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RESUME

Le diamant est un matériau caractérisé par segi@rdp physiques tres spécifiques bien
gue son utilisation en sciences et en ingénieridoegtemps freinée par le colt élevé des
substrats monocristallins. Avec les développemeéatents des techniques de dépbt de
couches minces de diamant sur différents subsitaist possible d’exploiter ses propriétés
pour des applications trés variées.

Le diamant présente des caractéristiques physifpumjque et mécanique exceptionnelles :
une grande conductivité thermique, une duretédi@gte, une large bande, une transparence
optique (de I'UV a I'IR) et une grande stabilitéiriique. C’est un semi-conducteur a grand
gap (5.45eV) possédant de bonnes propriétés mémsne& caractérisé par ses propriétés de
biocompatibilité. Le dopage de celui-ci lui confede bonnes propriétés de conduction
électrigue et donc ouvre des perspectives pourusibsation en bioélectronique. Pour cette
fin, il est devenu urgent de développer une chidéesurface spécifique pour introduire des
fonctions chimiques ou biologiques sur la surface.

Mon travail de these s’inscrit dans cette perspectd’un point de vue technologique, le
diamant cristallin est trés cher et donc notre @été limitée au diamant polycristallin. Dans
cette thése, on a contribué a la mise au pointodealles méthodes de fonctionnalisation de
la surface de diamant. Ces méthodes sont basédesuoncepts chimique, photochimique et
électrochimique et permettent d’introduire des geruents fonctionnels sur la surface de
diamant de fagon contrélée.

La premiere partie de ma these concerne la réadtaxydation de la surface de diamant
hydrogéné en utilisant trois difféerentes techniqueksma d’oxygene, voie électrochimique
et UV/ozone. Nous avons utilisé les techniques deatérisation par spectrométrie de
photoélectrons induits par rayons X (XPS) et mesétectrochimiques (Mott-Schottky) pour
comparer la composition chimique des surfaces amaint oxydé. Il en ressort que le rapport
entre les différentes composantes (C-OH, C-O-C eD)Cvarie selon la technique
d’oxydation utilisée. La réactivité des groupes —@dsurface a été exploitée pour coupler le
3-aminopropyltriethoxysilane (APTES) et [l'acide fltroroacétique (CFCOOH) afin
d’évaluer la densité de greffage de ces moléculedes différentes surfaces. Les résultats
obtenus indiquent que les surfaces de diamantrmguire densité de greffage plus élevée ont

un potentiel de bande plate déplacé positivementdinportement (déplacement du potentiel
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de la bande plate vers des valeurs positives) seggee terminaison chimique dominée par
des groupements C-OH sur la surface de diamantéoxyd

Cette étude a permis de mettre en évidence l'eftetla terminaison chimique sur la
conductivité de diamant dopé au bore. Les résultatisnus sont tres importants au regard des
guestions fondamentales débattues dans la littéraancernant le réle de la surface sur la
conductivité de diamant.

Dans la deuxieme partie de ma thése, jai utiliséirpa premiére fois la réaction de
couplage par « click ». Cette technique connue $®uwm de « click chemistry » est trés
versatile et permet de coupler des alcynes et ddesadans des conditions douces avec de
bons rendements. Nous avons, par cette méthoddfé gdes groupes « thiophéne,
ferrocéne ou cyclophane» sur la surface de diateaminée par des fonctions « azide »)(N
La fonction azide est obtenue par réaction de lase de diamant oxydée avec l'acide
4-azidobenzoique. Les résultats de spectrométriglaeoélectrons induits par rayons X
(XPS), angles de contact et mesures électrochirmigaanettent de conclure : i) succes de la
réaction de cycloaddition [3+2] azide-alcyne pdimcbrporation de groupements thiophéene
et la formation d'une structure hybride : diamaolythiophéne, suite a une réaction de
polymérisation électrochimique des groupementsofthene’ terminaux avec du thiophéne
monomeére en solution ; ii) greffage de groupemd#atsocene’ électroactifs sur la surface de
diamant terminée ‘azide’ avec une grande séleétivét un rendement éleve ; iii)
immobilisation d’'une molécule de cyclophane conguarun groupe alcyne terminal.

La troisieme partie de ma thése concerne I'étud&a déactivité des surfaces de diamant
oxydé avec un liquide ionique (IL, 1-(Methyl carlytex acid)-3-octylimidazolium-bis (tri
fluoromethyl sulfonyl) imide). Le couplage du lige ionique a été réalisé par réaction
d’estérification des groupements —OH de surfacec dgs fonctions « acide » du liquide
ionique. Les difféerentes étapes sont caractéripaespectrométrie de photoélectrons induits
par rayons X (XPS), angle de contact et mesuresrétimiques.

Ensuite, nous avons réalisé I'échange anionique gieapements (GS0;),N" de la
surface de diamant fonctionnalisée par le liquategue avec les anions BFNO; and Pk .
L'évolution des propriétés de mouillage de la stefde diamant fonctionnalisé par le liquide
ionique suite a I'échange anionique a été mis @heéce par les mesures d’angle de contact.

Finalement, nous avons mis au point une nouvetlenigue d’halogénation de la surface
de diamant hydrogéné. A l'inverse des techniqueitgdcdans la littérature (utilisation de
gazes tres réactifs tels que €t B, a haute température pour préparer des surfacasess

C-Cl et C-Br), on a développé une méthode simplaa@ke a mettre en ceuvre pour préparer
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des surfaces halogénées. Nous avons exploitédavieades liaisons C-H de surface avec la
N-chlorosuccimide (NCS) et I&l-bromorosuccimide (NBS) en présence d’'un initiatéer
radicaux, le peroxyde de benzoyle.

La réactivité chimique des surfaces halogénée axtloitée par réaction de la surface
bromée avec les réactifs de Grignard. De plus, temainaison « azide » est obtenue par
substitution nucléophile de -Br par zNuite a une réaction de la surface bromée aveg.NaN
La présence de la fonction « azide » terminaleargése en évidence par la réaction chimique
par «click » avec I'éthynyle ferrocéne. Les diffétes étapes sont caractérisées par
spectrométrie de photoélectrons induits par rayénXPS), angles de contact et mesures

électrochimiques.

Mots clés: diamant dopé au bore; fonctionnalisation; oxyatgtichimie par « click »; liquide

ionique; halogénation
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ABSTRACT

Diamond display some of the most extreme physicapgrties even though its practical
use in science and engineering has been restrattedits scarcity and expense. With the
recent developments of techniques for the depaosiiothin films of diamond on various
substrates, it is now possible to explore theseersnip properties in various exciting
applications.

Diamond, owing to its combination of specific plogi chemical and mechanical
properties such as high thermal conductivity, higérdness, large band gap, optical
transparency over a wide wavelength region (from 1dVIR), stability against chemical
reagents, high mechanical stability, corrosion stasice and biocompatibility has been
regarded as one of the most promising industridenas in various fields. Diamond display
a very large band-gap (5.45eV), but can be maddustimg by doping with certain elements.
On basis of all above properties, diamond is aiqdarly attractive substrate for robust
chemical and biochemical modification for sensqgsli@gtions.

In this thesis, we have contributed to the develemnof easy, controllable and specific
surface functionalization methods for the introdurtof different functional groups on the
diamond surface. These methods are based on chegphotochemical, and electrochemical
concepts.

The initial phase of the study includes the oxmlatof hydrogen-terminated boron-doped
diamond (BDD) surfaces using three different appinea, and the resulting surfaces were
characterized by X-ray photoelectron spectroscofi?S) and Mott-Schottky analysis.
Chemical coupling of 3-aminopropyltriethoxysilan@PTES) and trifluoroacetic acid
(CRCOOH) to the oxidized surfaces were used to vehgy difference in terms of grafting
density. These organic molecules were investiglietheir specific reactivity with hydroxyl
groups. It is concluded that diamond interfacedhsting better grafting efficiency also show
a more positive flat band position. This behavisuggests strongly that a positive shift of the
flat band potential is related to the formationaofigher density of C-OH bonds rather than
C-O-C groups. Based on this result, the electroatenoxidation is one of the preferred
methods, forming the highest amount of C-OH groupihout graphitizing the diamond
interface, as observed in the case of oxygen plaseatment. However, for APTES modified

BDD surface, photochemical oxidation for short times (5 to 15miesults in high N/O
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ratios together with an increase in electron tankinetics (for 15min treatment) and is an
alternative for undoped diamond samples.

In the second part of my work, “click chemistry” svased for the first time to covalently
attach acetylene-bearing molecules (thiophene,odene as well as cyclophane) to
azide-terminated BDD surfaces. The azide terminatias obtained through an esterification
reaction between 4-azidobenzoic acid and the tednhigdroxyl groups of oxidized BDD
surfaces. The resulting surfaces were charactertzady X-ray photoelectron spectroscopy
(XPS), water contact angle and electrochemical oreasents. As a result, 1) the
applicability of azide-alkyne [3+2] cycloadditionas successfully demonstrated with ethynyl
thiophene and further electrochemical polymerizataf terminal “thiophene” units with
thiophene monomers in solution led to the formatadna polythiophene film covalently
linked to the BDD surface; 2) the attachment ofetettroactive ferrocene moiety on azide
terminated BDD surface was achieved in high selggtand yield; 3) alkyne-functionalized
cyclophane can undergo click chemistry to convehjeattach these units onto a preformed
azide-functionalized BDD surface.

Another aspect regarding the reactivity of the @xad BDD surfaces concerns its chemical
coupling with an ionic liquid (IL, 1-(Methylcarboigacid)-3-octylimidazolium-bis
(trifluoromethyl sulfonyl) imide) through an estigzation reaction. The resulting surface was
characterized and confirmed by X-ray photoelectspectroscopy, water contact angle and
electrochemical measurements. Anion exchange ofSOf,N" with BF,, NO; and Pk of
the IL modified BDD surface was investigated suledly. Contact angles of IL modified
BDD varied alternatively in the process of aniorcleange reactions between @SBg,)zNi
and BR , NO; and PE, suggesting successful anion exchange.

