of this method can easily be extended to functionalized
particles, including the nano-sized boron-doped diamond mentioned above [11].
After each functionalization step the surface composition is analyzed by X-ray
photoelectron spectroscopy (XPS). Ultraviolet photoelectron spectroscopy (UPS)
and near-edge X-ray absorption fine structure spectroscopy (NEXAFS) are used
to investigate the HOMO and LUMO levels, respectively, of the N3 dye relative to
the band edges of diamond. Photoelectrochemical measurements are performed
to evaluate photocurrent generation by the functionalized B:NCD films. The
results obtained might open up new possibilities in solar energy research by
demonstrating the suitability of dye-sensitized B:NCD thin films as hole

conductors in DSSCs.

Figure 3.1 Chemical structure of the N3 dye.

3.3 Experimental

3.3.1 Chemical Reagents

Commercially available chemicals were purchased in the purest grades available
and used without further purification. N-hydroxysuccinimide (NHS), cesium

acetate, palladium(ll) acetate, 4-aminophenylboronic acid pinacol ester, 4-
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bromobenzenediazonium tetrafluoroborate, methyl viologen dichloride hydrate,
sodium sulphate and tri(o-tolyl)phosphine were purchased from Sigma-Aldrich.
The N3 dye was purchased from DYESOL.
1-Ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (EDC) was
purchased from Thermo Scientific. All solvents used for reactions and rinsing
were of HPLC grade, unless otherwise stated. Water used for reactions and
rinsing was prepared with a Type 1 Ultrapure water by Sartorius stedium
Biotech.

3.3.2 Diamond Growth

Heavily boron-doped nanocrystalline diamond thin films (150 nm) were grown
by microwave plasma-enhanced chemical vapor deposition from
methane/hydrogen mixtures (1% CH,;) in an ASTeX 6500 reactor. The
substrates used were 1 x 1 cm fused silica. The growth conditions were as
follows: substrate temperature 700—900 °C, total gas flow 500 sccm, total
pressure in the reactor 30 Torr, microwave power 3500 W. Trimethylborane gas
was added during the growth with a ratio of 10000 ppm B/C (with respect to
CH,) to ensure good electrical conductivity [30]. Sheet resistance (Rs), as
measured by a four-point probe measurement, was 207 Q sq*, which agrees
well with the typical value for boron-doped NCD grown at this conditions [27,
30]. Prior to the diamond growth, the fused silica substrates were cleaned for 15
min each in RCA 1 (30% NHz + 30% H,0, + H,0; 1:1:5) and RCA 2 (37% HCI +
30% H,0, + H,0; 1:1:5) solutions at 90 °C. Following this, the cleaned fused
silica substrates were seeded with nanodiamond powder in water to improve the
nucleation density. After deposition, the diamond samples were allowed to cool
down in the reactor for 30 min under vacuum. To remove any graphitic layers,
the as-deposited diamond films were boiled in an acid mixture of 99% H,SO, +
30% HNO3 (3:1) at 90 °C for 30 min. After rinsing and sonicating with plenty of
deionized water, the diamond samples were subjected to hydrogenation. Figure
3.2 displays a scanning electron microscopy (SEM) image of a typical as-grown
B:NCD thin film.
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Figure 3.2 SEM image of a typical as-grown B:NCD thin film.

3.3.3 Hydrogenation

Hydrogenation was performed using the same PECVD reactor (ASTeX 6500). To
create a hydrogen-terminated surface, all diamond samples were treated with
hydrogen plasma under the following conditions: i. 500 sccm of hydrogen flux,
30 Torr reactor pressure with 3500 W microwave power for 2 min; ii. 500 sccm
of hydrogen flux, 15 Torr reactor pressure with 2500 W microwave power for 5
min. At the end of the plasma treatment, the microwave power was switched off

and the samples were allowed to cool down under hydrogen flux for 40 min.
3.3.4 Diamond Surface Functionalization

Functionalization of the diamond surface with 4-bromophenyl groups was carried
out by simply immersing the hydrogenated B:NCD samples into a solution of
4-bromobenzenediazonium tetrafluoroborate (5 mM) in 0.1 M HCI for 120 min
[14]. After surface modification, the substrates were sequentially rinsed and
sonicated in ultrapure water, THF and n-hexane to remove any physisorbed

molecules.
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All preparations for the Suzuki cross-coupling reactions were performed in a
glovebox. A 15 mL ACE pressure tube (Sigma Aldrich) containing a magnetic
stirring bar and 4-bromophenyl-functionalized B:NCD was charged with 4-
aminophenylboronic acid pinacol ester (20 mg, 100 pmol), 10 mol% tri(o-
tolyl)phosphine (3.1 mg, 10 umol), cesium acetate (19 mg, 100 pmol), 5 mol%
palladium(ll) acetate (1.1 mg, 5 pmol), and 5 mL of THF. The resulting mixture
was then heated at 80 °C for 18 h. After the reaction, the substrates were
sequentially rinsed and sonicated in methanol, THF and n-hexane to remove any

physisorbed molecules.

The N3 dye was coupled onto the (1,1'-biphenyl)-4-amine-functionalized B:NCD
films through EDC-NHS coupling. To this extent, the N3 dye (37 mg, 50 pmol)
was dissolved in 2 mL of absolute ethanol. In a separate vial, EDC (38 mg, 200
pmol) and NHS (58 mg, 500 umol) were dissolved in 3 mL of ultrapure water.
The resulting two solutions were mixed together. The (1,1'-biphenyl)-4-amine-
functionalized B:NCD films were then submerged into this solution for 5 h at
room temperature. After the reaction, the functionalized diamond samples were
sequentially rinsed and sonicated in ethanol and water to remove any

physisorbed molecules.

3.3.5 Photoelectron Spectroscopy

Photoemission experiments were carried out using a Scienta ESCA 200
spectrometer in ultrahigh vacuum with a base pressure of 1x107° mbar. The
measurement chamber is equipped with a monochromatic Al Ka X-ray source
and He discharged lamp providing photons with 1486.6 eV for XPS and 21.22 eV
for UPS, respectively. The XPS experimental conditions were set as such that the
full width at half maximum of the clean Au 4f,, line is 0.65 eV. The total-energy
resolution of the measurements in UPS, determined by the Fermi edge of clean
gold, is about 0.1 eV. All spectra were measured at a photoelectron take-off
angle of 0° normal emission. The UPS spectra have been corrected for the

contributions from He | satellites radiation.
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3.3.6 Near-Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS)

Polarized X-ray absorption spectroscopy measurements were performed at the
beam line D1011 of the MAX-II storage ring, located at the MAX-Laboratory for
Synchrotron Radiation Research in Lund, Sweden. The energy resolution was
about 100 meV at photon energy close to the C-K edge. The absorption
spectrum was collected in the total electron yield mode by measuring the
sample current. Simultaneously, the absorption spectrum with partial electron
yield was also recorded by a multi-channeltron plate (MCP) detector with a bias
of -100 V to screen the electrons with lower kinetic energy. The raw data have
been corrected for the energy dependence of the incident X-ray beam and
subsequently normalized to have the same absorption edge step well above the
threshold.

3.3.7 Photoelectrochemical Measurements

Photoelectrochemical measurements were performed in a N,-saturated 0.1 M
Na,SO, solution containing 5 mM methyl viologen (MV?*) as an electron carrier
in a three-electrode glass cell containing B:NCD as a working electrode, a Pt
counter electrode and an Ag/AgCl reference electrode. The glass cell was placed
in a dark Faraday cage and controlled by a potentiostat (Princeton Applied
Research PARSTAT 2273). The cold light light source employed was a 150 W
halogen lamp (Mitutoyo Fiber Optic llluminator). The incident light intensity was
focused and calibrated with a photodiode to 150 mW cm™. The area of the

B:NCD samples exposed to light was 0.07 cm?.

3.4 Results and Discussion

3.4.1 Chemical Functionalization Strategies

The various steps in the chemical functionalization protocol of the B:NCD films
are shown in Figure 3.3. The combination of diazonium, Suzuki, and EDC-NHS
coupling reactions provides a powerful chemical route to covalently immobilize
N3 dye molecules onto a B:NCD surface. After each step, the success of the

coupling reaction was monitored by XPS (vide infra).
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Figure 3.3 Subsequent coupling chemistries employed for the functionalization
of B:NCD with N3 dyes.

The surface modification sequence starts with functionalization of the B:NCD
surface with 4-bromophenyl groups. These entities can be covalently attached
on hydrogenated B:NCD through reaction with the respective diazonium salt.
This is done by submerging a hydrogenated B:NCD film into an acidic solution of
4-bromobenzenediazonium tetrafluoroborate for 2 hours. Previous studies have
already shown that diazonium salts can be coupled spontaneously to

hydrogenated diamond surfaces due to direct charge transfer between the
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hydrogenated diamond — with negative electron affinity — and the diazonium
cations.'* Spontaneous coupling provides a better control of the thickness of the
organic layer compared to electrochemical grafting [31]. A monolayer of 4-

bromophenyl groups can be attained by spontaneous coupling [14].

The bromoaryl-functionalized diamond film can then react further via Suzuki
reactions [14, 17]. Suzuki-Miyaura cross-coupling of 4-aminophenylboronic acid
pinacol ester to the prefunctionalized B:NCD creates a layer of (1,1'-biphenyl)-
4-amine groups on the B:NCD surface. The selection of an efficient catalytic
system is of great importance to achieve high coupling yields in transition metal
catalyzed cross-couplings [32, 33]. Best results were obtained for a Pd(OAc),-
P(o-tol); catalytic system compared to other systems using Pd(PPhz), or
Pd(dppf)Cl,. Finally, EDC-NHS coupling of the N3 dye to the (1,1'-biphenyl)-4-

amine groups was carried out in an ethanol/water mixture.

3.4.2 Surface Composition by X-ray Photoelectron Spectroscopy

After each functionalization step, the variation of the surface components is a
key parameter to assess the success of the functionalization process. XPS is a
powerful tool to probe the surface composition of materials. Figure 3.4a shows
the XPS Br 3p peaks of 4-bromophenyl-functionalized B:NCD. The appearance of
the Br 3p signals at 181 and 189 eV clearly indicates that the B:NCD surface is
decorated with Br due to 4-bromobenzene functionalization [14]. Furthermore, a
(1,1'-biphenyl)-4-amine layer forms after Suzuki coupling of
4-aminophenylboronic acid pinacol ester. Successful cross-coupling was
confirmed through the corresponding N 1s spectra, as shown in Figure 3.4b. The
N 1s spectrum of the amino groups of (1,1'-biphenyl)-4-amine-functionalized
B:NCD exhibits a peak at 400 eV, which is in agreement with earlier reports
[31].

Upon final functionalization with the N3 chromophore, new XPS spectral features
clearly appear, as indicated in Figure 3.5, consistent with the chemical structure
of the dye. The XPS peak at 281 eV, which corresponds to Ru 3ds,,, can be
considered as a fingerprint of the N3 dye, since each dye molecule introduces

one Ru atom [35].
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Figure 3.4 (a) XPS survey spectra of a 4-bromophenyl-functionalized B:NCD
surface (red line) as compared to a reference sample of hydrogenated B:NCD
(black line). Inset: High-resolution Br 3p XPS spectrum of 4-bromophenyl-
functionalized B:NCD. (b) High-resolution N 1s XPS spectrum of (1,1'-biphenyl)-

4-amine-functionalized B:NCD.

Furthermore, the other elements in the N3 dye with different chemical
environment are also clearly demonstrated in the XPS results [36]. For instance,

there are two kinds of nitrogen species in the N3 dye, one from the four pyridine
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groups and another one due to the two isothiocyanate groups [35]. The splitting
of the N 1s peak can be clearly observed, with two components included in the N
1s spectral feature. The shoulder at lower binding energy (399 eV) can be
assigned to the N=C=S groups [35, 37], whereas the sharp peak at higher
binding energy (400 eV) can be attributed to the four pyridine units [35, 36].
Due to the additional contribution to the N 1s signal from the amide linkage to
the N3 dye, the spectral weight ratio of the components at higher and lower
binding energy is slightly different from the ratio observed in the pure N3 dye.
Furthermore, the sulfur atoms of the isothiocyanate groups are also observed at
163 eV (S 2p peak) [35, 36]. The observed broad O 1s peak is due to several
oxygen species in the N3 dye and surface adsorption of oxygen from the

environment before XPS characterization.

The coverage of the N3 dye on B:NCD after functionalization is crucial for future
device applications. The number of N3 dye molecules on the B:NCD surface can
be deduced from the XPS results by the areal Ru density. The advantage of
using the Ru intensity is that the change of spectral weight is considerably less
influenced by impurities and/or contaminants on the functionalized B:NCD thin
films compared to other relevant elements such as C, O, and S. Based on the
core-level C 1s spectrum with the Ru 3d peak at 281.1 eV, and considering the

following assumptions [19]:

1) The Ru 3d photoelectrons at the topmost surface do not experience

scattering.