Finally, a versatile strategy for chemical halogema of hydrogenated boron-doped
diamond (H-BDD) surfaces was proposBdominated and chlorinated boron-doped diamond
electrodes were prepared in a controlled way throagadical substitution reaction using
N-halogenosuccinimide N-chloro or N-bromosuccinimide) in the presence of benzoyl
peroxide. This versatile strategy was developecchamically functionalizing hydrogenated
boron-doped diamond (H-BDD) surfaces in a mannat s$tabilizes the underlying diamond
against oxidation and allows subsequent chemicalemtrochemical functionalization of the
surface. The chemical reactivity of the halogen&Bd surfaces was confirmed by exposing
the brominated BDD surface to a Grignard reagentthErmore, an azide termination was
obtained through a nucleophilic substitution reactof the brominated BDD surface with

sodium azide. Ferrocene was linked with the azwdevnated BDD surface using click
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chemistry. The resulting surfaces were charactérazal confirmed by X-ray photoelectron
spectroscopy, water contact angle and electroclamieasurements.

Key words:. boron-doped diamond; surface functionalizationyface oxidation; click
chemistry; lonic liquid; halogenation
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CHAPTER 1

INTRODUCTION

1.1. Diamond: a potential candidate in bioelectrorms

Functionalization of semiconductor surfaces is s taowing field, in particular due to
potential applications in biosciences. Biosens@gehbeen developed to detect a variety of
biomolecular complexes and their interactions, udilg oligonucleotides [1-5],
antibody-antigef6,7], hormone-receptor [8nzyme-substrate [9,10], and lectin glycoprotein
interactions [11]. In general, a biosensor has ¢mmponents: a receptor and a detector. The
receptor is responsible for the selectivity of semsor. Examples include enzymes, antibodies,
and lipid layers. The detector, which plays the mi the transducer, translates the physical or
chemical change by recognizing the analyte andjiredait through an electrical signal. The
detector is not selective. For example, it can gHeelectrode, an oxygen electrode or a
piezoelectric crystalFigure 1.1 describes a typical biosensor configuration thiédwe
measurement of a target-analyte interaction witlhusinig reagents. The device incorporates a
biological-sensing element with a traditional tdmser. The biological-sensing element
selectively recognizes a particular biological ncale through a reaction, specific adsorption,
or other physical or chemical process, and thesthacer converts the result of this
recognition into a usable signal, which can be tjtiad.

Common transduction systems are optical, electt@alpor electrochemical. This variety
offers many opportunities to tailor biosensors dpecific applications [13-18]. For example,
the glucose concentration in a blood sample camdssured directly by a biosensor (which is
made specifically for glucose measurement) by sydping the sensor into the sample.

A successful biosensor must possess at least sotime fllowing beneficial features:
<~ The biocatalyst must be highly specific for thegmsge of the analyses and it should have

high stability (including chemical, electrochemicahermal stability) under normal

storage conditions.

1
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

<- The reaction should be as independent of such gdlyparameters as stirring, pH and
temperature as is manageable. This would allowatredysis of samples with minimal
pre-treatment. If the reaction involves cofactorcoenzymes these should, preferably,
also be co-immobilized with the enzyme.

<~ The response should be accurate, precise, repldduand linear over the useful
analytical range, without dilution or concentratidinshould also be free from electrical
noise.

< If the biosensor is to be used for invasive momipin clinical situations, the probe must
be tiny and biocompatible, having no toxic or aatig effects. If it is to be used in
fermenters it should be sterilisable. This is &y performed by autoclaving, but no
enzyme biosensor can presently withstand suchiclrast-heat treatment. In either case,

the biosensor should not be prone to fouling otquiysis.

Analyte

Detector4«——Biosenso — Receptor

Figure 1.1.Schematic illustration of a biosensor device [12]

The present level of research on new biosensorgelisas the development of currently
available biosensors (e.g. glucose sensors) hasased dramatically over the past decade.
The main driving force for this enhanced researctivity is the booming demand for
miniaturised biosensors, particularly for diagnosaipplications. These however, impose
rather strict requirements on the size of the devselective response of the analyte, fast
response time and compatibility with the periphelalctronic circuitry. Although the active
interest in developing these small sensing devimeBiomedical use is growing rapidly, some
of the presently available biosensors are inadequmthese respects and several new and

improved materials are desired to overcome somdhe$e limitations.Self-assembled
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monolayers (SAM) of alkanethiols and alkylsulfide metal substrates (Au, Ag etc.) offer
several attractive features for these kinds of iappbns. The easy procedure for SAM
formation and compatibility with metal substrates &€lectrochemical measurements enable
special benefits for biosensor applications invadvcurrent or potential measurements [19].
However, the thermal and chemical instability & tesulting SAMs and the unpleasant smell
of the starting alkanethiols seriously limit thapplication domainPorous silicorfPSi) has
been used for highly sensitive detectioh small molecules (biotin and the steroid
digoxigenin), short DNA oligonucleotides (16-nucleotide oligomers), angroteins
(streptavidinand antibodies). Most notably, the sensor can balyieffectivein detecting
multiple layers of biomolecular interactions, tedtieascade sensing,” including sensitive
detection of small molecules [5]. Anyway, silicoashattracted widespread attention because
of the importance of silicon in microelectronicoowever, hydrolysis reactions may limit the
overall stability of functionalized silicon surfacen agueous solutions [20-25Another
drawback for using silicon/organic monolayer asahip substrate and fluorescence for the
detection scheme of biomolecular interactions endtlrface is the fluorescence quenching in
the close vicinity of the semiconductor. Finallyetimprovement of the monolayers quality to
resist biofouling is a real challenge to desigresive and sensitive devices for monitoring
biomolecular interactions.

Therefore, diamond, tetrahedrally bonded carbomsatavhich crystallizes into the face
centred cubic diamond lattice structure, owing t® ¢ombination of specific physical,
chemical and mechanical properties such as higmgédeconductivity, high hardness, large
band gap, optical transparency over a wide wavétenggion (from UV to IR), stability
against chemical reagents, high mechanical stgbilitorrosion resistance and
biocompatibility has been regarded as one of thetnpoomising industrial materials in
various fields. With the current introduction of pgml diamond, we are witnessing a
technological leap. In the last years, severalengvarticles [26-34] and a book on diamond
electrodes have been published [35]. The high gtheof C-C bonds and the well-established
biocompatibility of diamond make it a particuladstractive substrate for robust chemical and
biochemical modifications for sensor applicatio2®,[ 36-40] Another interest for using

diamond substrates is that thin diamond films can be easily deposited on microelectronic
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compatible substrates using methane/hydrogen gagunes by the Chemical Vapour

Deposition (CVD) method.

1.2. Preparation of diamond films

Because of its large bandgap of more than 5 eV pedialiamond is normally electrically
insulating and cannot be used as an electrode ialat®ut as other large band-gap materials
diamond can be made conducting by doping it witliage elements. Currently, in most cases
boron is used as dopant, resulting in a p-type @@maiucting properties. If phosphorus [41] or
nitrogen is used as dopant, a n-type semicondistoroduced. Two major methods for the
production of doped diamond materials have beereldped: chemical vapour deposition
(CVD) of thin films doped-diamond and high pressut@gh temperature (HPHT)
doped-diamond particle production [42-44]. Howewkg drawback of the HPHT method is
that it still produces diamond in the form of smgrystals ranging in size from nanometres to
millimetres, and this limits the range of applioas for which it can be used [34]. Other
methods reported for the production of conductiragndnd electrodes are vacuum annealing
of undoped diamond [45, 46] and so-called surfemester doping of undoped diamond [47].
The practical usefulness of these approaches toupeo diamond electrodes remains
guestionable. Anyway, the majority of doped-diamatectrodes currently in use are thin
film boron-doped diamond electrodes produced by CVD

Similar to platinized electrodes, the doped diamditrd is deposited on a conducting
substrate [27, 48]. The deposition technique ismkassisted CVD. The plasma necessary
for the deposition is activated either by hot fikmts [27, 48, 49] or by microwave radiation
[50]. In both cases, the gas phase (about 10 tdo&fnypically consists of hydrogen as the
carrier gas, methane (0.5-3% £ H,) or acetone/methane mixture [50] as carbon source
and other gases which provide the dopants [27,488B9 use of either microwave or
thermally by hot filaments (temperature of filamerabout 2200-2800°C) the gas phase is
activated to form a plasma. For the coating ofdasybstrates currently only the hot filament

process can be used. In this case multiple filashard applied.
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Before diamond coating the substrate has to &drpated properly [27, 48]. One important
pre-treatment step is activation of the surfacdn wiinoscale diamond particles [48]. These
tiny diamond crystallites are the nucleation sitessthe growth of the thin diamond film
during CVD process. The surface activation (seegiregtreatment) can e.g. be performed by
substrate polishing with diamond powder or by imsireg the substrate into a suspension of
nanoscale diamond particles accompanied by ultreaton.

Substrate temperature during diamond film product® about 750 to 826. Typical
growth rates are between 0.2 anarizh [27]. The thickness of diamond thin films isualy
between 1 and 1@m but other thicknesses are possible. The diambmdfims have a
nanocrystalline or microcrystalline structure androaigh surface. Substrates for doped
diamond film deposition are usually either silig@aoth single-crystalline and polycrystalline)
or self-passivating metals such as titanium, tantaltungsten, molybdenum and niobium.
Niobium seems to be the best suited of the metadtsate materials because it can withstand
the deposition conditions (high temperature witllrdegen containing atmosphere) with the
least changes in material structure. The use mosilas a substrate leads to more perfect,
pore-free films. But for many practical applicatsotine brittleness of silicon is prohibitive. In
this case doped-diamond films on metal substraeesised. Another advantage of the use of
metal substrates is the possibility to producedaagea electrodes up to the square meter
range. This is not possible with silicon substrdiesause they are not available in this size.
However, large area diamond electrodes based morsifubstrates can be produced by a
mosaic-like arrangement of diamond-coated silicoafens on a metal substrate with
subsequent passivation of the metal portions notepted by the silicon/doped diamond
pieces [34, 51].

Doped diamond films can be deposited directly ailioon without any interlayer [30]. If
the doped diamond films shall be deposited onté-psedsivating metal substrates, often
interlayers (e.g. the corresponding metal carbaie)applied to enhance the adhesion of the
diamond film at the substrate and to protect tHestate against hydrogen in the deposition

gas mixture (danger of hydrogen embrittlement efstbstrate) [30].
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Other substrate materials for deposition of dopegndnd are carbon materials such as
graphite [30, 52], glassy carbon [30] or carborrdimaterials. CVD thin film diamond
electrodes can be modified in multitude of wayshange their properties.

Free-standing doped-diamond films can be producedidposition of relatively thick
conductive diamond films on silicon or other subts and subsequent removal of the
substrate e.g. by chemical etching. The produatibsingle-crystalline doped-diamond by
CVD is also possible. For this purpose natural nadacting diamond single crystals have

been used as a substrate for CVD thin film depwsitb3, 54].

1.3. Properties of diamond

1.3.1. General properties of diamond

Diamond is well known for its unusual material peapes such as the high hardness (1 x
10*kg mm? ), high thermal conductivity (2600WH™ ) and high charge carrier mobility
(electron mobility: 2200cAv™ s?, hole mobility: 1600criv st ). With a bandgap of 5.45eV,

undoped diamond is an excellent electrical insuhaith resistivity in the order of £ cm.
1.3.2. Properties of doped diamond electrodes

1.3.2.1. Dopants for diamond electrodes and theitextrical properties

Boron is by far the most widely used dopant to pomdconducting diamond electrodes
[30]. This is because boron has low charge caawtivation energy of 0.37eV [30]. Boron
doping leads to a p-type semiconductor. At low dgplevels, the diamond acts as an
extrinsic semiconductor. At high doping levels, thaterial acts as a semimetal. To introduce
boron into the diamond material during film growghboron containing substance has to be
added to the deposition gas mixture. Substancds audiborane (B1s) or trimethyl borane
((CH3)3:B) can be used. The majority of studies with dopkdmond electrodes use
boron-doped diamond.

But other dopants are also possible. They providgpa conductivity: nitrogen (charge
carrier activation energy 1.6-1.7eV) [30, 55, 5phosphorus (charge carrier activation

energy 0.6eV) [41, 56] and sulfur [32, 33]. Alscaaped diamond thin film electrodes have
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been produced, such as nitrogen-boron [30] or beutiur co-doped [56, 57] electrodes.
Sulfur can only be introduced as a dopant into diaanin the presence of boron [56, 57]. At
low boron concentrations, an n-type semiconductoobtained [56, 57]. It has also been
suggested that heavily boron-doped CVD diamondseétch its conductivity from p-type to
n-type after deuterium plasma treatment [41]. Tkerative dopants are introduced into the
CVD diamond films by adding an appropriate gas e tleposition atmosphere. This is
ammonia [30] or N [55] in case of nitrogen doping, RHbr phosphorus [41] and S for
sulfur doping [56, 57]Figure 1.2 shows an energy diagram of diamond with some tlec
states in the band gap.

The conductivity of doped diamond electrodes depend the doping level. For
boron-doped diamond electrodes with resistivitiebMeen 5 and 100 cm are usually
produced [30, 48]. Typical and useful boron concditns in diamond are between 500ppm
to about 10,000ppm [30] or 1B10*atoms crit [48]. Interestingly, boron-doped diamond has
also been found to be superconducting at very Emperatures [58] with ;Tdepending on

doping level.

R

P (0.6 eV below CB)

donors

N (1.6 eV below CB)

band gap ~5.45 eV

B {(0.37 eV above VB)

Figure 1.2.Energy diagram of selected states in the bandfdiamond [34].

le

1.3.2.2. Electrochemical properties in aqueous ekealytes
Doped-diamond has been introduced into electrocsteynby Pleskov et al. [59]. Since

then, mainly the electrochemical behaviour of diathelectrodes in agueous electrolytes has
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been investigated. The most striking feature heréheir very high overpotential for both
oxygen and hydrogen evolution [26, 27, 31, 33, 88;63]. Figure 1.3 shows cyclic
voltammograms of platinum and diamond electrode®.2#M H,SO, in the region between
hydrogen and oxygen evolution. The much higher patential of diamond electrode for both
reactions is obvious. This leads to a wide potémtiadow (approx. 3.5V), which can be used
for other electrochemical reactions in agueousteltes. Diamond electrodes have indeed
the largest potential window so far measured ineags electrolytes. This makes them also
totally different to common electrode materialstsas gold, platinum or mixed metal oxide
type electrodes.

Diamond electrodes are also distinguished frometloemventional electrode materials by
their very low capacitance and by the absence dhsel oxide formation and reduction
reactions which are found at conventional metametal oxide electrode materials between
oxygen and hydrogen evolution (see alagure 1.3. The electrochemical properties of
diamond electrodes depend to some extent on ddpwel, on surface termination and

nondiamond carbon content.

10

diamond
electrode

/
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Figure 1.3. Cyclic voltammogram of a platinum and a diamonecgbde in 0.2M kSO,
v=100mV/s [34].

High overpotentials on diamond electrodes are fdsad for halide (I, Br, Cl) oxidation
[26, 64] and for the reduction of the correspondiadpgens (_I, Br, CI_) [64] as well as for
oxygen reduction. In general, electrochemical ieastwhich require adsorption of reaction
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intermediates have a high overvoltage on diamoedtrldes.Figure 1.4 displays cyclic
voltammograms of diamond electrode in comparisott wlatinum electrode for the redox

couples I/4 showing the much higher overpotential on diamdedteodes for this reaction.

0.6 platinum
E
L
< 0.34
E
=
3 o J
[}
o
=
L -0.34
5 diamond
L]

0.6+

L) T ¥ T T T ¥ T

T T T T T —T
-0.4 02 a 02 04 06 08 10 12 14

potential / V vs. Ag/AgCl

Figure 1.4.Cyclic voltammograms of a platinum and a diamoledteode in 5 x 18 M Kl +
1 M KCI, v=100 mV/s [64].

A totally different electrochemical behaviour came lbound in the case of simple
outersphere, one-electron transfer processes ichwia adsorbed intermediates are involved.
They can precede more or less quasi-reversibleimmahd electrodes [26, 54, 64]. This
could e.g. be shown for Fe(CR}* [26, 29, 55, 65, 67-73], Ru(Nj>"*" [26, 29, 52, 55,
64, 66-69, 71], IrGF™* [55, 67], F&" [67, 71], C&"** [74,75] and E&"* [76] among
others.Figure 1.5 displays cyclic voltammograms of a platinum andiamond electrode
with the redox couple Fe(CMY*, showing that the electrochemical behaviour ofhbot
electrode materials is comparable in this casbpagh platinum is more reversible. Doping
level and pre-treatment of the diamond electrode fRaconsiderable influence on the kinetics
of charge transfer reactions of this material. €f@e, a more irreversible behaviour of
diamond electrodes especially at low doping lewld with oxygen terminated surface is
possible [70, 73].

1.3.2.3. Photoelectrochemistry
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Doped-diamond electrodes display also interestimgqelectrochemical properties [77-79].
Since diamond has a very wide bandgap, visible lang-wavelength ultraviolet (UV)
radiation should not be able to excite electrormsnfrthe valence into conduction band.
Nevertheless, some studies show significant photects even with sub bandgap
illumination [59, 77], presumably due to impurities surface states within the bandgap.
Fujishima and co-workers [78] showed that on highaliy diamond electrodes with very low
nondiamond carbon content only irradiation withrsupandgap illumination is able to excite
electrons into the conduction band. They studiesl photoelectrochemical behaviour of
boron-doped diamond electrodes in 0.1M Ry solution with excimer lasers of 3 different
wavelengths: ArF (193nm, 6.4eV), KrF (248nm, 5.0edd XeF (351nm, 3.53eV). The
photocurrent observed using the ArF laser was ngueater than those observed with the KrF
and XeF lasers. In addition, the photoelecrochenpoaperties of semiconducting diamond

were found to be highly sensitive to the surfaceditions [79].

| diamand
24 electrode

current density / maAscm®

platinum
electrode

L T | T T T T
0 0.1 0.2 0.3 04 0.5 06 07
potential / V vs. AgIAGCI

Figure 1.5. Cyclic voltammograms of a platinum and a diamorecteode in 16 M
K3[Fe(CN))/K4Fe(CN)] + 1 M KCI, v=100 mV/s [67].

1.3.3. Stability of diamond electrodes

The high chemical and electrochemical stabilitiesliamond electrodes have been taken
for granted for some years. Especially the highctedehemical stability under severe
conditions has been emphasized [31, 33, 48, 6Pladtbeen considered as one of the major

advantages of doped-diamond electrodes comparedon@entional electrode materials.
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However, in the last years in some investigatiarigas been shown that diamond electrodes
are etched electrochemically under certain experiaieonditions [61, 80-82].

Until today, investigations on the anodic corrosodrdoped-diamond were only performed
in acidic agueous electrolytes [61, 80-82]. Panietal. [80] did not found any loss of
diamond material of diamond anodes during elecsislin 1M HSO, (1A/cn?, 40°C). But if
the electrolysis experiments were performed in 1)3®| + 3M acetic acid, a strong decrease
of surface roughness has been measured. But m@iéeddanvestigations with diamond thin
film electrodes on silicon substrates by Katsulalef61] and Comninelllis [81] did show that
in sulfuric acid electrolytes corrosion rates of@ [61] or 0.3ig diamonds per Ah [81] can
be measured. Comninelllis [81] did also show tlnet torrosion rate strongly depends on
electrolyte composition. If organic compounds alldeal to electrolytes such as 1M sulfuric
acid or 1M perchloric acid, corrosion rates arenthfically increasing up to 18 diamond
per Ah in 1M HSQ, + 3M acetic acid (at 1A/cim4@C).

Schafer et al. [82] reported that during electnslywith thin film diamond anodes on
niobium substrates (at 4A/éni70C) in 1.3M HSQs, corrosion rates of about Q@/Ah cni?
are reached. In this long-term electrolysis expentrin certain time intervals 1g/L organic
material has been added to the electrolyte (5 jimBsis organic material was destroyed
during the electrolysis. Therefore, in this expenmhonly part of the electrolysis time organic
material was present in the acidic electrolyte. Thgosion rate measured by Schafer et al.
equals a loss of diamond film thickness of abqunIiamond per 900Ah/cmThis means,
that under these conditions and a current denditg®mA/cnf, an electrode lifetime
(diamond film thickness ofjm) of 0.5years can be expected. Lowering the ctidensity to
only 20mA/cnf would give an electrode lifetime of roughly Syefasa Jum thick electrode.

These corrosion rates of the diamond layer durmgdec polarization are comparable to
corrosion rates which are usually found with pliail or mixed metal oxide coated titanium
electrodes [81]. By applying thicker diamond filfi®um are possible) also with high current
densities acceptable electrode lifetimes are plessiltlowever, certain electrolyte
compositions lead to increased corrosion rates.coh®sion rate of 1&y diamond per Ah (in
1M H,SO, + 3M acetic acid at 1A/ct 4F°C) reported by Comninellis [81] would result in

an electrode lifetime of 6 days at 200mAfcor 6 months at 20mA/cm(thickness of the
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diamond film: um). In this case even a 10-fold increase of diamiind thickness would
only allow working with low current densities toagh acceptable service life.