2) Carbon from the initial layer and from underlying NCD can be treated as

being equivalent in the contribution of the C 1s signal.
3) The inelastic mean free path of the C 1s photoelectron is 2 nm.
4) The number density of carbon atoms in NCD is 1.66x<10%* atoms/cm?.

5) The areal density of carbon is 3.32x10%® atoms/cm? (NCD mass density ~

3.3g/cm®), the XPS area ratio can be expressed as:

ARu 3d5 RU(‘"‘C‘;”Z’S)*SRU 3dg
2 = 2 Equation 3.1
Acis c (atoms)*sms (Eq )

sz
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Taking into account the atomic sensitivity factors of Ru 3ds,, and C 1s and the
spectral weight of C 1s and Ru 3d, the surface coverage of N3 dyes on the
B:NCD thin films was determined to be 3x<10 Ru/cm?. This corresponds to
3 Ru/nm?, which indicates that the N3 dye forms a quite dense film on the
B:NCD surface.
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Figure 3.5 XPS spectra after EDC-NHS coupling of the N3 dye to (1,1'-
biphenyl)-4-amine-functionalized B:NCD: (a) C 1s, (b) N 1s, (c) O 1s, and (d) S

2p core level spectra.

3.4.3 Ultraviolet Photoelectron Spectroscopy (UPS)

UPS is a powerful tool to directly probe the electronic properties of the valence

band of materials. Figure 3.6 illustrates the UPS spectrum of N3 dye-
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functionalized B:NCD compared to the pure N3 dye. It can clearly be seen that
the functionalized B:NCD film reproduces the spectral features of the pure
chromophore. When the UPS intensity is plotted on a logarithmic scale, the
weak valence band feature can be clearly distinguished. The first valence band
peak appears around 2.0 eV in both the functionalized and pure samples. The
second peak at ~4 eV was only observed in the functionalized diamond sample,

which could be due to the interaction between the dye and the B:NCD substrate.
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Figure 3.6 Comparison of the UPS spectra of N3 dye-functionalized B:NCD
(black line) and the pure N3 dye (drop-casted on a Au substrate) (red line) on a

linear (a) and logarithmic (b) scale.

To determine the HOMO energy level of the N3 chromophore, a UPS spectrum of
a B:NCD film functionalized with N3 dye molecules was taken (Figure 3.7). The
HOMO of the dye is compared to a similar spectrum of a hydrogen-terminated
B:NCD thin film. The HOMO level of the N3 dye emerges at 1.1 eV below the

Fermi level. Moreover, by linear extrapolation of the hydrogen-terminated
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B:NCD thin film UPS data, the position of the VBM of diamond with respect to its
Fermi level can be estimated. It is approximately 0.5 eV below the (surface)
Fermi level. Accordingly, the HOMO of the N3 dye lies 0.5 eV below the VBM of
B:NCD (Figure 3.7).

Relative intensity (arb. units)

logarithmic scale
H
T T 1 v L v T T 1 v L

12 10 8 6 4 2 0

Binding energy (eV)

Figure 3.7 Comparison of the UPS spectra of the N3 dye-functionalized B:NCD
(black line) and a bare hydrogen-terminated B:NCD film (red line). Linear
extrapolation of the valence band edge yields an estimate of the VBM the of
B:NCD thin film. The HOMO of the N3 dye lies 0.5 eV below the VBM.

These energy differences have implications on the hole transport between the
B:NCD thin film and the appended N3 dye. Based on the principle of charge
transfer in DSSCs, upon photogeneration of an exciton, the electron is
transferred to an electron acceptor while the hole is transferred from the donor
to the working electrode film. Hence, a good match between the HOMO of the
donor molecule and the valence band of the electrode is important for efficient
hole injection. For B:NCD, the VBM is situated rather close (0.5 eV) to the HOMO
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of the functionalized N3 dye, which should favor hole injection from the dye to
the B:NCD thin film [17, 21].

3.4.4 Near-Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS)

When we turn to the empty states of the N3 dye-functionalized B:NCD film, as
obtained from NEXAFS measurements (Figure 3.8), it can be seen that there are
some clear spectral features in the C 1s absorption spectrum. There are two
distinguished peaks around 285 eV, a shoulder at ~287 eV, and another three
peaks up to a photon energy of 290 eV. As indicated by the XPS data, the N3
dye can form a film on the B:NCD surface with high coverage. The spectral
features related to the B:NCD thin film are hence completely suppressed. On the
other hand, when compared with the NEXAFS spectrum of the pure N3 dye, the
influence of the B:NCD thin film upon the spectral features of the empty states
of the N3 molecule can be extracted. The spectral features related to the N3 dye
appear at higher photon energy, for instance between 287 and 290 eV (Figure
3.8). All absorption peaks are at approximately the same position in both the
functionalized B:NCD sample and the pure N3 dye. A significant change was
observed on the empty n* states at lower photon energy, i.e. around 285 eV.
The LUMO and LUMO+1 energy levels of the pure N3 dye are observed at
around 284.1 and 285.1 eV, respectively, and they are shifted to 284.4 and
284.9 eV for the functionalized B:NCD sample. The change of the LUMO and
LUMO+1 positions shows the influence of B:NCD on the functionalized dye on
top [21]. To ensure that the (1,1’-biphenyl)-4-amine linker does not significantly
distort the result, the spectrum of (1,1’-biphenyl)-4-amine-functionalized B:NCD
was taken as well. It contains a single n* peak at 285 eV originating from the
biphenyl layer covalently attached onto B:NCD. This peak partially fills the valley
between the n* peaks of the N3 dye, without strongly affecting their peak

positions.
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Figure 3.8 Comparison of the C-K edge NEXAFS spectra of N3-functionalized
B:NCD, the pure N3 dye, (1,1’-biphenyl)-4-amine-functionalized B:NCD and a
hydrogen-terminated B:NCD film.

3.4.5 Photoelectrochemical Measurements

As a proof of concept, photoelectrochemical measurements were performed
using either a hydrogen-terminated B:NCD, a (1,1-biphenyl)-4-amine-
functionalized B:NCD or a N3-functionalized B:NCD film as the working electrode
in a typical three-electrode electrochemical system. After equilibration in
darkness, the light source was switched on and off approximately every 30 s for
three cycles. The response curves show a tremendously increased photocurrent
intensity for the N3-functionalized B:NCD electrode at -0.1 V bias as compared
to both control systems (Figure 3.9). This agrees well with the mechanism that,
upon light generation of electron-hole pairs in the N3 dye, the separated
electrons flow toward the MV?* (methyl viologen) electron carrier and the holes
toward the B:NCD electrode (at negative bias) [14, 17].
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Figure 3.9 Photocurrent response of B:NCD (black solid line), (1,1’-biphenyl)-4-
amine-B:NCD (red dotted-line) and N3-functionalized B:NCD (blue dashed-line)
electrodes in a 5 mM methyl viologen solution (in 0.1 M Na,SO,4) at -0.1 V bias
(vs Ag/AgCl).

3.5. Conclusions

In conclusion, we have shown that N3 dye molecules can be covalently attached
onto boron-doped nanocrystalline diamond thin films. Calculations based upon
the Ru presence as analyzed by XPS indicate that a dense layer of chromophore
molecules (~3%10* Ru/cm?) is achieved. UPS and NEXAFS measurements
reveal that there is an interaction between the B:NCD thin film and the
functionalized N3 dye. As evidenced by UPS measurements — matching of the
HOMO level of the N3 dye with the VBM of the B:NCD thin film — holes
generated during photoexcitation can possibly transfer from the dye to the
B:NCD thin film, which was confirmed by proof of concept photocurrent

measurements. This opens up a pathway toward the application of diamond-
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based dye-sensitized solar energy conversion via systematic energy level

alignment. Efforts in this direction are currently ongoing within our groups.
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4.1 Abstract

Donor-acceptor type light-harvesting molecular dyes are covalently attached to
a boron-doped diamond surface via a combination of diazonium electrografting
and Suzuki cross-coupling. For the Suzuki reaction, various catalytic systems are
compared with respect to their imposed surface coverage. Combining 2-
dicyclohexylphosphino-2’,6’-dimethoxybiphenyl (SPhos) and Pd(0), the diamond
coverage improves considerably (by 98%) as compared to the standard
tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3),) catalyst. As the energy
levels between the molecular chromophores and the diamond film align well, the
sophisticated functionalized diamond surfaces present a first step towards the

development of fully carbon-based devices for light to electricity conversion.

Keywords: boron-doped diamond, diazonium coupling, Suzuki cross-coupling,

donor-acceptor, spectroscopic surface characterization, photocurrent
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4.2 Introduction

In recent years, boron-doped diamond (BDD) has become increasingly
important within science and technology [1]. By adding boron, diamond
conductivity can be tuned, with values ranging from 1 < 10° to 100 Q* cm™,
the latter resulting in metallic behavior [2]. Boron-doped nanocrystalline
diamond (B:NCD) prepared in a thickness of ~150 nm is highly transparent
(with a transmission of 70-80%) [3]. Despite its extraordinary physical
properties and numerous applications (chemical and biosensors, electrosynthesis
etc.) [4], earlier works focused mostly on tailoring the diamond’s surface
properties. Photochemical modification [5], plasma treatment [6], and
diazonium coupling [7] afford a diversity of diamond surface modification
schemes, allowing the attachment of various molecular structures. The next
challenge, however, is to develop a versatile chemistry that can impart useful

sensory, optoelectronic and/or photophysical properties to the B:NCD material.

Next to several click chemistry protocols [8], the Suzuki-Miyaura reaction
represents one of the most versatile and powerful carbon-carbon (most often
aryl-aryl) bond forming procedures in modern synthetic chemistry [9]. This Pd-
catalyzed cross-coupling reaction has been applied for the preparation of a huge
variety of conjugated aromatic compounds, for example to be used for organic
light-emitting diodes (OLEDs) [10], polymer LEDs [11], organic photovoltaics
[12], and nonlinear optical materials [13]. The Suzuki reaction can also be used
for (uninterrupted) molecular conjugation of solid surfaces to a large class of
organic molecules [14]. This is particularly useful if one wishes to create donor-
acceptor type molecular wires on semiconducting substrates for
photocurrent/photovoltage generation [15]. However, to the best of our
knowledge, there are only three reports so far which address Suzuki cross-
coupling reactions on diamond surfaces [16—18]. Zhong et al. reported a facile
method for the Suzuki coupling of oligothiophene-fullerene and 2-(dicyanovinyl)-
5-iodobithiophene molecular wires onto diamond. They showed that this method
opens up possibilities for the application of diamond in molecular electronics and
photovoltaics. Nonetheless, the reported surface coverage of 2-(dicyanovinyl)-5-

iodobithiophene was as low as 0.41 ‘monolayer’ (ML) (relative to a high quality
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reference monolayer of dodecanethiol on Au, as determined by X-ray

photoelectron spectroscopy, XPS) [17].

In this manuscript, we report on the successful decoration of B:NCD with two
molecular dye systems, (Z)-2-{5-[(5'-bromo-[2,2'-bithiophen]-5-yl)methylene]-
4-oxo-2-thioxothiazolidin-3-yl}acetic acid (Br-BT-Rho) and (E)-2-{4-[2-(6-
bromo-4,4-diethyl-4H-cyclopenta[1,2-b:5,4-b"]dithiophen-2-yl)vinyl]-3-cyano-

5,5-dimethylfuran-2(5H)-ylidene}malononitrile (Br-CPDT-Fur) (Figure 4.1), via

optimized Suzuki cross-coupling reactions.

| Diazonium Electrografting |

0.0
H jzo.
B:NCD ° _ O
NaNO,/HCI
o B:NCD s
Hooc’\N,(
S
N
Suzuki Coupling
\)—P 7 coon
Br\ S NJ
0. ,0
B s
s @
Br-BT-Rho
O e B:NCD
B:NCD 2 o
ry’s
Bre, eN  CN
Br-CPDT-Fur O
B:NCD

Figure 4.1 Diazonium electrografting and Suzuki cross-coupling towards

effective B:NCD functionalization.
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Both molecular dyes possess a bromoaryl moiety to enable reaction with an
arylboronic ester functionalized B:NCD surface. The most effective catalytic
system was pursued to increase the coupling efficiency and hence the surface
coverage. Surface functionalization as well as coverage were determined by
XPS. The CPDT-Fur molecular dye has suitable properties to be used effectively
in future molecular photovoltaic systems, i.e. high absorbance, wide absorption
and good charge transfer abilities through the n-system [19]. Furthermore, the
highest occupied molecular orbital (HOMO) of the dye seems to match well with
the valence band of the B:NCD film, as evaluated by ultraviolet photoelectron

spectroscopy (UPS), allowing hole injection from the dye to diamond.