Besides electrochemical etching also the detachneéntiamond material from the
substrate can be problematic. The mechanisms #mtause diamond film detachment are
complex [83]. In addition to the nondiamond carloontent, also cracks and pores, the initial
diamond nucleus density, the diamond film thicknasterlayer thickness, the nature of the
substrate and the bonding between the substrat¢handiamond film may affect electrode
stability [83]. All these factors are associatedhwproduction conditions. Therefore, a proper
selection and careful control of preparation caodg is very important in order to obtain

long-term stable doped diamond thin film electrodes
1.3.4. Biocompatibility of diamond electrodes

Doped diamond electrodes have been widely repdotetheir biocompatible applications.
Martin and co workers used diamond electrodesHerstudy of neurodynamics in an animal
model [84, 85]. Implantable diamond microelectrogesvide a unique opportunity to
integrate neural stimulation and amperometric sgnge.g. of dopamine, adenosine and
serotonin) in the same implantable device. And ll@cules immobilized at the doped
diamond surface are often still fully functionaldaactive. Examples are an amperometric
biosensor based on covalent immobilization of tyrase on a boron-doped diamond
electrode [86] or catalase modified diamond eletgr@7]. These biosensors could be used to
detect phenolic compounds [86] or hydrogen perofRid, respectively. Also diamond
electrodes modified with DNA oligonucleotides haween produced with the aim to create
field-effect biological sensors [88]. It has alseeh found that boron-doped diamond
activated by anodic oxidation is a highly activeten@l providing appropriate contact of
laccase enzyme molecules with the electrode sudaddeading to direct bioelectrocatalysis

of the dioxygen reduction which could be usefubiofuel cells [89].

1.4. Functionalization of diamond electrodes
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1.4.1. Functionalization of hydrogen-terminated dianond surfaces through C-C bond

formation

1.4.1.1. Direct reaction of hydrogen-terminated dimond surfaces with alkenes under
photochemical conditions

H-terminated polycrystalline films exhibit a numbef usual properties, including the
ability to emit electrons from the valence bancedily into a vacuum when illuminated with
254nm light [90]. Ultraviolet irradiation of hydreg-terminated diamond covered with liquid
films of an appropriate alkene is an additionalrapph to produce functionalized diamond
(Figure 1.6). This scheme has been first proposed by Hameat 5, 91-95] and is now
used by different groups [96-101]. UV irradiatiohhydrogen-terminated diamond surface in
the presence of a liquid film of appropriate alke(eg., 12-amino-dec-1-ene protected with a
trifluoroacetic acid group, perfluorodecene, tmitaethyl ester ofo-undecenoic acid, etc.)
results in the formation of an organic layer comdlie grafted to the surface through C-C
bonds. While the stability of the formed monolayeas been proven [102-104], many
questions remain about how the reaction proceedbanéstically and how the organic film is
organized on the surface. Hamers et al. carriednoethanistic and structural studies on
photochemical functionalized diamond surfaces [1066]. They demonstrated that the
modification process is not controlled by grain bdaries and that the functionalization is a
surface-mediated reaction initiated by the phot&a of electrons from the diamond surface
into the liquid phase [105].

Figure 1.6displays the strategy used to incorporate termiNgl, functional groups onto a
diamond surface. To provide chemically reactive remgroups, the trifluoroacetamide
protecting group was chemically removed, and DNAs iaked to the amine-terminated
diamond surfaces using a heterobifunctional crod®t as discussed above. Comparing the
DNA-modified diamond with a silicon surface moddien the similar way showed no loss of
DNA over 15 hybridization/denaturation cycles omrdond and a loss of 1.8% on silicon
[23].

The direct photochemical coupling using undecylexticl was recently reported to form a

higher density of carboxylic acid groups on the niad compared to
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trifluoroethylundecenoate [101Figure 1.7 shows the fluorescence image of fluorescein
isothiocyanate (FITC)-labeled DNA immobilized onicamodified diamond subjected to
three denaturation-rehybridization cycles. While gfhotochemical derivatization allows the
introduction of several functional groups on thefate, the reaction time required is rather
long (in the range of 12-15h), and most of organalecules absorb at the used wavelength.
Nevertheless, glycol compounds could be linked tamdnd allowing the study of
nonspecific binding of proteins [98]. Electrochealitnpedance spectroscopy (EIS) was used
to characterize the modified interfaces and showed the monolayer strongly inhibits
electron transfer, but the detection of biologioi@lding events in real time, as a consequence
of the field effect induced in the diamond by thearged DNA, is possible [88]. EIS
measurements,  together  with  cyclic  voltammetry  wergerformed  on
horseradish-peroxide-modified nanocrystalline diacthdilms [100]. The proximity of the

haem groups to the diamond surface allowed dilectren transfer between them.

CF3 CFS
O:< O:<
NH NH NH»,

BDD MeOH/H,0
A=254nm reflux 3.5h

\J

BDD BDD

Figure 1.6.Photochemical linking of organic molecules to Haterated diamond.

1.4.1.2. Diazonium chemistry

Another method available for the formation of asgy C—C bond between diamond and an
organic molecule was first reported by McCreery &wain [107] and consists of the
electrochemical reduction of diazonium salig@re 1.8 [107,108]. Different diazonium

salts are commercially available, but they can akssily be prepared in one step from a wide
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range of aromatic amines. The technique offersatiheantage of the availability of a wide
range of functional groups (-COOH, X, h@tc.) that can be introduced onto the surface in

one step.

100 i

Figure 1.7. Fluorescence images of patterned FITC-labeled DiNAobilized on diamond
which has been biofunctionalized with undecylenicidaand subjected to repeated
denaturation / rehybridization cycles (three cycteprint with permission from [101]).

The method, intensively used for other carbon-basatkrials [109], is quite simple and
can be performed in acetonitrile (gEN + 0.1M BuBF,) and acidic aqueous solutions (0.1
M H,SOy) through electrochemical reduction of diazoniurtss&ovalent bonds between the
diamond and the diazonium salt can, in additionfob@ed through a spontaneous binding (in
the absence of external bias) of the diazoniumisalhe presence of 1% sodium dodecyl
sulfate [110]. We recently showed that solvent-filggctionalization of hydrogen-terminated
boron-doped diamond surfaces with aryldiazonium tssalusing ionic liquids
(1-butyl-3-methylimidazolium hexafluorophosphate Jebutyl-3-methylimidazolium methyl
sulphate) can be achieved in high yield [111]. €leetrons necessary for the reduction of the
diazonium salt are, in these cases, most likelywidea by the diamond itself [112]. This
purely chemical grafting is attractive, as it doed require electrochemical equipment or
doped diamond interfaces. The authors have alsaweshdrom ellipsometric measurements
that the chemical approach results more readilymonolayers rather than multilayers
observed under electrochemical conditions. AFM meaments have evidenced the
formation of multilayers using the electroomeal route, and the formation of a real

monolayer was only reported on pyrolyzed phototeli43]. Phenyl radical species are
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formed next to nitrogen during the grafting proceshich react directly with the diamond
surface. The formation of multilayers is due toatack of the first grafted aryl group by
another aryl radical. The principal interest inztiaium-based diamond modification is that
the diamond-tethered functional groups are usedHhercovalent linking of biomolecules.
This is due to the reported biocompatible and h#ticharacter of diamond electrodes
making them promising platforms for biosensing. Tinest intensively studied diazonium salt
derivative is the nitrophenyl salt. The key to badetular functionalization lies in the ability
to selectively reduce nitro groups to primary arsit@ which DNA and other biomolecules
can chemically be linked. In agueous solution,regversible multi-electron and multi-proton
reacton of the nitro group to amine (-NHor hydroxyaminophenyl (-NHOH) groups takes
place [109]. The covalent linking of enzymes (gkem@xidase and tyrosinase) was achieved
on the amine-terminated diamond surfaces. Caréislal. [108] reacted the amine terminal
groups on the BDD with succinic anhydride axdhydroxysulfosuccinimide to link glucose
oxidase. Glucose was detected through the oxidaifobiocatalytically formed bD,. An
amperometric biosensor for phenol, p-cresol antildrophenol was developed by Zhin et al.
[114]. It is based on covalent immobilization ofdginase on amine-terminated BDD via
carbodiimide coupling by forming an amide bond lestw the carboxylic acid of the tyrosine
and the NH of the BDD. They reported that 90% of the enzyrogvidy was retained for 5
weeks when storing the sensor at 4°C in PBS. Orotiner hand, DNA immobilization was
achieved by immersing the amine-terminated diamata a heterobifunctional cross-linker
(sulfo-succinimidyl 4-N-maleimidomethyl) cyclohexan-1-carboxylate) to whicthiol
-modified DNA was linked [108,115,116]. Experimenté single crystallinediamond
electrodes showed that the DNA chains are tilted 31y with a DNA density of
6x10“molecules crif. The results are not affected by the variatiothefbuffer alinity [115].
The structual and mechanical properties of a DNA double hbbixded to NHterminated
single crystalline diamond surfaces, prepared Viatgchemical or electrochemical routes,
were evaluated using contact mode AFM. It was shdhat DNA molecules can be
irreversibly removed from the diamond surface bgtaot mode AFM with forces N>45nN
and >76nN on photochemically and electrochemidaihctionalized diamorg] respectively

[116]. Covalent linking of anthraquinone diazoniwgalt to BDD through electrochemical
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reduction was recently shown by Foord [117]. Inibasolution, the quinone-catalyzed

reduction of oxygen was seen at —0.8V/SCE.

R
R
o ®
N N T
BDD > BDD
-

R=NO,,COOH,CN,Cl,ect.

Figure 1.8. Attachment of organic layers by reduction of atigzonium salts.

1.4.2. Functionalization of hydrogen-terminated dianond surfaces through C-O bond

formation

Tsubota et al. [118,119] investigated the modifaratof H-terminated diamond using
alkyl-radicals. Among various radical initiatorsgrizoylperoxide was found to be the most
effective in abstracting hydrogen on the surfdeigyre 1.9). Due to their low dissociation
energy, the O—0O bond in these peroxides breakf/egenerating radicals [119-127]. When
benzoyl peroxide is thus heated up to temperatiredout T=60-80°C, it decomposes into
benzoyl radicals. In the presence of an H-termahdiamond surface in toluene (under argon
atmosphere, at T=348K for t=2h), the benzoyl rdditarmed can abstract a hydrogen atom
on the diamond surface and bind to it. Furtherisgidsing benzoyl peroxide showed that the
radical reaction is highly solvent dependent. While radical substitution reaction works
well in THF and DMF, the reaction in toluene depeid the reaction conditions [121,122].
The same group has demonstrated that aliphatiemmdatic carboxylic acids can be tethered
to diamond surface through C-O bond formation byyaag out the thermal decomposition
of benzoyl peroxide radical initiator in the preserf aliphatic and aromatic carboxylic acids
[123,125,127]. In this case, R—COO radicals arméat and bind to the diamond surface. The
final chemical state of thdeiamond surface is determined by the kinetics efrdaction.