4.3 Experimental

4.3.1 Chemical reagents

Commercially available chemicals were purchased in their purest grade available
and used without further purification. Sodium nitrite, sodium carbonate, sodium
acetate, cesium acetate, cesium fluoride, potassium phosphate, palladium(ll)
acetate, 4-aminophenylboronic acid pinacol ester, rhodanine-3-acetic acid,
tetrakis(triphenylphosphine)palladium(0), and tri(o-tolyl)phosphine  were
purchased from Sigma-Aldrich. 5-Bromo-5'-formyl-2,2'-bithiophene was
purchased from TCI Europe N.V. 2-Dicyclohexylphosphino-2’,6'-
dimethoxybiphenyl (SPhos) was purchased from Acros Organics. All solvents
used for reactions and rinsing were of HPLC grade, unless otherwise stated.
Water used for rinsing and electrochemical work was made with Type 1

Ultrapure water by Sartorius stedium Biotech.

4.3.2 Synthesis and characterization

NMR chemical shifts () were determined relative to the residual CHCI;
absorption (7.26 ppm) or the *3C resonance shift of CDCl; (77.16 ppm). UV-Vis
absorption spectra were recorded with an Agilent Cary 500 Scan UV-Vis-NIR
spectrometer in a continuous run from 200 to 800 nm at a scan rate of
600 nm min™?. Electrochemical measurements were performed with an Eco

Chemie Autolab PGSTAT 30 potentiostat/galvanostat using a three-electrode
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microcell equipped with a Pt wire working electrode, a Pt wire counter electrode
and a Ag/AgNO; reference electrode (Ag wire dipped in a solution of 0.01 M
AgNO3z; and 0.1 M NBuy4PFg in anhydrous MeCN). Samples were prepared in
anhydrous CH.Cl, containing 0.1 M NBu4PFe¢ and ferrocene was used as an
internal standard. The respective products were dissolved in the electrolyte
solution and degassed with argon prior to each measurement. To prevent air
from entering the system, the experiments were carried out under argon. Cyclic
voltammograms were recorded at a scan rate of 50 mVs™. The HOMO-LUMO
energy levels of Br-CPDT-Fur were determined using CV data. For the
conversion of V to eV, the onset potentials of the first oxidation/reduction peaks
were used and referenced to ferrocene/ferrocenium, which has an ionization
potential of -4.98 eV vs. vacuum. This correction factor is based on a value of
0.31 eV for Fc/Fc* vs. SCE [18a] and a value of 4.68 eV for SCE vs. vacuum
[20]: Enomorumo (€V) = -4.98 - Eonset oxsred” "M% (V) + Eonset rorre+ 99 (V). To
estimate the optical HOMO-LUMO gap, the wavelength at the intersection of the
tangent line drawn at the low energy side of the (solution) absorption spectrum

with the x-axis was used (AEqy: (€V) = 1240/ (wavelength in nm)).

4,4-Diethyl-4H-cyclopenta[1,2-b:5,4-b"]dithiophen-2-carboxaldehyde
(CPDT-CHO) (2). To a cold solution (0 °C) of 4,4-diethyl-4H-cyclopenta[1,2-
b:5,4-b"]dithiophene [21a] (1) (359 mg, 1.53 mmol) in 1,2-dichloroethane (4.5
mL) and DMF (140 pL), POCI; (140 pL) was added under nitrogen. After 4 h at
this temperature, a saturated NaOAc solution (10 mL) was added. The mixture
was stirred at room temperature for 2 h. The crude product was extracted into
CH,CI,. The organic layer was washed with water and brine. After drying with
MgSO, and filtration, the solvent was removed to afford the product as
colourless oil in a quantitative way (400 mg). *H NMR (CDClz): 0.61 (t, 6H, J =
7.4 Hz, CH,CH3), 1.95 (m, 4H, CH,CHz), 7.00 (d, 1H, J = 4.8 Hz), 7.43 (d, 1H, J
= 4.8 Hz), 7.58 (s, 1H), 9.84 (s, 1H, CHO).

6-Bromo-4,4-diethyl-4H-cyclopenta[1,2-b:5,4-b"]dithiophen-2-

carboxaldehyde (Br-CPDT-CHO) (3). To a cold solution (0 °C) of CPDT-CHO
2 (410 mg, 1.56 mmol) in THF (50 mL), NBS (345 mg, 1.24 equiv) was added
under a nitrogen atmosphere. The reaction mixture was warmed gently to room

temperature and stirred further for 5 h. Then, water (50 mL) was added and the
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product was extracted with CH,Cl,. The organic phase was dried (MgSO,) and
the solvent was removed to afford the product as a colourless oil in a
guantitative way (530 mg). *H NMR (CDCl3): 0.61 (t, 6H, J = 7.4 Hz, CH,CHy),
1.92 (m, 4H, CH,CH3), 7.02 (s, 1H), 7.57 (s, 1H), 9.84 (s, 1H, CHO).

(BE)-2-{4-[2-(6-Bromo-4,4-diethyl-4H-cyclopenta[1,2-
b:5,4b"]dithiophen-2-yl)vinyl]-3-cyano-5,5-dimethylfuran-2(5H)-
yvlidene}malononitrile (Br-CPDT-Fur). 6-Bromo-4,4-diethyl-4H-
cyclopenta[1,2-b:5,4-b"]dithiophene-2-carbaldehyde (3) (533 mg, 1.56 mmol)
and 2-(3-cyano-4,5,5-trimethylfuran-2(5H)-ylidene)malononitrile (4) [22] (330
mg, 1.56 mmol) were dissolved in ethanol (10 mL). Piperidine (2 drops) was
added and the reaction mixture was heated at reflux overnight. The dark
reaction mixture was cooled down to room temperature and a precipitate was
formed, which was filtered off and recrystallized from an ethanol/water mixture
to give the product as greenish-yellow crystals (dark blue in solution) (478 mg,
58%). m.p. > 250 °C. *H NMR (CDCl3): 0.61 (t, 6H, J = 7.4 Hz, CH,CHs), 1.74
(s, 6H, CH3), 1.93 (m, 4H, CH,CH3), 6.59 (d, 1H, J = 15.6 Hz, -CH=CH-), 7.04
(s 1H), 7.34 (s, 1H), 7.90 (d, 1H, J = 15.8 Hz, -CH=CH-). *°C NMR (CDCl5): 9.3,
26.7, 30.3, 56.09, 56.12, 77.4, 95.6, 97.1, 110.5, 111.5, 111.7, 118.2, 125.3,
136.7, 140.6, 141.0, 147.6, 158.8, 161.4, 173.0, 176.1. UV-Vis (CHCI3): Amax =
585 nm, ¢ = 73100 L mol™ cm™, AE,, = 1.85 eV.

4.3.3 Diamond Growth

Polycrystalline boron-doped nanocrystalline diamond (B:NCD) thin films (150
nm in thickness) were grown by microwave plasma-enhanced chemical vapour
deposition (CVD) from methane/hydrogen mixtures (1% CH,) in an ASTeX 6500
reactor. The substrates used were fused silica (1 cm x 1 cm). The growth
conditions used were as follows: substrate temperature 700-900 °C, total gas
flow 500 sccm, total pressure in the reactor 30 Torr, microwave power 3500 W.
Trimethylborane gas was added during the growth with a ratio of 10000 ppm
B/C to CH,; to ensure good electrical conductivity [1b]. Based on previous
experiments [23], this ratio corresponds to a boron film concentration 10%* cm.
Sheet resistance (Rs), as measured by a four-point probe measurement, was

207 Q/sq, which agrees well with the typical value for B:NCD grown under these
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conditions [3]. Prior to the diamond growth, the fused silica substrates were
cleaned for 15 min each in RCA 1 (30% NH3z + 30% H,0, + H,0; 1:1:5) and
RCA 2 (37% HCI + 30% H,0, + H,0; 1:1:5) solutions at 90 °C. Following this,
the cleaned fused silica substrates were seeded with nanodiamond powder in
water to improve the nucleation density. After deposition, the diamond samples
were allowed to cool down in the reactor for 30 min under vacuum. To remove
any graphitic layers, the as-deposited diamond films were boiled in an acidic
mixture of 99% H,SO, + 30% HNO;3; (3:1) at 90 °C for 30 min. After rinsing and
sonicating with plenty of deionized water, the diamond samples were subjected
to hydrogenation. Figure 4.2 displays a scanning electron microscopy (SEM)

image of a typical as-grown B:NCD thin film.

Figure 4.2 Typical SEM image of a B:NCD film.

4.3.4 Hydrogenation

Hydrogenation was performed using the same PECVD reactor (ASTeX 6500). To
create a hydrogen terminated surface, all diamond samples were treated with
hydrogen plasma under the following conditions: i) 500 sccm hydrogen flux, 30
Torr reactor pressure with a 3500 W microwave power for 2 min, ii) 500 sccm

hydrogen flux, 15 Torr reactor pressure with a 2500 W microwave power for 5
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min, iii) at the end of the plasma treatment, the microwave power was switched

off and the samples were allowed to cool down under hydrogen flux for 40 min.

4.3.5 Diazonium Electrografting

The functionalization of the diamond surfaces started with diazonization of the
targeted aniline (4-aminophenylboronic acid pinacol ester) followed by
electrochemical reduction of the in situ generated diazonium salt by cyclic
voltammetry (Figure 4.1) [16] The electrografting reaction was performed with
an Autolab PGSTAT30 potentiostat (Eco Chemie B.V.) and controlled by the
GPES Program. A one-compartment electrochemical cell with three-electrode
configuration was used. The working electrode was a hydrogen-terminated
B:NCD film. Platinum wire and Ag/AgCI/KClsary electrodes were used as counter
and reference electrodes, respectively. Half of the diamond sample was
immersed in the reaction solution for larger area functionalization. As stated
above, 5 mM of 4-aminophenylboronic acid pinacol ester was diazotized with an
equimolar amount of NaNO, in a (N, gas purged) 0.5 M HCI solution, which was
directly used for CV scanning with a potential from +0.5 to -0.8 V (vs Ag/AgCl)
at a scan rate of 100 mVs™® for 5 scans [16]. After the modifications, the
substrates were sequentially rinsed and sonicated in ultrapure water, THF and n-

hexane to remove any physisorbed molecules.

4.3.6 Suzuki cross-coupling

All preparations for the Suzuki cross-coupling reactions were performed in a
glove box. To achieve the highest possible surface coverage, the most efficient
conditions were pursued. In general, a 15 mL ACE pressure tube (Sigma Aldrich)
containing a magnetic stirring bar and the functionalized diamond film was
charged with the dye (Br-BT-CHO/Br-BT-Rho/Br-CPDT/Br-CPDT-Fur), Pd
catalyst, base and solvent. The resulting mixture was then heated at 80 °C for
18 h. Detailed information on the catalyst systems is provided in Table 4.1 and
4.2.

4.3.7 X-ray/ultraviolet photoelectron spectroscopy

Photoemission experiments were carried out using a Scienta ESCA 200

spectrometer in ultrahigh vacuum with a base pressure of 1x107° mbar. The
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measurement chamber is equipped with a monochromatic Al Ka X-ray source
and He discharge lamp providing photons with 1486.6 eV for XPS and 21.22 eV
for UPS, respectively. The XPS experimental conditions were set so that the full
width at half maximum of the clean Au 4f;,, line was 0.65 eV. The total energy
resolution of the measurements in UPS, determined by the Fermi edge of clean
gold, is about 0.1 eV. All spectra were measured at a photoelectron take-off
angle of 0° normal emission. The UPS spectra have been corrected for the

contributions from He | satellites radiation.

The surface coverage with the thiophene moieties was estimated using the same
method as used in Ref. 17. This is done by calibrating the XPS S 2p signal of the
thiophene moieties against the measured XPS S 2p intensity of a dodecanethiol
SAM on Au, where the coverage of the latter was assumed to be 100% (1 ML)
(Figure 4.3). Several samples of dodecanethiol SAMs were prepared on Au, i.e.
at different functionalization times, to make sure the same S 2p signal was
obtained by XPS. The S intensity in dodecanethiol has been corrected for the

attenuation factor due to the carbon chain.
Attenuation factor = exp(%:;e) =0.71 4.1)

(n = 12 is the number of carbon atoms in the alkyl chain, dc = 1.1 A is the
length of one methylene group (1.27 A) at a tilt angle of 30° to the surface
normal, 6 is the angle made by the electron energy analyzer to the surface
normal, and As = 9.0 + 0.022 KE) [24]. All samples were measured with short
collection time and on several different spots to avoid any beam damage.