The number of hydrogen atoms displaced on the didnsurface depends, however,
strongly on the acid used. In the case of the lgrgeene-carboxylic acid, rather low

abstraction fraction was observed.
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! 80°C

- T

Figure 1.9. Liquid phase modification of hydrogenated diamauifaces using a radical
initiator.

1.4.3. Oxidation of H-terminated diamond surfaces

Freshly synthesized H-terminated diamond interfaces be left without special
precautions on the bench for several months. litespi the high stability of diamond,
oxidation of the hydrogenated surface is relativedgy to perform. The resulting oxidized
surface is so stable that it can be recovered byljtydrogen plasma treatment at elevated
temperatures. Diverse procedures have been repéotethe oxidation of H-terminated
surfaces including thermal [128-130], plasma [1332], and electrochemical techniques
[133-136], as well as the use of singlet oxygerB][1Bradiation with vacuum ultraviolet light
(VUV, X = 172nm, t = 3h in the presence of @nd HO) [137] and ozone treatment
[138-140]. Oxygen-terminated diamond surface shogdrophilic character [60].

Independent of the activation method used, theepis of oxygen on the diamond surface

18
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

has a significant influence on the chemical re@gtil35], electrical conductivity [141, 142],
field emission [143,144] and Schottky barrier hésgli45].

Figure 1.10 shows typical high resolution X-ray photoelectropedra of a
hydrogen-terminated and a photochemically oxidibedon-doped (BDD) polycrystalline
diamond surface [138]. The high-resolution XPS spec of the C1s of a hydrogenated BDD
sample displays a main peak at ~ 285eV. The pealasymmetrical. The presence of a
shoulder at higher binding energy (~ 286eV) is nligsly due to the presence of amorphous
carbon at the grain boundaries. After photochemicadlation, the XPS spectrum displays
three different features: a peak at 285eV due t f&dm the bulk and two peaks at 286 and
289eV due to the surface C-O features. Based odi#imeond structure, it is expected that the
sp’ C—H bonds on the (111) facets will be terminatéth ydroxyl groups while the CH
bonds on the (100) facets will be transformed tba@ayl (C=0) and ether (C-O-C) functional
groups. The signals from surface hydroxyl and egneups are undistinguishable (~ 286eV)
[138]. The peak at 289eV results most likely fromaaamtribution of carbonyl groups on the

surface.

" H-BDD . . OH-BDD

a.l

intensity / a.u.
intensity /

L I

202 290 288 286 284 282 280| 202 200 288 284 282 280
Binding energy / eV Binding energy / eV

286

Figure 1.10. High resolution XPS spectra of C 1s of hydrogenaad photochemically
oxidized boron-doped diamond surfaces [138].

The change of the chemical termination can affhet @lectrochemical properties of the
diamond electrode. Surface oxidation treatment gbanthe electrochemical character of

diamond electrodes by means of electrostatic iotienas between the electrode surface and
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redox ions. The potential windows of the oxygenateinond electrodes became somewhat
wider than that of the as-grown electro&eg(ire 1.11) [146] and the electron transfer rates in

various redox species were also changed, providirsgme cases enhanced electroanalytical

04 T T T T T T T
02 r A

0z T 7
oxvgen-plasma treated

selectivity [147,148].

-0.4
25-grown

LIl

02 electrochemically palarized

Jd5 . 05 0 03 1 15 2 25
Fotential / V vs. AglagCl

Figure 1.11. Cyclic voltammograms in 0.1M sulfuric acid solutiofor as-grown,
electrochemically polarized and oxygen-plasma édatiamond electrodes; scan rate:
100mvs'.

Oxygenated diamond surface exhibit modified propsrsuch as a different adsorbing
behavior [149] which facilitates the subsequentfiomalization of diamond electrodes [146,
147]. Actually, surface functional groups, whicle antroduced onto the diamond electrode
by the surface oxidation treatment, facilitate thi#goduction of many kinds of functional
materials [133, 146, 149]. Generally, because thizdgen-terminated diamond electrode has
low chemical reactivity and high hydrophobicityjstdifficult to fuctionalize its surface [67].
However, oxygenated diamond electrodes have hytirggyups on the surface, various
functional groups including amino, vinyl, epoxideercapto, and phenyl groups can be
introduced onto the oxidized boron doped diamond¥Bsurfaces to modify their chemical
and physical properties. Additionally, a wide rargfanolecules with useful functionalities,
such as redox activity, chemical selectivity, cgtalactivity, and photosensitizability, can be
attached onto electrode surfaces via silane cagiplgents. Thus, the potential applications of
boron-doped diamond (BDD) can be dramatically ecéein

The decrease of surface conductivity has been wideat the semiconducting diamond
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surface by converting the H-terminated surface ttei@ination due to the removal of the
surface conductive layer formed on the H-terminab@agnond surface [150]. However, in the
case of the heavily boron-doped diamond films, ¢fffect of the removal of the surface
conductive layer on the surface conductivity seaptsto be significant. It was confirmed by
the four-point probe method that the film resiggivof the diamond surface (~£Q cm) did

not change after surface oxidation treatment [14¢].expected from the change of the
surface hydrophobicity and the enhancement of tifese roughness at the nanometer scale,
the background current for the O-terminated surfameame larger than that of the as-grown
electrode, but the change of the chemical termonatiid not appear to cause a remarkable
change in the electrochemical properties. In aoldjtit was also confirmed by the four-point

probe method as above [132].
1.4.4. Halogenation of H-terminated diamond surface

A practical method for surface modification of naihzed diamond is the direct reaction
with radical species in the gas phase. The radiwaikties known to react directly with
diamond include hydrogen [151], fluorine [152] aoklorine atoms [153]. The diamond
surface is unreactive to the corresponding mole@gacies kB F,and C}[154]. This implies
that vigorous and corrosive (e.g..8D0-500°C; K/470°C) [155] reaction conditions are
necessary to generate atomic species.

Milder conditions to halogenate diamond surfaceseanployed when halogen atoms are
formed in a photochemical reaction [156]. The pldasociation of chlorine gas is rather well
known [157, 158]. Miller and Brown prepared chlated polycrystalline diamond films
[157], single crystals and diamond powders [154¢uigh the irradiation of the samples\at
245 nm up to 24h using a pressure Hg-arc lampedrmpthsence of ghas, as shown iRigure
1.12[158].

A different photochemical approach has been used\Agamura et al. to fluorinate
H-terminated diamond surfaces [159]. It is basedhaenphotolysis of perfluoroazooctane, as
shown inFigure 1.13 During this process, perfluorooctyl radicals abst a hydrogen atom
from the diamond surface. The resulting surfacebaarradical reacts with another

perfluorooctyl radical to yield a fluorinated swéa A similar approach has been used by
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Russels et al. [160], who introduced perfluorobigybups at low temperature on a (110)
oriented single crystal diamond surface by photslgé a solution of perfluorobutyl iodide

(C4Fol) using UV irradiation with a 200W Hg-arc lamp.

H H H Cl Cl Cl NH, THZ
A=254nm/24h —
Cl, gas NH; gas

Figure 1.12. Preparation of an amine-terminated BDD surface itwa-step procedure,
consisting on the photochemical irradiation of ardogenated surface with chlorine followed
with ammonia gas.
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Figure 1.13. Chemical modification on the surface of a diamdid with perfluorooctyl
functionality.

There are few reports on halogenation in the liqphdse. Ikeda et al., as showrFigure
1.14 [132] attempted chlorination of H-terminated diamdoby treatment with sulfuryl
chloride (SQCI,) atT = 50°C under argon atmosphere using 2, 2-azobitgodnitrile (AIBN)
as a radical initiator. The resulting chlorinatechndonds were further used for the
immobilization of thymidine molecules [133].

||'| ||'| Ccl cClI Cl

S0,Cl,, AIBN | |
BDD - BDD
50°C, CH4CI

Figure 1.14.Chlorination scheme on diamond surface in the digahase.

The stability of the halogenated interfaces dependisly on the used halogen. Fluorinated
diamond surfaces are stable in air and water amrdemperature and have been
electrochemically characterized [161]. Chlorinatkdmond interfaces are reported to form

hydroxylates at room temperature in contact withewsapor [162].
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1.4.5. Amination of H-terminated diamond surfaces

The chemical reactivity of the chlorinated surfagas exploited for the preparation of
amine-terminated diamond interfaces. While a thétreatment up to 450°C in ammonia did
not allow surface amination, the reaction of amraamith chlorinated diamond was markedly
different when photochemical conditiomgere used [154]. The chlorinated sample could be
aminated by irradiation of the chlorinated diamdihais in NH3 (g) at room temperature in
vacuum for 3-24h [154] or through the reaction waghaternary pyridinium salt [163], as
shown inFigure 1.12

Reports on the direct amination of H-terminatedraiad in the gas phase have only been
reported recently. Radio-frequency plasma was tsgutomote the direct chemical reaction
between the diamond surface and vaporized N-(6-@meixyl) aminopropyl trimethoxysilane
[137]. The relative surface density of primary aesrgroups (—Nb) attached to the diamond
surface was detected by fluorescence, using flaareme in acetone spray as a fluorescence
marker. On the other hand, the direct aminatiorhyifrogen-terminated diamond surface
using UV irradiation X=254nm) in an ammonia gas environment was repoeehtly by the
group of Kawarada [164]. The authors have usedditfmtgraphy to pattern the resulting
surface and to immobilize DNA molecules in a colt fashion. A similar approach was
reported by Zhi et al. [165], where an amine fumaiized boron-doped diamond surface was
prepared by UV irradiatioh€254nm, 6h) of a hydrogen-terminated surface inpitesence
of allylamine. It is believed that the vinyl groupkallylamine react photochemically with the
C-H surface bonds to yield an amine-terminated rHageo covalently bonded to the surface
through C—-C bonds.