However, single-collected S2p data are shown here.
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Figure 4.3 XPS spectra showing the S 2p signal of dodecanethiol on a Au

surface.

4.3.8 Photoelectrochemical Measurements

Photoelectrochemical measurements were performed in a Ar-saturated 0.1 M
Na,SO, solution containing 5 mM methyl viologen (MV?*) as an electron carrier
in a three-electrode glass cell equipped with a quartz optical window for
illumination of the B:NCD working electrode. The counter electrode was
platinum and the reference electrode was Ag/AgCl (sat. KCI). The glass cell was
placed in a dark room and controlled by a potentiostat (Autolab, Ecochemie,
B.V. with GPES-4 software). The white light source was an Oriel Xenon lamp,
model 6269. The incident light intensity was focused and calibrated with a
standard Si photodiode (PV Measurements, Inc. USA). The area of the B:NCD
samples exposed to light was ca. 0.85 cm?and the incident white light intensity

was 15 mW/cm? (which is roughly 0.15 sun).
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4.4 Results and Discussion

4.4.1 Synthesis and characterization

As shown in Figure 4.1, the anchoring of the molecular dyes onto the diamond
surface begins with the functionalization of hydrogen-terminated B:NCD with
arylboronic ester moieties through diazonium electrografting [16]. Two light-
harvesting molecular dyes with a donor-acceptor structure (to increase light-
harvesting and enhance charge separation), Br-BT-Rho and Br-CPDT-Fur
(Figure 4.1), were pre-synthesized in solution before undergoing Suzuki
coupling to the B:NCD surfaces. Both molecular dyes contain an electron-rich
(bridged) bithiophene ‘donor’ part and an electron-deficient subunit and they
carry a reactive arylbromide group on the donor part. As the B:NCD film is
finally intended to be used as the hole conductor in photovoltaic devices, the
donor part of the chromophores has to be attached to the diamond surface. The
Br-BT-Rho chromophore was synthesized by reacting commercially available
5-bromo-5'-formyl-2,2'-bithiophene with rhodanine-3-acetic acid in a standard
condensation reaction. On the other hand, the Br-CPDT-Fur molecule was

synthesized according to the procedure outlined in Figure 4.4.

s s s s s s
1 y OMFPOCI; y CHO \os  Br 1 y CHO
1,2-DCE THF
1 2 3
CN
o -
CN o}
= - S S 4 CN
CN \ / == Br-CPDT-Fur
CN

piperidine CN
ethanol, reflux

Figure 4.4 Synthetic protocol towards the Br-CPDT-Fur molecular wire.

4H-Cyclopenta[1,2-b:5,4-b"]dithiophenes (CPDTs) have been proven to be

attractive electron donating building blocks for applications in organic electronics
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due to the planarity of the bridged bithiophene system and the excellent charge
transfer capabilities through the molecule [19] For the purpose of B:NCD
functionalization, a novel CPDT chromophore has been developed, employing a
furan group as the acceptor part attached to the CPDT core via a vinyl bridge.
The synthesis of the CPDT core was done according to two different previously
published procedures [19a, 2l1a]. CPDT formylation was performed using a
standard Vilsmeier-Haack procedure in 1,2-dichloroethane at 0 °C. This reaction
yielded exclusively monoformylated CPDT derivative 2, which was used in the
next step without prior purification. Treatment of CPDT-CHO 2 with N-
bromosuccinimide (NBS) at room temperature furnished Br-CPDT-CHO
derivative 3 in a smooth manner. To attach the furan acceptor, a Knoevenagel
condensation reaction was performed in the presence of a catalytic amount of
piperidine. The Br-CPDT-Fur dye precipitated from the hot reaction mixture
and was recrystallized from the corresponding solvent and used as such. UV-Vis
analysis (Figure A.1) of the dye showed a high extinction coefficient (¢ = 73100
L mol* cm™ at A = 582 nm), thus proving suitability of the molecule for the
envisaged application. The frontier orbital energy levels, as determined from the
oxidation and reduction onsets derived from cyclic voltammetry (CV), are Epomo
= -5.70 eV and E ymo = -4.03 eV. Figure A.2a and A.2b show the 'H and **C
NMR spectrum of Br-CPDT-Fur, respectively.
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4.4.2 Diazonium Electrografting

Successful electrografting of the arylboronic ester groups on the B:NCD surface
by the diazonium approach was confirmed by CV (Figure 4.5). The first CV cycle
shows two reduction peaks. The broader peak at -0.6 V (vs Ag/AgCl) can be
assigned to the formation of arylboronic ester radicals. During the second cycle,
this reduction wave disappears and the cyclic voltammogram only exhibits a
very small reduction current, which suggests passivation of the diamond surface
by the grafted layer, hence blocking the access of the diazonium cations to the
surface. A smaller reduction peak appearing at -0.1 V (vs Ag/AgCl) was
previously noticed as well for electrografting of 4-nitrophenyl- and

4-carboxyphenyl-diazonium cations, but its origin is not yet clearly understood

[7].

XPS spectra of the hydrogenated and arylboronic ester functionalized B:NCD
films are shown in Figure 4.6. As can be seen clearly from the high-resolution
XPS spectra (Figure 4.6b), the B 1s peak of the dopant boron atoms in B:NCD is

Current (arb. units)

First scan
Second scan
Fifth scan

) ) ) ) ) 1 ) )
-1.0 -0.8 -0.6 -04 -0.2 0.0 0.2 04 0.6
Potential (V vs Ag/AgCl)

Figure 4.5 In situ electrochemical generation of boronic ester derivatized
phenyldiazonium cations, showing five CV reduction cycles (first cycle, black
solid line; second cycle, blue dashed line; fifth cycle, red dotted line) with

applied voltage between +0.5 and -0.8 V (scan rate 100 mVs™).
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Figure 4.6 (a) XPS survey spectrum of hydrogenated B:NCD. (b) High-
resolution XPS spectra showing the B 1s peaks for hydrogenated (black line) and

arylboronic ester grafted B:NCD (red line), respectively.

found at —186 eV (Figure 4.6b, black solid line). After electrografting of the
arylboronic ester groups on the B:NCD surface, an additional intense signal
appears at ~191 eV (Figure 4.6b, red solid line). This peak is assigned to the B
1s core level in boron atoms from the grafted arylboronic ester layer [16]. High-
resolution XPS clearly shows the presence of two chemically distinct boron

species.

4.4.3 Suzuki cross-coupling

The arylboronic ester surface provides an excellent solid phase platform for
further C-C extension via Suzuki cross-coupling. As such, an ‘all-carbon’
molecular photovoltaic system could be realized. However, a diamond surface
with high chromophore loading is required for this purpose and this high
coverage is not trivially obtained. To tackle this, a careful search for the
optimum Suzuki conditions on arylboronic ester functionalized B:NCD was
conducted. Table 4.1 and 4.2 gather some of the different catalytic systems
(changing the Pd catalyst, ligand, base and/or solvent) investigated for the two

different chromophores (or their precursors). It should be mentioned at this
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point that the ‘opposite’ strategy, coupling 5-(5-formyl-2-thienyl)-2-
thiopheneboronic acid ((HO),B-BT-CHO) to a bromophenyl decorated B:NCD
surface (obtained via spontaneous grafting of 4-bromobenzenediazonium
tetrafluoroborate), was employed as well, but the obtained results were inferior

to the procedure outlined here.

Successful coupling was confirmed by monitoring the S and N markers present
in the dye molecules by XPS (Figure 4.7). To determine the surface coverage,
the S 2p peak intensities were calibrated against the XPS 2p intensity of a
dodecanethiol self-assembled monolayer (SAM) on Au [17] where the coverage
of the latter was assumed to be 1 ML (see Experimental). The coverages for
both molecular dyes as determined by this method are listed in Table 4.1 and
4.2.

Table 4.1 Optimization of the Suzuki cross-coupling conditions for Br-BT-CHO
and Br-BT-Rho.

Surface Coverage®

Entry Catalyst/Ligand® Base Solvent Br-BT- Br-BT-
CHO* Rho
NaOAc
1 Pd(PPh3)s (10 mol%o) . THF 0.05 0.01
(1 equiv)
Na,CO3 THF:H20
2 Pd(PPh3)s (10 mol%) . 0.02 0.005
(4 equiv) (5:1)
Pd(OAC), (5 mol%) - K3PO4
3 . THF 0.03 /
P(o-tol); (10 mol%) (5 equiv)
Pd(OAC)2 (5 mol%) - CsOAc
4 THF 0.05 /
P(o-tol); (10 mol%) (1 equiv)
Pd(OAC)2 (5 mol%) - CsF Not
5 . THF
P(o-tol); (10 mol%) (1 equiv) successful
Pd(OAC)2 (5 mol%) - NaOAc
6 THF 0.24 0.08
P(o-tol); (10 mol%) (1 equiv)
Pd(OAC)2 (3 mol%) - K3POg4 dioxane:H,0
7 . 0.43 /
SPhos (3 mol%) (5 equiv) (5:1)
Pd(OAC)2 (3 mol%) - CsOAc THF:MeOH
8 0.36 0.58
SPhos (3 mol%) (2 equiv) (5:1)

3 General conditions: 80 °C, 18 h, 6 mL solvent, 100 pmol Ar-Br. ®The XPS S 2p intensity

was used to estimate the surface coverage. © Precursor used as a model compound.
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Table 4.2 Optimization of the Suzuki cross-coupling conditions for Br-CPDT-
CHO and Br-CPDT-Fur.

Surface Coverage®

Br-
Entry Catalyst/Ligand® Base Solvent Br-CPDT-
CPDT-
Fur
CHO®
NaOAc
1 Pd(PPh3)s (10 mol%) . THF 0.04 0.02
(1 equiv)
Pd(OAC)2 (5 mol%) - NaOAc
2 THF / 0.06
P(o-tol); (10 mol%) (1 equiv)
Pd(OAC)2 (5 mol%) - CsF THF:MeOH
3 . 0.10 /
P(o-tol); (10 mol%) (2 equiv) (5:1)
Pd(OAC)2 (3 mol%) - K3POg4 dioxane:H,0O
4 0.55 /
SPhos (3 mol%) (5 equiv) (5:1)
Pd(OAC)2 (3 mol%) - CsF THF:MeOH
5 . 0.06 /
SPhos (3 mol%) (2 equiv) (5:1)
Pd(OAC)2 (3 mol%) - CsOAc THF:MeOH
0.60 0.56
SPhos (3 mol%) (2 equiv) (5:1)

@ General conditions: 80 °C, 18 h, 6 mL solvent, 100 pmol Ar-Br. ®The XPS S 2p intensity

was used to estimate the surface coverage. © Precursor used as a model compound.

When the standard catalytic system outlined in Entry 1 (Pd(PPh3)4, NaOAc, THF)
was used, the obtained surface loadings (0.01 and 0.02 ML, respectively) were
relatively low as compared to the results obtained by Zhong et al. [17] There
are three possible reasons for the low surface coverage. First, the relative
reactivity for the Suzuki cross-coupling is known to be R-1 (Zhong and co-
workers used an iodinated bithiophene) > R-Br >> R-Cl [25]. Secondly,
Pd(PPh3), is known to be easily degrading, even in the presence of the smallest
amount of oxygen, thus reducing the coupling efficiency [26]. Thirdly, for
sterically demanding molecules as the two molecular dyes used here, catalytic

systems with electron-rich ligands are often more appropriate [27].

A slightly better coverage was observed when an in situ generated Pd catalyst,
via combination of tri(o-tolyl)phosphine (P(o-tol);) and palladium(ll) acetate
(Pd(OAc),), was used (Entry 6, Table 4.1; Entry 2, Table 4.2). The more
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electron-donating tri(o-tolyl)phosphine ligand enhances the oxidative insertion
of Pd into the Ar-Br bond [27]. Moreover, the steric congestion of the ligand can

also facilitate dissociation of the ligand from the Pd complex.

(@ N1is (b) S2p (© N 1s (d) S2p

Relative intensity (arb. units)

408 406 404 402 400 398 396 354 392 390 172 170 168 166 164 162 160 158 408 406 404 402 400 398 396 394 392 390 174 172 170 168 166 164 162 160 158

Binding energy (eV)

Figure 4.7 XPS spectra showing the N 1s and S 2p peaks for the Br-CPDT-Fur
(a-b) (Table 4.2, Entry 6) and Br-BT-Rho (c-d) (Table 4.1, Entry 8) based
molecular dyes (Pd(OAc)./SPhos catalytic system).

Over the past 20 years, the Buchwald group has made important contributions
to the design of sterically hindered electron-rich biarylmonodentate phosphine
ligands such as SPhos and XPhos (2-dicyclohexylphosphino-2’,4’,6’-
triisopropylbiphenyl) which, when combined with catalytic amounts of Pd(0),
enable to prepare extremely hindered biaryls via Suzuki-Miyaura cross-coupling
reactions in an efficient manner [28]. Recently, Zhou et al. successfully applied
these conditions towards extension of the CPDT chromophore [29]. Triggered by
the effectiveness of the method and the similar CPDT building blocks used, we
applied this catalytic system to the Suzuki cross-coupling on the B:NCD surface.
Zhou and co-workers applied a dioxane:water mixture as the reaction solvent
and K3PO, as a base. This catalytic system might, however, cleave our acceptor
groups from the molecular dyes due to hydrolysis. We thus first tested the
catalytic system for two ‘precursor’ systems (Br-BT-CHO and Br-CPDT-CHO)
devoid of the respective acceptor groups. As shown in Table 4.1 (Entry 7) and

Table 4.2 (Entry 4), the surface coverages increased tremendously. When the
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Pd(OAc),/SPhos catalyst was used in combination with CsOAc base in a water-
free THF:MeOH (5:1) mixture (Entry 8, Table 4.1 and Entry 6, Table 4.2), a
comparable surface coverage was achieved. Hence, these conditions were also
applied for the full molecular wire systems. As illustrated in Table 4.1 (Entry 8)
and 4.2 (Entry 6), the overall coupling efficiency was noticeably higher when
SPhos was used as the supporting ligand. A surface coverage of 0.58 and 0.56
ML was achieved for the Br-2T-Rho and Br-CPDT-Fur chromophores,
respectively, the highest reported surface coverages so far for Suzuki cross-
coupling on B:NCD films (Figure 4.7). An increase in coverage of 17% is
achieved despite the use of a less reactive Br-Ar function and a more complex
molecular structure (0.56 ML for Br-CPDT-Fur) as compared to the results of
Zhong and co-workers (0.41 ML for 2-(dicyanovinyl)-5-iodobithiophene) [17].
Moreover, the Pd catalyst usage is also quite low (3 mol%) as compared to
standard Pd(PPh3)4, which requires a loading of 10 mol% [17].

4.4.4 Ultraviolet Photoelectron Spectroscopy (UPS)

UPS was applied to probe the electronic properties of the valence band of the
functionalized B:NCD samples. Figures 4.8 (a) and (c) show the UPS spectra of
the Br-BT-Rho and Br-CPDT-Fur functionalized B:NCDs, respectively,
compared to the respective pure molecular wire systems (drop-casted on an Au
substrate). When the UPS intensity is plotted on a logarithmic scale, the weak
valence band feature can be distinguished. The first valence band peak for both
Br-BT-Rho and Br-BT-Rho functionalized B:NCD appears around 0.9 eV. On the
other hand, for Br-CPDT-Fur and Br-CPDT-Fur functionalized B:NCD, the first

valence band peak appears around 1.1 eV.

To determine the HOMO energy levels of both molecular wire systems, the UPS
spectra of the functionalized diamond films were compared to bare hydrogen-
terminated B:NCD thin films (Figures 4.8 b, d). By linear extrapolation of the
hydrogen-terminated B:NCD thin film UPS data, the position of the valence band
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Figure 4.8 (a,c) Comparison of the UPS spectra of the molecular dye-
functionalized B:NCDs (blue line) and the pure molecular dyes (drop-casted on
an Au substrate) (black line) for (a) Br-BT-Rho and (c) Br-CPDT-Fur on an
logarithmic scale. (b,d) Comparison of the UPS spectra of the molecular dye-
functionalized B:NCDs (blue line) and a bare hydrogen-terminated B:NCD film
(red line) for (b) Br-BT-Rho and (d) Br-CPDT-Fur. Linear extrapolation of the
valence band edge yields an estimate of the VBM the of B:NCD thin film.
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maximum (VBM) of diamond with respect to its Fermi level can be determined.

It is approximately 0.6 eV below the (surface) Fermi level.

Previous studies have shown that Ex-VBM is 0.25 eV in bulk B-doped diamond.
However, it can increase up to 0.7 eV at the surface of a clean H-terminated
diamond [30 — 33]. Accordingly, the HOMO levels of the Br-BT-Rho and Br-
CPDT-Fur functionalized diamond samples lie 0.3 and 0.5 eV below the VBM of
B:NCD, respectively. These energy differences have implications on the
possibility for hole transport between the B:NCD thin film and the functionalized
molecular dyes. Based on the principle of charge transfer in dye-sensitized solar
cells with p-semiconducting photocathode (p-DSSCs), upon photogeneration of
an exciton, the electron is transferred to an acceptor site and subsequently to
the oxidized form of the electrolyte redox mediator. In turn, the hole is
transferred from the donor site to the semiconductor electrode. Hence, a good
match between the HOMO of the donor molecule and the valence band of the
electrode is important for efficient hole injection. For B:NCD, the VBM is situated
rather close to the HOMO of both molecular dyes, which should favor hole

injection from the light-harvesting chromophores to the B:NCD thin film [17, 33]

4.4.5 Photoelectrochemical Measurements

As a proof of concept, photoelectrochemical measurements were performed
using either a hydrogen-terminated, Br-CPDT-Fur or Br-BT-Rho functionalized
B:NCD film as the working electrode in a standard three-electrode
electrochemical system (Figure 4.9). After equilibration in darkness, the light
source was switched on and off approximately every 10 s for several cycles. At
Time = O, the electrode was in dark, and each light-on triggered the cathodic
photocurrent. The process was fully reversible, and was stopped at Time = 300
s, when the electrode was relaxed again in dark. We observed an increased
photocurrent intensity for both molecular wire functionalized B:NCD electrodes
as compared to the control system. In accord with previous work [17], negative
bias enhances the photocurrent considerably. This agrees well with the
mechanism that, upon light generation of electron-hole pairs in the molecular
dyes, the separated electrons flow toward the MV>" (dimethyl viologen) electron

carrier and the holes toward the B:NCD electrode (at negative bias) [16,17]
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Figure 4.9 Photocurrent response of B:NCD (black line), Br-CPDT-Fur-B:NCD
(blue lines), and Br-BT-Rho-B:NCD (red lines) electrodes in a 5 mM methyl
viologen solution (in 0.1 M Na,SO,) at varying bias (vs Ag/AgCl). White light
illumination by a Xe-lamp (15 mW/cm?). Curves are offset for clarity, but the

intensity scale is identical in all cases.

Our photocurrents are comparable to those reported earlier for similar systems:
Zhong et al [16] observed a photocurrent of ca. 150 nA/cm? under white light
(150 W halogen lamp) illumination of B:NCD sensitized by dicyanovinyl-
bithiophene and Cgo-bithophene. Later on, the same group reported ca. 4-6
pnA/cm? under 1 sun illumination (AM1.5G; 100 mW/cm?) [17]. In general,
photocurrents on sensitized diamond electrodes are very small compared to
those observed for the state-of-art n-DSSCs with titania photoanode (= 20
mA/cm? at 1 sun). Among other reasons, the difference can be rationalized in

terms of surface morphology of the aforementioned semiconductor
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photoelectrodes. Early works on flat titania surface, sensitized with Ru-
bipyridine complexes, reported photocurrents of several nA under white light
(450<A/nm<650) illumination from a 150 W Xe-lamp [30]. In principle, the flat
electrode cannot deliver external quantum efficiencies larger than = 0.3%,
whereas mesoporous electrodes can give values exceeding 90% for the same
dye/electrolyte systems [31]. The B:NCD films made by CVD are usually quite
compact, with double-layer capacitances approaching those of flat surfaces (ca.
3 puF/cm?) [32]. Also our SEM image shown below (Figure 4.2) confirms quite
dense packing of the diamond crystals without any noticeable mesoporosity.
Hence, surface engineering of the B:NCD photocathode is a straightforward task

in the future development of diamond-based p-DSSCs.

4.5 Conclusions

In summary, we have demonstrated that a proper choice of the catalytic system
used for Suzuki cross-coupling can effectively increase the coupling efficiency,
also on a diamond surface. Best results, leading to unprecedented surface
loadings, were obtained for the Pd(OAc)./SPhos combination. The resulting
B:NCD films decorated with light-harvesting molecular dyes can potentially be
applied for ‘all-carbon’ photovoltaic applications. Preliminary
photoelectrochemical measurements using the novel molecular wire systems
show photocurrent generation. More detailed studies concerning full devices and

quantum efficiencies will be carried out and reported in near future.
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5.1 Abstract

A straightforward protocol for the covalent functionalization of boron-doped
diamond electrodes with either ferrocene or single-stranded deoxyribonucleic
acid (ss-DNA) is reported. The functionalization method is based on a
combination of diazonium salt electrografting and click chemistry. An azide-
terminated organic layer is first electrografted on the diamond surface by
electrochemical reduction of 4-azidophenyldiazonium chloride. The azidophenyl-
modified surface then reacts rapidly and efficiently with molecules bearing a
terminal alkyne moiety by means of a Cu(l)-catalyzed alkyne-azide
cycloaddition. Covalent attachment of ferrocene moieties was analyzed by
means of X-ray photoelectron spectroscopy (XPS) and cyclic voltammetry (CV),
whereas impedance spectroscopy was applied for the characterization of the
immobilized DNA.

Keywords: azide, boron-doped diamond, click chemistry, diazonium

electrografting, DNA
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5.2 Introduction

Chemical Vapor Deposition (CVD) diamond recently receives great interest, both
in science and technology [1]. The large attention for this material can be
attributed to its outstanding properties such as biocompatibility [2], chemical
inertness, hardness and excellent thermal conductivity [3]. Synthetic CVD
diamond can be boron-doped during its growth and shows p-type conductivity.
In case of heavy B-doping, for concentrations above ~3 x 10%° cm™, metal-like
conductivity is observed [4]. Boron-doped diamond shows a negligible rate of
water electrolysis over a wide potential range. Due to this wide potential

window, CVD diamond surfaces are regarded as appealing electrodes [5].

Another particular advantage of CVD diamond surfaces is the fact that surface
functionalization can be readily achieved. Various strategies have been
successfully applied to derivatize diamond surfaces [6]. The well-known
photochemical surface modification using vinyl derivatives is a promising
method for stable immobilization of molecular monolayers linked to the diamond
substrate by C-C bonds [7]. The mechanism proposed for such photochemical
modification involves a photoemission-induced radical reaction, possibly enabled
by the negative electron affinity of hydrogen-terminated diamond surfaces [8].
Even though this method is widely accepted, it requires long reaction times and
an inert atmosphere. Surface functionalization through esterification on UV-
ozone oxidized diamond, as demonstrated by the group of Boukherroub and
Szunerits [9, 10], allows molecules bearing carboxylic acid end groups to attach
on diamond surfaces. It is, however, quite hard to achieve a homogenous
hydroxyl layer on the diamond surface, as UV-ozone oxidation usually creates
other oxygen functionalities as well, such as carboxylic and carbonyl moieties
[11]. One-step functionalization of amine derivatives on diamond surfaces was
recently demonstrated by Agnes et al. [12] This rapid new grafting protocol is
based on the high affinity of hydrogenated diamond towards primary amines.
However, as stated, this procedure is limited to the coupling of (bio)molecules
bearing a primary amine group. Several groups have also demonstrated the
coupling of arenediazonium salts onto diamond surfaces [13], either by
electrografting [14, 15] or spontaneous grafting [16]. Electrografting is more

attractive since it requires a shorter reaction time [15]. In general, this potential
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assisted method offers several advantages: i) an instantaneous surface
modification, generally requiring only a few seconds for the formation of a
saturated monolayer; ii) it does not require an inert atmosphere for efficient
reaction; and iii) an easy control over the functionalization degree (i.e. surface
coverage) [15]. Electrografting on diamond surfaces has already been
demonstrated for a variety of substituted aryl derivatives [13], but not for

azidophenyldiazonium salts.