More recently, our group has demonstrated thatiieeof a cold Nklplasma treatment of

hydrogenated diamond substrate generates surfacmat amino groupsHigure 15) [166].
1.4.6. Reactivity of oxidized diamond surfaces

1.4.6.1 Silanization reactions on oxygen-terminatediamond surfaces
Silanization reaction is a simple way to modify gep-terminated diamond surfaces. As
silane reagents show no reactivity towards carbamykther groups they can be used to

underlie the presence of hydroxyl groups on oxdiz#amond. Notsu et al. reacted
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electrochemically- and oxygen plasma-oxidized batoped diamond (BDD) surfaces with
3-aminopropyltriethoxysilane (APTES) and subsequemracterizations of the modified
surface indicate the success of the silanizatiasti@n, as shown ifigure 1.16[136, 167,
168]. The modification by APTES is particularly iompant for possible applications, because
the terminal amino group can be used to form aleovdond with functional molecules such
as DNA, enzymes, and immuno-compounds, and higlgcsve, highly sensitive electrode

systems can be created [168].

HopoH NH, NH, NH,

Plasma NH; I l
~|__BDD

Figure 1.15. Direct amination of hydrogenated boron-doped diagnsurfaces using NH

plasma.
H,N
H H H .Si\
| OH OH OH o~ 0 o
oxidition gl | APTES
eob Bl————F BDD ~ I BDD

Figure 1.16. Schematic illustration of the silanization reantiof oxidized diamond surface
with aminopropyltriethoxysilane.

On the other hand, surface hydroxyl groups on pif@mically oxidized diamond surfaces
were reacted with perfluorodecyltrichlorosilane GEFR,);-CH,-CH,-SIiCl;] at  room
temperature Kigure 1.17) [138]. The success of the reaction was demomstrdty a
significant increase of the contact angle of thaifned surface to 109°, as compared to the
low value (< 20°) of the oxidized BDD surface.

N-(3-trimethoxysilylpropyl) pyrrole (TMPP) linked toxidized BDD has been reported
recently by our groupHigure 1.18 [169]. The functional silane layer allowed locall

polymer formation to be achieved on the TMPP-medifBDD interface using the direct
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mode of a scanning electrochemical microscope (SE@Mwell as an electrochemical

scanning near-field optical microscope (E-SNOM).

FsC
(CFp)7
F3C
(CFy)7
H H H $i\
‘ OH OH OH ' O/ (@)
oxidition || I Cl3Si
BDD _— BDD > BDD

Figure 1.17.Schematic illustration of the silanization reantiof oxidized diamond surface
with perfluorodecyl trichlorosilane [138].
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Figure 1.18. Chemical functionalization scheme of oxidized diachosurfaces with
N-(3-trimethoxysilylpropyl) pyrrole [138].

1.4.6.2 Esterification reactions of oxygen-terminatd diamond surfaces

Another possibility of surface modification of ogmrterminated diamond surface is
esterification reaction. The hydroxyl groups of dixed BDD were successfully tethered to
organic molecules through an esterification reactRyrenebutyric acid~{gure 1.19 [170],
and biotin [133] were covalently linked to oxidizédmond. To reveal the biotin grafting, the
authors explored the strong affinity of biotin toidrescently labeled streptavidin. On the
other hand, the photoelectochemical behavior ofyeene-terminated BDD surface was
studied and cathodic photocurrents have been neghgsupxygen saturated electrolyte.

More recently, 3-benzoylbenzoic acid covalently dohto oxidized diamond was reported

by our group Figure 1.20 [171]. Since benzophenone is an efficient phdteable group,
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stable under ambient light and protic solvents [1I773], the benzophenone terminated BDD
surface was successfully used for photochemical dhiization of DNA, peptides and

proteins.

OH OH OH (CH2)s
| | |

@)
o
T
/
w
w)
)

BDD

Figure 1.19. Schematic illustration of the esterification réaetof hydroxylated diamond
with pyrenebutyric acid [170].

0 (T O
O
ongign [T 1T ¢

BDD HOOC > BDD

DCC, 24h, RT

Figure 1.20. Schematic illustration of the esterification réaetof hydroxylated diamond
with 3-benzoylbenzoic acid [171].

Zirconium phosphate chemistry has been adaptedxiized diamond surface [174].
Carboxylic acid layers can be bound to the diamsmdace by coordination to zirconium
phosphate functionalities. Pyrene was linked ia thanner to BDD and a surface coverage of

5x10%mol cm? was determined.
1.4.7. Reactivity of halogenated surfaces

The interest in halogenated interfaces is that #eyprone to nucleophilic substitution
reactions by breaking the carbon-halogen bond. Whth exception of iodine, all of the

halogens are more electronegative than carbon €Tab)l
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Table 1.1.Electronegativity values (Pauling scale)

C 2.5 F 4.0
Cl 3.0
Br 2.8
I 2.5

This means that the electron pair in the carboodea bond will be dragged towards the
halogen end, leaving the halogen slightly negatb/eand the carbon slightly positivé’}

(Figure 1.21), except in the carbon-iodine case.

electron pair dragged towards the halogen end

nucleophile
Figure 1.21.The polarity of the carbon-halogen bonds.

The strength of the C-halogen bond is changingtidedly as seen iTable 1.2.

Table 1.2.The strengths of the carbon-halogen bonds (aliesain kJ mat)

C-H 413 C-F 467
C-Cl 346
C-Br 290
C-I 228

It was demonstrated that the bromo groups in breopyb-modified silica nanoparticles

can be substituted in a saturated solution of NaRb]. The exchange of surface bromine of

11-bromo-undecylsiloxane monolayers against azite nwucleophilic substitution with

sodium azide in DMF solution was reported by C.Baret. al. [176]. Bromine-terminated

© 2010 Tous droits réservés.
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silica and glass substrates were immersed in aagatlisolution of sodium azide in DMF for
24 h at room temperature to obtain an azide tertom§l77].

In addition, chlorinated diamond butylated with ydlithium dissolved in THF at 3T for
4h was reported by Yoshinori Iked as showrigure 1.22[178]. Cl-terminated Si surface
was exposed to an alkylmagnesium halide reageptejoare alkylated silicon (111) surfaces
with -CH2ns1 (N = 1 or 2) or-CgHsCH, groups. Corresponding XPS data indicates that
functionalization by the two-step chlorination/dldyon process proceeds cleanly to produce
oxide-free Si surfaces terminated with the chodky group [179]. James R. Heath et. al.
fully acetylenylated silicon surface by same wa8(Jl The resulting Cl-terminated surfaces
were exposed to a solution of eMgCl to form methylated Si (111) surface, wherdaes t
Cl-terminated surfaces were exposed to a solutio@,blsMgCl to form GHs-terminated

surfaces [181-183].

CI cClI Ccl Bu Bu Bu

| sutiltniom o |
tyllith
BDD Hyitam BDD

Figure 1.22Alkylation scheme on chlorinated diamond surface.

1.4.8. Reactivity of aminated diamond surfaces

The aminated diamond surface was further investithdbr its ability to bind gold
nanoparticles [184] and for the formation of a pparray [166]. As seen iRigure 1.23A
homogeneous and well-distributed gold nanoparti¢fsNPs) were obtained by simple
exposure of the amine-terminated BDD surface t@agureous solution of gold colloid. The
Au NPs modified NH-diamond shows interesting catalytic behavior tasaoxygen
reduction in basic medium, where a significant pesishift of the oxygen reduction peak
and an increase in the peak current density upaatirig with gold NP is observed.

Linking of glyoxylyl peptides to diamond, based tre formation of a semicarbazide
termination on amine-terminated boron-doped diam(fidure 1.23A) was investigated.
Two different peptides (peptide 1. FLAG-Nldnd peptide 2: FLAGCOCHO) were printed in
a microarray format on semicarbazide-modified BDBe fluorescent image§igure 23B),

obtained after incubation in the presence of adijbanti-peptide FLAG labeled with
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tetramethylrhodamine shows that the fluorescenseried from peptide 2 is more important
than with peptide 1. This is consistent with spgeatiovalent ligation of peptide 2 with the

semicarbazide surface and the non-covalent interactf peptide 2 with the semicarbazide

surface.
(A)
?epﬂde

NH
peptide , o)

-N

HN N2 NH HN

1)Triphosgene H\H/&
NH2 NH, 2)Fmoc-HN-NH, HN  ~O o) HN O
L 3)Piperidine/DBU | 0 I

BDD

(B)

Figure 1.23. A Formation of a peptide array through site-speaifioxo semicarbazone
ligation on aminated diamon®) fluorescence image, top (peptide 1. FLAG-INHbottom
(peptide 2: FLAG—-COCHO).

1.5. Scope of the thesis

Even though diamond surfaces are chemically ingrgtochemical, electrochemical and
chemical approaches have shown their strengtttherieg functional groups to this interface.
The opportunities for diamond are wide open. To enakompetitive with silicon technology,
the core advantages of diamond including the chansgtability, the low electrochemical

background current and its wide potential windowl Wave to be optimized. The control of

29

http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

the surface chemistry of diamond will play a cruig@e in this perspective. While these

interfaces are nowadays used as analytical deincdi$ferent areas, the development of new
surface chemistries on diamond has somehow staboae the years. The future application
of diamond will be in high-throughput systems amtdrhnologies. Whether diamond will be

the material of choice for biosensing applicatial$ depend on the effort put into the control

of its surface.

In this thesis, the initial phase of the study udigs the oxidation of boron-doped diamond
(BDD) using three different oxidative approachesd ahe resulting surfaces were well
characterized by X-ray photoelectron spectroscofyS) and Mott-Schottky analysis. A
silane coupling agent-3-aminopropyltriethoxysilafdPTES) and a carboxylic acid
trifluoroacetic acid (CECOOH) were used to verify the difference in terrhgrafting density
(Chapter 3).

In a second phase, “click chemistry” was used asew strategy to covalently attach
acetylene-bearing molecules (thiophene, ferrocengedl as cyclophane) to azide-terminated
BDD surfaces. The azide termination was obtainealutjh an esterification reaction between
4-azidobenzoic acid and hydroxyl groups on oxygeh&DD surface. The resulting surfaces
were characterized by X-ray photoelectron spectqmgdXPS), water contact angle and
electrochemical measuremen@h@pter 4).

lonic liquid (IL): 1-(Methylcarboxylcacid)-3-octyinidazolium-bis (tri fluoromethyl
sulfonyl) imide was bonded to oxygenated BDD swefdaough an esterification reaction as
well. The resulting surface was characterized aodfiened by X-ray photoelectron
spectroscopy, water contact angle and electroclammeeasurements. Anion exchange
between (CESQ;)ZN_ and BR, NO; and PE on the IL modified BDD surface was
investigated subsequentigliapter 5).