Recently, the search for more efficient and controlled strategies for the
functionalization of conductive surfaces, at the molecular level, with biological
[17], redox-active [18], or photo/chemical sensitive molecules has become a
central interest in the development of molecular electronics [19], energy
conversion systems [20], and chemical or biological sensors [21]. It has,
however, been proven difficult to successfully realize the formation of these
materials due to their inherent structural and functional properties [22].
Moreover, most coupling methods are hampered by the difficulty to introduce
the required reactive groups, a lack of specificity, or a low yield [23]. Ligation
strategies can offer a solution by interacting with specific kinds of functional
groups. Click chemistry reactions can be seen as “the most advanced examples”
providing a set of powerful, highly reliable and selective reactions [22]. The
copper(l)-catalyzed alkyne-azide cycloaddition (CUAAC) reaction — 1,2,3-triazole
formation through classical Huisgen 1,3-dipolar cycloaddition — is one of the
most popular and renown click reactions [24]. This heterogenous coupling
strategy was found to be fast, reproducible, with a minimum of side reactions,
and highly tolerant to diverse reaction conditions. Click reactions have already
been tested on various surfaces. For example, Arnold et al. recently
demonstrated the clicking of 5-azidofluorescein to
4-(trimethylsilyl) ethynylstyrene polymer brushes that were grown on a silicon
surface [25]. Grabosch et al. presented a 'dual click' strategy for the fabrication
of bioselective glycosylated self-assembled monolayers as glycocalyx models
[26]. They showed that their click reaction provides a rather mild surface
immobilization with excellent coupling yields, versatility, regioselectivity,
functional group tolerance, and stability of the catalytic process in different

solvents and pHs.
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In this work, we report on the modification of boron-doped CVD-grown diamond
electrodes by electrografting an azidophenyl layer on the diamond surface
through electrochemical reduction of the corresponding (in situ generated) 4-
azidophenyldiazonium chloride salt, and subsequent chemoselective CuAAC
coupling of terminal alkyne-bearing molecules. The surface coverage with
reactive azide moieties was quantified electrochemically through complementary
coupling of a simple redox-active probe, i.e. ethynylferrocene. Finally, the utility
of the azide-functionalized diamond electrode for fast and efficient covalent
attachment of a ss-DNA probe was demonstrated by reaction with an alkyne-
functionalized DNA probe. The resulting device and its capability to work as a
DNA-based sensor were evaluated by impedance spectroscopy. Due to the
highly chemoselective nature of the alkyne-azide click reaction, azide-
terminated boron-doped diamond electrodes can be regarded as a generic
platform, providing a reliable coverage, for coupling with a wide range of

ethynyl-terminated species of interest for various (sensing) applications.

5.3 Experimental

5.3.1 Chemicals and Reagents

Sodium nitrite, sodium acetate, 4-azidoaniline hydrochloride,
4-ethynylferrocene, tetrabutylammonium  hexafluorophosphate  (TBAPF),
L-ascorbic acid (L-AA), and CuS0O,4.5H,O were used as received from Sigma
Aldrich. All these products were used at their highest purity and used without
further purification. The DNA sample was customized, synthesized and
purchased from Base Click (Purity 95-98%). The kit used for clicking DNA on
diamond was also purchased from Base Click. The kit contains CuBr,
tris(benzyltriazolylmethyl)amine (TBTA) ligand and a solvent mixture of tert-
butanol (t-BuOH) and dimethylsulfoxide (DMSO) in 1:3 v/v%. The solvents used
for rinsing were of technical grade. Acetonitrile (MeCN) used for the
electrochemical work was of HPLC grade and was freshly distilled over CaH,
prior to use. The water used for the electrochemical work was type 1 ultrapure

water by Sartorius stedim biotech.
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5.3.2 Preparation of the Substrates

Commercially available freestanding electrochemical grade boron-doped
microcrystalline CVD diamond plates from Element Six (E6) with [B] ~10%* cm™
[27] and home-grown boron-doped nanocrystalline diamond (NCD) thin films
were used in this work. The latter were grown on fused silica substrates, which
make them not suitable for our impedance measurements. As a result, the
former is chosen for the impedance measurements and are referred to as
B:MCD. The in-house deposited material is nhamed as B:NCD in this article.
Sheet resistances (Rs), as measured by four-point probe measurements for
B:NCD and B:MCD, were 1.06 and 207 Q sq*, respectively. B:NCD films were
grown by microwave plasma-enhanced chemical vapor deposition from
methane/hydrogen mixtures (1% CH,) in an ASTeX 6500 reactor. The growth
conditions used were as follows: substrate temperature 700-900 °C, total gas
flow of 500 sccm, total pressure in the reactor 30 Torr, microwave power 3500
W. Trimethylborane gas was added during the growth with a ratio of 210000 ppm

B/C to ensure good electrical conductivity [4].

Figure 5.1 Typical SEM images of (a) B:NCD and (b) B:MCD films.
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Based on previous experiments [28], this ratio corresponds to a boron film
concentration 10%* cm™. Prior to the diamond growth, the fused silica substrates
were cleaned for 15 min each in RCA 1 (30% NHz; + 30% H,0, + H,0; 1:1:5)
and RCA 2 (37% HCI + 30% H,0, + H,0O; 1:1:5) solutions at 90 °C. Following
this, the cleaned fused silica substrates were seeded with nanodiamond powder
in water to improve the nucleation density [4]. After deposition, the diamond
samples were allowed to cool down in the reactor for 30 min under a hydrogen
flow. To remove any graphitic layers, the as-deposited diamond films were
boiled in an acid mixture of 99% H,SO, + 30% HNO3; (3:1) at 90 °C for 30 min.
After rinsing and sonicating thorougly with deionized water, the samples were
subjected to hydrogenation. Figure 5.1 displays the scanning electron
microscopy (SEM) images of (a) a typical as-grown 150 nm B:NCD thin film and

(b) microcrystalline CVD diamond plates from Element Six (E6).

Hydrogenation on all diamond samples was performed using the same plasma-
enhanced microwave CVD reactor that was used to grow the B:NCD. To create a
hydrogen-terminated surface, all diamond samples were treated with hydrogen
plasma under the following conditions: i) 500 sccm of hydrogen flux, 30 Torr
reactor pressure with a 3500 W microwave power for 2 min; ii) 500 sccm of
hydrogen flux, 15 Torr reactor pressure with a 2500 W microwave power for 5
min. At the end of the plasma treatment, the microwave power was switched off
and the samples were allowed to cool down under hydrogen flux for 40 min. This
hydrogenation step ensures full hydrogen termination and also serves to

minimize dandling bonds [29].

5.3.3 In situ Generation of The Diazonium Salt

4-Azidoaniline (10 mg, 58.6 umol) was used for the derivatization of the
hydrogen-terminated diamond samples. It was diazotized with an equimolar
amount of NaNO, (4 mg, 58.6 umol) [13]. It was first dissolved in a N,-purged
0.5 M HCI solution (9.5 mL). Thereafter, 0.1 M NaNO, solution (0.5 mL) was
added, bringing the final concentration to 5 mM. This electrolytic solution was
then used for the electrografting procedure by means of cyclic voltammetry
(CV).
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5.3.4 Electrografting of the Phenylazide Groups

Functionalization of the diamond surface with 4-azidophenyl groups via
electrochemical reduction of the in situ generated diazonium salt was carried out
by CV [14]. The electrografting reactions were performed with an Autolab
PGSTAT30 potentiostat (Eco Chemie B.V.) and controlled by the GPES Manager
program. A one-compartment electrochemical cell was used with three-electrode
configuration. The working electrode was a hydrogen-terminated diamond
electrode. A platinum wire and Ag/AgCIl/KClsay electrodes were used as the
counter and reference electrodes, respectively. All potentials are reported versus
this reference electrode at room temperature. Half of the diamond sample was
immersed in the reaction solution for larger area functionalization. Optimization
of the electrografting process was carried out with B:NCD. As outlined above, 5
mM of 4-azidoaniline was diazotized with an equimolar amount of NaNO, in a
N,-purged HCI solution which was directly used for cyclic voltammetric scanning
with 3 different potentials [+0.5 to -0.1 V (vs Ag/AgCl); +0.5 to -0.8 V (vs
Ag/AgCl) and +0.5 to -1.2 V (vs Ag/AgCl)] at a scan rate of 100 mV/s for 10
scans. After the modifications, the B:NCD samples were rinsed with and
sonicated in ultrapure water. Finally, these samples were dried by means of a
nitrogen flow. The samples are referred to as listed in Table 5.1. B:MCD was
derivatized with phenylazide groups with a single fixed potential (+0.5 to -0.8 V
vs Ag/AgCl).

Table 5.1 B:NCD samples and their sample codes.

Applied potential Sample code
+0.5 to -0.1 V (vs Ag/AgCl) EG 1
+0.5 to -0.8 V (vs Ag/AgCl) EG 2

+0.5 to -1.2 V (vs Ag/AgCl) EG 3
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5.3.5 Clicking Ferrocene Groups to Phenylazide-Functionalized B:NCD

The 4-azidophenyl-functionalized B:NCD surface was reacted with
ethynylferrocene through CuAAC click chemistry. CuSO,4.5H,O0 (1 mg, 4 pmol)
and L-AA (1.5 mg, 8.5 umol) were dissolved in ultrapure water (7.5 mL), while
ethynylferrocene (6 mg, 28.6 pmol) was dissolved in isopropanol (7.5 mL).
Next, these two solutions were mixed and the azide-terminated diamond sample
was immersed in the solution mixture. The reaction vessel containing the
diamond sample and the solution mixture was covered with aluminium foil to
protect L-AA from light [9]. After the reaction, the diamond sample was washed
and sonicated with ultrapure water to remove any unbound molecules and kept

in a desiccator under vacuum.

5.3.6 Clicking the Alkyne-terminated ss-DNA Probe onto Phenylazide-
functionalized B:MCD

B:MCD was first modified with phenylazide groups and then the custom-
synthesized alkyne-modified ss-DNA probe (Base Click) was covalently attached
to it through a CuAAC click reaction [30]. For this coupling reaction, a special
reaction kit for click reactions from Baseclick was used [30]. The click reaction
was performed according to the protocol provided with slight modifications. The
ss-DNA probe was first diluted with ultrapure water to make a 1 mM stock
solution. The TBTA ligand (1 mg, 2 ymol) and CuBr (5 mg, 35 pmol) were
dissolved in the reaction solvent. The diluted ss-DNA probe, the TBTA ligand and
CuBr were then mixed in a reaction vessel and more reaction solvent was added
until the final concentration of ss-DNA, TBTA ligand and CuBr reached 10, 30,
and 15 pM respectively. A 20 pyL volume of this solution mixture was then
pipetted onto the 4-azidophenyl-functionalized B:MCD surface and the reaction
was continued for 12 h in the dark at room temperature. After the reaction, the
diamond samples were rinsed and washed thoroughly with the reaction solvent
and ethanol. The ss-DNA probe-functionalized diamond samples were kept at
4 °C in PBS (phosphate buffered saline) buffer (pH 7) when they were not in

use.
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5.3.7 Hybridization

Two different types of target DNA labeled with 6-carboxyfluorescein (FAM)
(Eurogentec) were used, a sequence complementary to the probe ss-DNA and a
sequence with a 1-base mismatch at base pair 20 (Table 5.2). A 6 pL solution of
DNA (100 pmol/pL) was added to 14 pL of 1 x Polymerase Chain Reaction
buffer (PCR-buffer, diluted from 10 x< PCR-buffer, Roche Diagnostics). This 20
pL of DNA/PCR solution was then added to the probe DNA-functionalized
diamond samples and incubated at 35 °C for 2 hours. After the hybridization,
the samples were first washed with 2 x SSC/0.5 % SDS, then with 0.2 x SSC at
30 °C, thereafter with 0.2 x SSC at room temperature, and finally with 1 < PBS

at room temperature [31].

Table 5.2 Base sequences of the probe and the corresponding full match and

mismatch target DNA.

Name Sequence

Probe DNA 5 _Ajkyne-AAAAAAACCCCTGCAGCCCATGTATACCCCCGAACC-3'

Full Match (FM) 5'-FAM-GGT TCG GGG GTA TAC ATG GGC TGC AGG GG-3'

Mismatch BP 20
(MM) 5'-FAM- GGT TCG GGG CTA TAC ATG GGC TGC AGG GG-3'

5.3.8 X-ray Photoelectronspectroscopy (XPS)

Photoemission experiments were carried out using a Scienta ESCA 200

19 mbar. The

spectrometer in ultrahigh vacuum with a base pressure of 1x10°
measurement chamber is equipped with a monochromatic Al Ka X-ray source
(1486.6 eV). The XPS experimental conditions were set so that the full width at

half maximum of the clean Au 4f;,, line was 0.65 eV. All spectra were measured
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at a photoelectron take-off angle of 0°, i.e. normal emission, and at room

temperature.

5.3.9 Water Contact Angle Measurements

A droplet of water (0.5 pL) was deposited onto the surface to be studied.
Contact angle measurements were performed with an OCA 15 EC contact angle

measuring instrument by Data Physics.

5.3.10 Electrochemical Measurements

CV was used for the analysis of the ferrocene moieties after the click reaction.
CV was carried out with an Autolab PGSTAT30 potentiostat (Eco Chemie B.V.)
and controlled by the GPES Manager program. All measurements were
performed in a one-compartment cell with three-electrode configuration. A
sample with an area of 0.5 cm? was immersed into the electrolyte solution or
measurement solution. The electrochemical measurements were performed in
freshly distilled acetonitrile (over CaH,). TBAPFs; was added as a supporting
electrolyte. The electrolytic solution was purged with N,-gas for 5 min prior to
the electrochemical measurements, eliminating traces of oxygen in the CV

experiments.