A versatile strategy for chemical halogenation gfliegenated boron-doped diamond
(H-BDD) surfaces is discusseBrominated and chlorinated boron-doped diamondireldes
are prepared in a controlled way through a radisabstitution reaction using
N-halogenosuccinimide in the presence of benzoyhpéde. The reactivity of the halogenated
BDD surfaces was further exploited. The formatiémmw azide termination by a nucleophilic

displacement of the terminal bromo groups with gpdi azide was achieved.
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Electrochemically active ferrocene moieties wergatently linked to the azide terminated

BDD surface using “click” chemistryOhapter 6).
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CHAPTER 2

MATERIAL AND METHODS

2.1. Materials and reagents

2.1.1. Chemicals

Silicon wafers were purchased from Siltronics. Aléaning and etching reagents were
clean room grade. 96% Sulfuric acid ,80,;), 30% hydrogen peroxide §{B,), and
hydrofluoric acid 50% (HF) were supplied by Ample3-Aminopropyltrimethoxysilane
(APTMS) , Cerium sulfate hydrate (CeS{) Potassium hexacyanoferrocyanide (Fe@N)
Potassium chloride (KCI)N, N-Decyclohexylcarbodiimide (DCC), Anhydrous dimethyl
sulfoxide (DMSO), 4Dimethylaminopyridine (DMAP), Anhydrous dichlororheine (DCM),
3-Aminopropyltriethoxysilane (APTES), Trifluoroagetacid (CRCOOH 99.5%) , Ethynyl
thiophene, Thiophene, Ethynyl ferrocene, (+)-Sodiurascorbate, 99.999% Copper(ll)
sulfate pentahydrate (Cug(H,0), Anhydrous 99.8%, N-Dimethylformamide(DMF),
99.9%  Anhydrous tetrahydrofuran  (THF), 4-Pentynoicacid, = Ammonium
hexafluorophosphate = (NRF;), Anhydrous  acetonitrile  (C¥CN),  Potassium
hexacyanoferrocyanide (Fe(CN), Tetraethyl ammonium hexafluorophosphate (TEAPF
Tetrabutylammonium tetrafluoroborate (BUBF,), Bis (trifluoromethanesulphonyl) imide
lithium salt (GFsLINO4S;), Sodium fluoroborate (NaBf Sodium hexafluorophosphate
(NaPF), Sodium Nitrate, Benzoyl peroxide, N-Bromosuccinimide  (NBS),
N-Chlorosuccinimide (NCS), and Decylmagnesium brami(CH(CH,)oMgBr) 1.0M
solution in diethyl ether were available from Al 4-Azidobenzoic acid was obtained
from TCI Europe. Sodium azide (N@Nwas obtained from Fluka. Anhydrous carbon
tetrachloride (CCJ) was purchased from Riedel-de Haén Co.. All ofvabchemicals were
used without further purification. Other chemicaisre reagent grade or higher and were used
as received unless otherwise specified. Alcdhf], Bipyridium salt4[2] and 5[3] were
obtained following the procedures described inlitexature. Solvents were purified and

dried by the literature methods.

2.1.2. Deionized water
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The water used throughout the experiments in thésis was purified with a milli-Q
system from Millipore Co. (resistivity = 180lcm).

2.1.3. Glassware and containers

All glassware or PTFE (Polytetrafluoroethene) covdes were cleaned with a piranha
(H2SOy: Hy00=3:1 mixture) solution for 10-20min, followed by mious rinsing with
deionized water until the water pH becomes neuttan dried under a nitrogen stream.

Before using, all containers were dried in an caeh20°C more than 1 hour.
2.1.4. Safety considerations

The mixture HSQOY/H,O, (piranha) solution is a strong oxidant. It reacislently with
organic materials. It can cause severe skin burmsust be handled with extreme care in a
well-ventilated fume hood while wearing appropriebemical safety protection.

HF is a hazardous acid which can result in seribssue damage if burns were not
appropriately treated. Etching of silicon shouldgeeformed in a well-ventilated fume hood
with appropriate safety considerations: face shagld double layered nitrile gloves.

2.2. Synthesis of alkyne-functionalized cyclopharg

2.2.1. Synthesis of solid 3

A solution of the alcohol (1 g, 3.40 mmol), 4-pentynoic aciti(0.33 g, 3.40 mmol)N,
N’-decyclohexylcarbodiimide (0.70 g, 3.40 mmol), ahdimethylaminopyridine (catalytic
amount) in dichloromethane (GEl;) (40 mL) was stirred under ;Nfor 6h at room
temperature. The resulting suspension was filteead] the filtrate was evaporated and
subjected to column chromatography (SiPetroleum ether/ethanol, 2:18) to furnBlas a

white solid, as shown iBcheme 2.1. (1)
2.2.2. Synthesis of alkyne-functionalized cyclophan6

A solution of bipyridium sal4 (0.76g, 1.1mmol)3 (0.4g, 1.1mmol), and (1.17g, 3.2
mmol) in dry DMF (30 mL) was stirred under, Mt room temperature for 10 days. The
solvent was removed under vacuum and the residue subjected to a liquid—liquid
extraction (CHGJH,0). The aqueous layer was concentrated and thdueesvas purified
using column chromatography (SIOMeOH/NH,CI (2M)/MeNGQ,, 4:4:2). The fractions
containing the product were combined and concestrainder vacuum. The residue was

dissolved in hot water and an aqueous,RIH solution was added. The precipitate was
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collected by filtration, washed with water and@&tand finally dried under vacuum, yielding
a white solid6, as shown irscheme 2.1. (ll)

Br 2 Br
OH =
COOH 9
| e
Bro 1 Br 3
Vi
Meo\_\
+
@] Ox

O AL

N

&y 0y 5 A NN
~ e OMe

2PF6©
s ‘ ‘ x DMF, RT, 10days _ _
S N NN

ot n 4

6  4PF6C
Scheme 2.1Different steps for the synthesis of cyclophéne

2.3. Preparation of the substrates

2.3.1. Hydrogen terminated boron-doped diamond sanies

Polycrystalline diamond layers were synthesized tigh purity p-type silicon wafer using
microwave plasma-enhanced chemical vapor depositiBECVD) technique in a
conventional reactor [4,5]. The growth conditiosed were as follows: substrate temperature
700-900C, total gas flow of a mixture of 0.7% methane yatogen 100sccm; total pressure
in the reactor 20Torr (30mbar); microwave powerViOd he dopant source was boron oxide
set in a Pt crucible placed on the substrate hottsar the silicon substrate. Before
commencing the diamond growth, the silicon subssratere ultrasonically damaged with
diamond powder in ethanol in order to improve theleation density. After deposition, the
methane flow was stopped and the films were kepgeuhydrogen plasma for an additional
30 min. For 24 h of deposition, the film thicknesached Bm. The dopant concentration in
the diamond layers, as estimated from Raman sppecipy measurements is in the range
10"-10°B cmi®. The film resistivity was< 0.1Qcm as measured with a four-point probe. The
as-deposited samples were further treated for dralfiour with hydrogen plasma under the
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following conditions: 100sccm of hydrogen flux, 28T reactor pressure with a 600W
microwave power leading to a sample surface temyeraf about 700°C. At the end of the
plasma treatment, the microwave power was switafednd the samples were allowed to
cool down under the hydrogen flux.

Figure 2.1 displays a scanning electron microscopy (SEM) nafa typical as-grown
diamond film. The polycrystalline diamond film casts of randomly oriented crystallites of

few microns size and with predominantly cubic (1809 triangular (111) faces.

Figure 2.1. Scanning electron microscopy (SEM) image of aswgroboron-doped
polycrystalline diamond surface [5].

Figure 2.2 displays an X-ray photoelectron survey (XPS) gpectof the as-deposited
boron-doped diamond surface showing signals du2 is at 284eV. A small signal due to O
1s at 531eV was present in the spectrum. Howetvisr difficult to assign precisely the origin
of the peak whether it is due to surface contarmonaturing sample handling or to interstitial
incorporation within the C—C backbonds during sagbwth.

2.3.2. Hydrogen-terminated free-standing boron-dope diamond films

Polycrystalline boron-doped free-standing diamoiehs were purchased from Windsor
Scientific (Slough Berkshire, U.K.). Briefly, highlboron-doped polycrystalline CVD
diamond layers were grown to a thickness greatan 50@m by adding diborane to the
methane and hydrogen source gases supplied torawaie CVD reactor. The samples were
polished on both the nucleation and growth sides rt@rror finish. The final BDD electrodes
had a thickness of about 500. The electrodes were supplied as 5 x 5mm squatesp The
resulting samples had a bulk electrical resistasfcabout 0.78m. The average solid-state

boron concentration of this material was reportgdtiee manufacturer to be about 5 x

44
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

10°%cm® as determined by secondary ion mass spectros@IMS). Prior to use, samples
were cleaned in 3:1 (v/v) concentrategdSi/H,0, (30%) for 15min, rinsed copiously with
Milli-Q water, and then slightly polished using diand paste (0;8n) to obtain a smooth

particle-free surface. Experiments were carriedooudlifferent samples with similar results.
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~~
>
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Q
k= .
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Figure 2.2 X-ray photoelectron spectroscopy (XPS) surveyaofhydrogen-terminated
boron-doped diamond surface.

Figure 2.3 shows a typical topographic tapping-mode AFM imagan oxidized polished
BDD interface. The high quality of the polishing idemonstrated by the Ilow
root-mean-square roughness of approximately 1 neweNheless, it is still possible to
differentiate some surface features in the topdgcapnage. From the AFM image, some
grain boundaries can be distinguished. A reasonthieaAFM image dsiplays these features
could be that different surface facets polish #edent rates; therefore, there are small height
differences on the sample. Finally, the particlsestsed in the lower part of the AFM image
in Figure 2.3 corresponds to an impurity on the surface. Indéedas observed that the
oxygen-terminated BDD electrode readily adsorbedunties onto its surface, most likely
because of its hydrophilic character.

Hydrogenation of the surface of these samples wa®nmed in an Ultra High Vacuum
UHV CVD chamber using the hot-filament chemical eramleposition mode (HF CVD)
elsewhere described [7]. The conditions were tHeviings: 100sccm kifor 10 minutes, P =
15mbar with tungsten filaments (two pairs of tuegsfilaments placed 5mm and 10mm

above the substrate, respectively) at 180W (ar@4%dK). The surface of the substrate was
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heated on the rear side by an infrared heaterdardo keep a constant temperature of 973K.