5.3.11 Impedance Spectroscopy

Impedance measurements were carried out with a home-built two electrode
miniaturized impedance spectroscopy unit [32]. A transparent Perspex flow cell
with an inner volume of 110 pL was used to exchange media. In this cell, the
diamond sample acts as a working electrode and a gold wire (diameter 500 mm)
acts as a counter electrode. The working electrode was pressed onto a copper lid
using silver paste. The copper lid serves as a back electrode as well as heat
sink. All impedance spectroscopy experiments were performed at the open-
circuit potential with a 10 mV modulation, in PBS solution (pH 7) without any
added redox agents. Under these conditions, there is no oxidation-reduction
chemistry taking place, and the measurements are only measuring the intrinsic
electrical properties of the interface. The full frequency spectrum of the
impedimetrical data (100 Hz to 100 kHz) for DNA-modified diamond surfaces

can be simulated with a 5-element circuit consisting of a resistor, representing
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the bulk solution inside the flow cell, in series with two complex resistors,
representing the molecular layer and space-charge region, respectively [33].

This circuit is shown in Figure 5.2.
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Figure 5.2 Circuit model used to analyze Cole-Cole plots.

5.3.12 Confocal Microscopy

Fluorescence images were taken on a Zeiss LSM 510 META Axiovert 200 M laser
scanning confocal fluorescence microscope. To excite the FAM fluorescence dye,
a 488 nm argon-ion laser was used with a maximum intensity at the sample
surface of 30 pW, to avoid bleaching during the image acquisition. The
fluorescent intensity was collected using a long pass filter 505 nm. The following
filter sets were used: MBS HFT 488, DBS NFT 490, or mirror. All images were
collected with a 10x/0.3 Plan Neofluar air objective with a working distance of
5.6 mm. The image size was 225 by 225 pym?2. The pinhole size was 150 um.
The detector gain, being a measure for the photomultiplier voltage in arbitrary
units, was set to 950. The fluorescent intensity was analyzed using ImageJ
software [31].
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5.4 Results and Discussion

5.4.1 Electrografting of Phenylazide Groups

As shown in Figure 5.3, 4-azidophenyldiazonium chloride is formed in situ by
diazotization when hydrochloric acid and sodium nitrite solutions are added to
4-azidoaniline [14]. Application of a potential reduces the diazonium salt to a
radical species [15]. As the density and thickness of the functionalized layer
depend on the potential applied [15, 34], we analyzed the effect of the potential

on the formation of the 4-azidophenyl layer.

Commercially available freestanding electrochemical grade boron-doped
microcrystalline CVD diamond plates from Element Six (E6) and home-grown
boron-doped nanocrystalline diamond (NCD) thin films were used in this work.
The latter were grown on fused silica substrates, which make them not suitable
for our impedance measurements later. As a result, the former is chosen for the
impedance measurements and are referred to as B:MCD. The in-house
deposited material is named as B:NCD in this article. Figure 5.4 shows the cyclic
voltammograms of three boron-doped nanocrystalline diamond (B:NCD)
samples that underwent electrografting. Each sample was subjected to a
different potential scan (cfr. Table 5.1, exp. section). The cyclic voltammogram
of diamond sample EG 1 (Figure 5.4a) did not show any peak that can be
related to the electroreduction of the diazonium salt, indicating that the diamond
sample was not functionalized. When we applied a more negative potential (up
to -0.8 V, sample EG 2), a broad irreversible reduction peak appeared during
the first scan, which disappeared on the second scan (as indicated by the arrow
in Figure 5.4b). This reduction peak can be related to the formation of radicals
upon electroreduction of the diazonium salt [14, 15]. The disappearance of the
reduction peak during the second scan (Figure 5.4b, blue line) is due to the
passivation of the diamond surface by the electrochemically grafted organic

layer, blocking the access of the diazonium cations to the electrode surface [15].
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Figure 5.3 lllustration of the multistep functionalization of boron-doped
diamond electrodes: i) Diazotization; ii) Electroreduction of the diazonium salt
for electrografting of phenylazide molecules; iii) Cu(l)-catalyzed Huisgen 1,3-
dipolar cycloaddition between the immobilized phenylazide molecules and
ethynylferrocene; iv) Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition between
the immobilized phenylazide molecules and ss-DNA; v) Hybridization with

fluorescein-labeled (FAM) target DNA molecules.
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Figure 5.4 In situ electrochemical generation of 4-azidoaniline-derivatized aryl
diazonium salts onto hydrogenated B:NCD samples, showing first, second and
tenth CV reduction cycles with applied potential between a) +0.5 and -0.1 V; b)
+0.5 and -0.8 V; ¢) +0.5 and -1.2 V at a scan rate of 100 mvVs™.

When an even more negative potential (up to -1.2 V, sample EG 3) was applied,
two reduction peaks clearly appeared (Figure 5.4c). Besides the broad
irreversible reduction peak at -0.4 V, which indicates the presence of radicals, a
smaller reduction peak appeared at around -0.9 V. Cycling to a more negative
potential leads to the formation of anions by further reduction of the formed
radicals [15].
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5.4.2 Clicking Ferrocene Groups to Phenylazide-functionalized B:NCD

4-Ethynylferrocene was chosen as a model molecule to couple to the
4-azidophenyl-functionalized B:NCD with the intention to confirm the presence
of the phenylazide groups and to demonstrate that the click reaction can
effectively be carried out on this functionalized surface. The three different
diamond samples EG 1-3 were all subjected to a CuAAC click reaction with
ethynylferrocene in the presence of CuSO,4.5H,0 and L-ascorbic acid (L-AA). The
presence of the ferrocene groups after the click reaction was probed by CV in a
solution of 0.1 M tetrabutylammonium hexafluorophosphate (TBAPFg) in
acetonitrile (MeCN). As shown in Figure 5.5, ferrocene groups could be observed
for the EG 2 (red line) and EG 3 (blue line) diamond samples, with a redox peak
E° = ~ 0.19 V vs. Ag/AgNO; and a peak separation of AE = 37 mV (for both
samples). The bound ferrocene moieties show a similar redox potential as
compared to a ferrocene-modified crystalline silicon (E° = ~ 0.15 V vs. Ag/AgCl)
electrode [35]. It is known that the width of the current peaks depends strongly

on the distribution of the individual ferrocenes.
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Figure 5.5 Cyclic voltammograms of diamond samples EG 1 (black line), EG 2
(red line), and EG 3 (blue line) after click reaction with ethynylferrocene in
TBAPFg (0.1 M in MeCN), scan rate 100 mVs™.
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For identical and non-interacting ferrocenes, the ideal full width at half-
maximum (FWHM) is 90 mV [36]. The EG 2 and EG 3 samples show an FWHM of
125 and 127 mV, respectively.From these values, we conclude that the
ferrocene entities formed are not significantly aggregated and are subject to

almost identical redox conditions [36].
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Figure 5.6 Cyclic voltammograms of (a) ferrocene in TBAPFs (0.1 M in MeCN) at
a Pt-disc electrode, and (b) a ferrocene-terminated -B:NCD surface (EG 2) in
TBAPFg (0.1 M in MeCN) (scan rate 100 mVs™).

The anodic-cathodic peak separation gives the first evidence that the ferrocene
groups are covalently bound onto the diamond surface after the click reaction.
As shown in Figure 5.6b, the peak separation (AEy) for the EG 2 sample was 37
mV at a potential sweep rate of 100 mVs?, much smaller than the peak
separation for a diffusion-controlled one-electron reversible redox system
(Figure 5.6a, 59 mV) [37]. Results similar to those obtained with a ferrocene-
modified diamond electrode prepared by a photochemical method were obtained
[38]. The electron transfer mechanism for surface-bound redox active species

depends on charge-transfer rather than diffusion-controlled kinetics [37].
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Figure 5.7 (a) Cyclic voltammograms of a ferrocene-functionalized HG-BDD
surface in TBAPFg (0.1 M in MeCN), scan rate 50 mVs™ (black), 100 mVs™ (red),
and 200 mVs™ (blue). (b) Peak current as a function of scan rate for anodic (m)

and cathodic (e) peak currents.
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An analysis of the change in peak currents as a function of scan rate allows
additional assessment of the fact that the ferrocene groups are surface-bound
rather than physically adsorbed. Figure 5.7b shows that there is a linear
relationship between either the anodic or cathodic peak current and the scan
rate (v), suggesting a fast charge transfer process of the bonded ferrocene
molecules with the electrode surface [10, 37, 38]. This characteristic points to a
surface redox process controlled by charge transfer kinetics. A similar behavior
has also been observed for ferrocenecarboxylic acid-modified single-crystal
Si(111) surfaces [35] and ferrocene-based alkanethiol layers on gold [39]. The
electrochemical stability of the ferrocene-functionalized B:NCD sample (EG 2)
was examined by successive potential cycling in TBAPFg (0.1 M in MeCN) from -
0.1 to +0.5 V vs Ag/AgNO; with a potential sweep rate of 100 mVs™. Figure 5.8
shows that the oxidation and reduction peaks are still clearly visible after 200
scans. Only a small decrease of the anodic peak height (—26%) is observed.
This indicates that a strong covalent bond is formed between the ferrocene

molecules and the 4-azidophenyl-functionalized diamond surface.
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Figure 5.8 Cyclic voltammograms of ferrocene-functionalized B:NCD (EG 2)
showing the 1st scan (pink line), 50" scan (black line), 100" scan (red line),
150" scan (blue line), and 200" scan (green line) in TBAPFs (0.1 M in MeCN),
scan rate 100 mVs™. The anodic peak height shows a decrease of 26% after 200

scans.
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The ferrocene coverage (I, molecules cm™) of the diamond electrode was
estimated from the charge of the CV anodic peak, Q, assuming a one-electron

reaction, using the following relationship;
M=QA/nFA (Equation 5.1)

where n = 1 is the number of electrons transferred during the redox reaction, F
is Faraday’s constant, and A is the area of exposed diamond electrode (= 0.5
cm?). The ferrocene coverage was determined to be 1.48 + 0.5 x 10** molecules
per cm? for the EG 2 sample, comparable to the values reported previously [10,
38]. From this value and comparison to the value reported before [37], we can

conclude that a near to single monolayer of ferrocene entities is formed.

5.4.3 Water Contact Angle Measurements

Water contact angle measurements were conducted to identify the macroscopic
changes in the wetting properties of the diamond surface after each
functionalization step. A hydrogen terminated diamond surface is hydrophobic
with a water contact angle of 8 = 110.6°. The water contact angle value
decreased slightly to 8 = 83.7° upon functionalization with the 4-azidophenyl
layer. After clicking ferrocene groups to the phenylazide groups, the contact

angle dropped further to 6 = 73.9°.

5.4.4 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a valuable tool to evaluate the changes in
the surface chemical composition and binding that have occurred during surface
derivatization. Figure 5.9(i) displays the XPS survey spectrum of a hydrogenated
B:NCD surface. It shows a main peak at 285 eV (C 1s) from the bulk diamond
and a small peak at 532 eV (O 1s) due to the adsorption of oxygen on the
surface. After electrografting of the 4-azidophenyl groups, an additional small
peak at ~ 400 eV was observed, in agreement with the chemical composition of
the attached molecule (Figure 5.9(ii)). High-resolution XPS of the N 1s region of
the 4-azidophenyl-functionalized B:NCD surface (Figure 5.10) showed a broad
peak centered at — 400 eV and a second small peak centered at — 404 eV,
suggesting the presence of chemically different nitrogen atoms. The central

nitrogen atom of the azide group, with a characteristic peak at ~ 404 eV for the
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grafted electrode, has a low electron density and thus a higher binding energy

[30].
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Figure 5.9 XPS spectra for (i) hydrogenated B:NCD, (ii) electrografted B:NCD,
and (iii) electrografted B:NCD following click chemistry with ethynylferrocene.

XPS is particularly useful to monitor the click chemistry process as the intensity
of this peak is greatly reduced after this reaction step. After clicking the
ferrocene groups onto the 4-azidophenyl-functionalized B:NCD surface, the peak
at — 404 eV disappeared almost completely and the peak at — 400 eV
broadened (Figure 5.10, blue line). This can be seen as evidence for the
transformation of the azide group into the 1,2,3-triazole unit attached to the
terminal ferrocene. In addition, a high-resolution XPS scan of the Fe 2p region
additionally demonstrated the presence of the ferrocene moieties on the B:NCD

surface (Figure 5.11). The Fe 2p3,» and 2p1,» peaks are observed at 707.7 and
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Figure 5.10 High-resolution XPS spectra of the N 1s region for electrografted
B:NCD (red line), and electrografted B:NCD following click chemistry with

ethynylferrocene (blue line).
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Figure 5.11 High-resolution XPS spectrum of the Fe 2p region for the

electrografted B:NCD following click chemistry with ethynylferrocene.
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720.6 eV, respectively. This indicates that the Fe moiety exists mainly in its +I1I
oxidation state, in agreement with previously reported results on ferrocene

groups anchored onto diamond [10] and silicon surfaces [35].

5.4.5 Clicking An Alkyne-terminated DNA Probe onto Phenylazide-functionalized
B:MCD

The utility of the 4-azidophenyl-functionalized diamond electrode for fast and
efficient attachment of a ss-DNA probe was demonstrated with the coupling of
an alkynyl-derivatized ss-DNA probe followed by hybridization of the target DNA

molecule (Figure 5.3).

To avoid oxidative cleavage of the ss-DNA molecules by L-ascorbic acid (L-AA),
the DNA click reaction was carried out using CuBr and tris-
(benzyltriazolylmethyl)amine (TBTA) instead of L-AA and CuSO,4.5H,0 [33]. The
ss-DNA probe was first immobilized onto a 4-azidophenyl-functionalized B:MCD
sample, followed by hybridization with fully complementary DNA. This
hybridization process could be verified with confocal microscopy since the target
DNA was labelled with 6-carboxyfluorescein (FAM). The B:MCD sample on which
the immobilization protocol was carried out (as described above) showed an
intense fluorescence signal (Figure 5.12(a)). This confirms the hybridization of
the target DNA to the probe DNA attached by the click reaction. The black bar in
Figure 5.12(b) was induced by photobleaching of the FAM fluorophore. On the
other hand, no hybridization was observed for the B:MCD sample without

phenylazide layer (Figure 5.12(c)).
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Figure 5.12 Confocal fluorescence images of B:MCD samples: (a) ss-DNA probe
clicked to phenylazide-functionalized B:MCD and hybridized with FAM-tagged
target DNA hybridized to the ss-DNA. (b) The black bar in the middle was
induced by photobleaching of the FAM fluorophore. (c) ss-DNA probe and FAM-
tagged target DNA exposed to bare hydrogenated B:MCD under the same

condition as for (a).
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5.4.6 Impedance spectroscopy of phenylazide- and DNA-modified diamond

surfaces

As the dynamics of electron transfer at the electrode interfaces are strongly
influenced by the nature of the electrode surface, surface immobilization with
(bio)molecules can significantly alter the interfacial electron transfer properties.
Hence, the 4-azidophenyl-functionalized and DNA-modified diamond surfaces
were evaluated by impedance spectroscopy [32]. The measurements were
performed with a miniaturized impedance spectroscopy unit, as described before
[40]. Figure 5.13 shows the Cole-Cole plot for bare B:MCD (blue line) and
phenylazide-grafted B:MCD (red line). A lower admittance is observed for the 4-
azidophenyl-functionalized B:MCD as compared to the blank B:MCD. This is
what is expected to be observed when an insulating organic molecular layer is

chemically bonded onto an electrode [30].

0'0030 L) l L] I L] l L) l L) l L) I L)
0.0025 |- -
0.0020 |- -
P K .
g 0.0015
o B — * —Phenylazide 7]
© - -
E 0.0010 |- functionalized -
>
0.0005 — ®* — Bare -
0.0000 |- L I [l l L I L l L l A l L
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Yreal

Figure 5.13 Cole-Cole plots showing the real and imaginary parts of the
admittance for a blank B:MCD electrode (blue line) and a phenylazide-

functionalized B:MCD electrode (red line).

Figure 5.14 shows the Cole-Cole plots for the DNA-modified B:MCD sample in its
different states in PBS (phosphate buffered saline) buffer solution. The
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4-azidophenyl-functionalized B:MCD was modified first with ss-DNA by click
chemistry and then analyzed by impedance spectroscopy (black line). After
hybridization with the target DNA, the impedance was measured again, resulting
in an increase iN Yyeq and Yimaginary (red line). The hybridization-induced changes
iN Yeea and Yimaginary @re quite apparent at frequencies above 1 kHz. These results
agree well with previous findings showing that DNA molecules hybridizing at the
interface induce a field effect in the diamond space-charge layer, and this lowers
the impedance of the diamond [32]. Moreover, DNA is more conductive in its
double-stranded form (i.e., after hybridization with a complementary sequence)

compared to its single strand form [31].
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Figure 5.14 Cole-Cole plots showing the real and imaginary parts of the
admittance for the B:MCD electrode, click immobilized with a ss-DNA molecule
(black line), then hybridized with its fully complementary (FM, red line) and
mismatch (MM, green line) DNA. After denaturation of the fully complementary
DNA, the impedance signal falls back almost to its original position (FM den,

blue line).
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Then, when the DNA was denatured by introducing 0.1 M NaOH into the flow
cell, a third Cole-Cole plot was determined (blue line). Yeq and Yimaginary Moved
back toward their original positions. After denaturation, the impedance did not
completely reverse to its initial state. The lack of this complete reversibility is
yet unclear but might be due to the induced changes in the molecular layer by
NaOH [32, 41]. To determine the selectivity of DNA hybridization, the same ss-
DNA modified B:MCD sample was hybridized with a non-complementary target
DNA sequence (see Table 5.2, exp. section). Figure 5.14 (green line) clearly
shows that the increase in the admittance due to hybridization with non-
complementary DNA is smaller than observed upon hybridization with

complementary DNA (red line) [32].

5.5 Conclusions

We have presented a simple yet efficient method to covalently attach functional
organic molecules onto a boron-doped diamond electrode surface via a
combination of diazonium electrografting and click chemistry. The functionalized
diamond electrode was studied using cyclic voltammetry, impedance
spectroscopy, and XPS to confirm the modification steps. This work also
demonstrates, for the first time, the immobilization of DNA molecules on a
diamond surface via CuUAAC click chemistry. The DNA-click immobilized diamond
electrode shows the possibility to be used as a DNA sensor. More in general,
electrografted azidophenyl-functionalized diamond electrodes can be applied as
a generic platform for coupling with a wide range of ethynyl-terminated species

for various applications.
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Chapter 6

General Conclusions and Outlook

The importance of CVD diamond in biological and technological applications has
recently been widely recognized. CVD diamond can find applications in
biosensors, biochips, water treatment, radiation detection, high power
electronics, magnetometry, novel lasers and other engineering applications. In
this thesis, we have successfully demonstrated the application of diamond-based
molecular platforms in the fields of photoelectrochemistry and biochemistry. A
versatile chemistry to graft molecular linkers, molecular dyes and target sensing
molecules onto otherwise inert diamond surfaces has been developed.
Aryldiazonium grafting on H-terminated diamond was the major workhorse
technique in this thesis. Spontaneous aryldiazonium grafting is found to be more
attractive compared to diazonium electrografting as it does not require
expensive electrochemical equipment or conductive materials. Moreover, it can
be done on large area substrates which are an attractive point for industrial

application.

Two surface post-modifications, i.e. Suzuki coupling and click chemistry, were
carried out on this aryldiazonium pre-functionalized diamond. Surface Suzuki
coupling was successfully demonstrated on 4-bromophenyl (Chapter 3) and
arylboronic ester (Chapter 4) functionalized diamond, which later enable the
direct coupling of molecular dyes on diamond. Surface click chemistry was
successfully applied to couple molecules bearing a terminal alkyne moiety to
azidophenyl-functionalized diamond. It should be noted that the Suzuki coupling
and click reactions are just two of many possible coupling chemistries for a
myriad of functional groups. The choice of which coupling chemistry to choose
depends on the final targeted application. Suzuki coupling allows uninterrupted
molecular conjugation of diamond surfaces to a large class of organic molecules
which shows highly efficient charge transfer platform, but the reaction
temperatures use in Suzuki coupling are usually high and it also requires long
reaction time. On contrary, click reactions require mild reaction conditions and

reaction usually complete within 2 hours which could preserve biomolecular
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activity after the reaction. This is especially an important key attribute for a

successful bioconjugation reaction.

In Chapter 3 and 4, our work demonstrated the advantages of using B:NCD as a
transparent electrode in photochemistry. The wide transparency and superb
chemical stability are highly beneficial properties for p-type diamond as an
electrode in dye-sensitized solar cells. We aim at developing B:NCD as essential
component of novel generation of solar cells. This will allow an important
breakthrough innovation and also at the same time the developed materials can
mean a significant innovation and valorization for already developed
photovoltaic technology platforms. In Chapter 3, we showed that commercially
available N3 dye molecules can be covalently attached onto B:NCD surfaces
through a diazonium, Suzuki and EDC-NHS reaction sequence. In Chapter 4, two
novel donor-acceptor type light-harvesting molecular dyes, i.e. Br-2T-Rho and
Br-CPDT-Fur, were synthesized and then covalently attached to a B:NCD
surfaces via Suzuki cross-coupling on arylboronic ester pre-functionalized
diamond. For all the Suzuki-coupling reactions, various catalytic systems were
examined and compared to achieve high coupling yields. Calculations based
upon the Ru presence as analyzed by XPS indicated that a dense layer of N3
molecules (—3x%<10** Ru/cm?) was achieved. A surface coverage of 0.58 and 0.56
ML was achieved for the Br-2T-Rho and Br-CPDT-Fur molecular dyes,

respectively.

Moreover, as evidenced by UPS measurements, the matching of the HOMO level
of the molecular dyes with the VBM of the B:NCD thin film indicates that the
holes generated during photoexcitation can possibly transfer from the dyes to
the B:NCD thin film, which was further confirmed by proof of concept
photocurrent measurements. This suggests the possibility of employing the p-
type diamond electrode as photocathode to replace p-type NiO or as hole
conductor to replace the highly corrosive triiodide electrolyte in dye-sensitized

solar cells.

The ultimate goal of future research on diamond based solar cells is to fabricate
a full device. We believe that systematic optimization of the solar cells with

B:NCD films will bring improvement. Preparation of B:NCD films with low
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electrical resistivity can be used to replace the current platinum counter
electrode use in DSSC technology. In general, photocurrents on sensitized
diamond electrodes were very small compared to those observed for the state-
of-art n-DSSCs with titania photoanodes. In principle, the flat electrode cannot
deliver high external quantum efficiencies due to limited dye that could be
attached onto the flat surface. Hence, surface engineering of the B:NCD
photocathode should be the next direct task in the future development of
diamond-based p-DSSCs. One possible way is the use of diamond foam
developed lately by E. Nebel and co-workers at Fraunhofer IAF, Germany. This
highly porous diamond foam has an increased surface area for the attachment
of more molecular dyes. Hence, this may lead to higher photocurrent. Another
possible way to improve the photocurrent on sensitized diamond electrodes
would be a proper screening of other molecular dyes with a HOMO closer to the
VBM of B:NCD by Density Functional Theory (DFT) calculations.

Our work also demonstrated the advantage of using BDD as an electrode in the
field of biochemistry (Chapter 5). Successful surface functionalization of B:NCD
via a combination of diazonium electrografting and click chemistry was achieved.
An azide-terminated organic layer was first electrografted on the diamond
surface by electrochemical reduction of 4-azidophenyldiazonium chloride. The
azidophenyl-modified surface then reacted rapidly and efficiently with molecules
bearing a terminal alkyne moiety by means of a Cu(l)-catalyzed alkyne-azide
cycloaddition. The surface coverage with reactive azide moieties was first
quantified electrochemically through complementary coupling of
ethynylferrocene. The ferrocene coverage was determined to be 1.48 + 0.5 x
10 molecules per cm? and showed no significant aggregated. Later on, the
utility of the azide-functionalized diamond electrode for fast and efficient
covalent attachment of a ss-DNA probe was demonstrated by reaction with an
alkyne-functionalized DNA probe. Finally, hybridization with labeled target DNA
was carried out. The resulting device and its capability to work as a DNA-based
sensor were evaluated by impedance spectroscopy. Due to the highly
chemoselective and bioorthogonal nature of the alkyne-azide click reaction,
azide-terminated boron-doped diamond electrodes can be regarded as a generic
platform, providing a reliable coverage, for coupling with a wide range of

ethynyl-terminated species of interest for various (sensing) applications. For
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instant, ethynyl-terminated antibody can be attached on diamond surface by
using this method without affecting the antibody’s bioactivity. The antibody-
antigen binding activities then can be studied with electrochemical impedance

spectroscopy.

The work in this thesis has certainly shown that diamond electrodes are very
promising due to their unique properties. With advancing chemical vapour
deposition growth technology, diamond can now be grown on a larger area, on
different substrates and at lower cost. In addition, with further in-depth
fundamental studies, diamond may reveal more of its hidden secrets. This
should definitely have an attraction to get more scientists involved in diamond

research in the near future.
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Figure A.1 UV-Vis absorption spectrum of Br-CPDT-Fur in CH,Cl, solution.
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Figure A.2a *H NMR spectrum of Br-CPDT-Fur.
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