Following this treatment the sample was cooledtor temperature with hydrogen.
2.3.3. Hydrogen-terminated porous silicon substrate

Double-side polished Si(100) oriented p-type siicavafers (boron-doped, 1-®5cm
resistivity) were first cleaned in 3:1 concentratég50,/30% HO, for 20min at 80°C and
then sonicated in Milli-Q water for 10 min. The atewafers were immersed in 50% HF
aqueous solution for 1 min at room temperature @mave the native oxide. The
hydrogen-terminated surfaces were electrochemietijed in a 1:1 (v/v) solution of pure
ethanol and 50% HF for 5 min at a current density@nA/cnf. After etching, the samples

were rinsed with pure ethanol and were dried uadgream of dry nitrogen prior to use [8].

Figure 2.3. Tapping-mode AFM image of an oxygen-terminatedisgh@d polycrystalline
BDD surface (scan size: 14umx14um) [6].

2.4. Functionalization of the substrates

The cleaning procedure is an essential step tbwiir a very clean substrate. Impurities at
the surface would result in inhomogeneous immadtilen of recognition molecules and
insufficient reproducibility.

The standard cleaning methods of a hydrogen tetadnaoron-doped diamond surface is,
in general, sonication in isopropanol and waterSminutes each (2times) and blow-drying
with nitrogen. Whereas, for the cleaning of funectibzed boron-doped diamond surface
consists on stirring the substrate in a properesdlwn the orbital platform shaker, and if

necessary, an additional sonication step for 2mirsed.
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All the experiments were performed in a clean room.
2.4.1. Functionalization of oxygen-terminated borordoped diamond

2.4.1.1. Oxidation of hydrogen-terminated boron-dopd diamond
2.4.1.1.1. Electrochemical oxidation

Galvanostatic conditions were used to electrochaltyioxidize hydrogen-terminated BDD
in H,SO, (0.5M). The electrochemical conditions used wire0.1mA cni, t = 40min.
2.4.1.1.2. Photochemical Oxidation

A low pressure mercury arc lamp (UVO cleaner, N2-220, Jelight, USA) was used to
photochemically oxidize BDD samples in the presenteD, and HO. Light power is
1.6mwW/cnf.
2.4.1.1.3. Oxygen-plasma

The hydrogenated BDD samples were oxidized withgeryplasma for 1.5 min using a
Plasmalab 80 Plus (Oxford Instruments) instrumesmgithe following conditions: oxygen
flow: 20sccm; power: 100W; gas pressure: 100mT.
2.4.1.2. Modification of three kinds of oxygen ternmated boron-doped diamond
2.4.1.2.1. Silanization

The oxidized diamond surfaces were silanized in @lut®en of 3%
3-aminopropyltriethoxysilane (APTES) in methanoligra 95/5 (v:v) for 30min under
sonication The resulting surfaces were then wastidd methanol, water (two times), and
methanol, then dried under a nitrogen stream aralyiannealed at 110°C for 15min.
2.4.1.2.2. Esterification

The oxidized diamond surfaces were immersed in latiso of trifluoroacetic acid
(CRCOOH) (2mmol) andN, N'-decyclohexylcarbodiimide (DCC) (2.2mmol) in dry [3®
(10 ml), and 4Dimethylaminopyridine (DMAP) (45mg) was added. Reat was kept at
room temperature for 24h under nitrogen atmosphEne. resulting surfaces were washed
with dichloromethane (5min, 2times), ethanol (5n#times) and water, and then dried under
a stream of nitrogen.
2.4.1.3. Click chemistry
2.4.1.3.1. Azide termination

4-Azidobenzoic acid (2mmolN, N-Decyclohexylcarbodiimide (2.2mmol) and 45mg of
4-Dimethylaminopyridine (DMAP) were dissolved inr@Ddry tetrahydrofuran (THF). The
oxidized BDD (oxidation time is 55min, other conalits are same t.4.1.1.2 was immersed

in the solution and left at room temperature fon 24hder a nitrogen atmosphere. The sample

47
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

was removed from the solution, washed with THF ¢gntwice), dichloromethane (5min,
twice), ethanol (5min, twice) and finally with wat@nd then dried under a nitrogen stream.
2.4.1.3.2. “Clicking” ferrocene on azide-terminatedBDD surface

The azide-terminated BDD surface was immersed imlLBthanol-water (1:2) solution of
ethynyl ferrocene (2mM), CuSGH,O (10QuM) and sodium ascorbate (18@) and kept for
24h at room temperature. The resulting surfacewashed with ethanol and water, and dried
under a stream of nitrogen.
2.4.1.3.3. “Clicking” thiophene on azide-terminatedBDD surface

The azide-terminated BDD surface was immersed ml Eshanol/water (v/v=1/2) solution
of ethynyl thiophene (5mM), CuSGH,O (100uM) and sodium ascorbate (150uM) and kept
for 24h at room temperature. The resulting surfaas washed with ethanol and water, and
dried under a stream of nitrogen.
2.4.1.3.4. “Clicking” cyclophane on azide-terminatéd BDD surface

The azide-terminated BDD surface was immersed solation of6 (0.05g, 0.04mmol) in
DMF (10mL) at room temperature. Then Cul (0.8m@0@mmol, 10mol %) was added. The
solution was kept for 48h in the dark in a glove lamd the solvent was carefully removed
under high vacuum. DMF was added to remove unrdasti@ting materials. The resulting
surfaces were washed with THF and dried undereastrof nitrogen.
2.4.1.4 Esterification between hydroxyl groups ofxygenated boron doped diamond
(HO-BDD) and ionic liquid (IL)

lonic liquid (IL):1-(Methylcarboxylcacid)-3-octylimlazolium-bis (trifluoromethyl sulfonyl)
imide) (2mmol) andN, N’-Decyclohexylcarbodiimide (DCC) (2.2 mmol) were disgd in
dry DMSO (10 ml) as well as-Bimethylaminopyridine (DMAP) (45mg). Oxidized boron
doped diamond (oxidation time is 55min, other ctiods are same t@.4.1.1.3 was
immersed in the solution and left at room tempeeatar 24 h under nitrogen atmosphere.

The samples were washed with dichloromethane (5 2nimes), ethanol (5 min, 2 times)
and water, and then dried under a stream of nitroge

To verify for unspecific absorption of the IL, tsame experiment was carried out without
the addition of DCC and DMAP.
2.4.1.4.1 Anion exchange reactions

1-(Methylcarboxylcacid)-3-octylimidazolium-bis(thiforomethyl sulfonyl) imide) modified
BDD surfaces were kept in 200mM solution of NaBf water with constant shaking. After
48hours, samples were washed thoroughly with cepemount of water and dried under

nitrogen stream.
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The resulting surfaces were exchanged back by isingem a solution of @%LINO4S; in
water (200mM) with constant shaking. 48hours, teamples were washed as above. And
another three times were repeated alternatively byame way.
1-(Methylcarboxylcacid)-3-octylimidazolium-bis (iaoromethyl sulfonyl) imide) modified
BDD surfaces were also exchanged with other ansunsh as N© and Pk . Samples were
kept in 200mM solution of NaN£and NaPFEin water 48hours respectively, and then washed

as above.
2.4.2. Halogenation of hydrogen terminated boron-dqoed diamond

Cleaned H-BDD was immersed in flask with a solutainbenzoyl peroxide (0.1mmol)
(benzoyl peroxide was employed as a radical iit)aind either N-bromosuccinimide (NBS,
2mmol) or N-chlorosuccinimide (NCS, 2mmol) in 20mL anhydrou€l{ which had been
fully degazed with Mfor 20minutes. The resulting mixture was heate8QatC to activate the
radical initiator, and then kept for 3hours undetrogen atmospheraising standard
preparative Schlenk-line procedures. The samples suhsequently washed with GQ2min,
2times), ethanol (2min, 2times) and deionized wgerin, 2times) under agitation and dried
under a nitrogen stream.
2.4.2.1. Reaction halogenated boron-doped diamondr$aces with Grignard reagents

The chemical reactivity of the halogenated boropeatb diamond surfaces (Br-BDD)
was further investigated by exposing the bromindiedbn-doped diamond surface to a
Grignard reagent. A similar strategy has been teplofor the alkylation of chlorinated
diamond [9] and Si surfaces [10The Br-BDD was immersed in an anhydrous THF
(20ml) and 10ml of 1M gH>1MgBr in diethyl ether. The mixture was heated unad#iux
for 72h in a constant temperature bath set at 80f@&r a nitrogen stream using standard
preparative Schlenkline procedures. The resultuingase was rinsed at room temperature
with 1% CRCOOH solution in THF (2min, 2times), deionized waf2min, 2times) under
agitation, and sonicated in methanol (2min, 2tirees] dried under a stream of nitrogen.
2.4.2.2. Reaction of the brominated boron-doped dmond (Br-BDD) with sodium azide

Brominated boron-doped diamond (Br-BDD) and a sdé&at solution of NajNin 20mL
anhydrous dimethylformamide (DMF) were placed iatdlask under B atmosphere using
standard preparative Schlenk-line procedures. 3diigtion was kept at 80 over night. The
sample was removed from the solution, copioushsath with anhydrous DMF (2min,
2times), deionized water (2min, 2times) under &igita followed by drying under a nitrogen

stream.
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2.4.2.3. Azide-alkyne Huisgen cycloaddition reactiobetween ethynyl ferrocene and
azide-terminated boron-doped diamond (N-BDD)

The “click” reaction between the azide-terminateasrdn-doped diamond @NBDD)
surface with ethynyl ferrocen was carried out imaebl/water (5mL/10mL) solution
containing 5mM of ethynyl ferrocene, 150uM of sadivascorbate and 100uM of
CuSQ-5H,0 (to generate a catalytically active Cu(l) spekidde reaction was run for
24h under inert atmosphere at“&0 The surface was removed from the reaction mextur
and washed in de-ionized water and ethanol undigatean conditions (2times for 5min

each) and blow-dried under nitrogen stream.
2.4.3. Functionalization of porous silicon surfacewith thiophene groups

2.4.3.1. Amine termination

The hydrogen-terminated porous silicon (PSi) sw$awere first oxidized in the following
sequence: UV/ozone treatment for 40min followedrbgnersion in a piranha solution for 30
min. Surface amination was performed by reactiorthef oxidized PSi surface with 3%
aminopropyltrimethoxysilane (APTMS) in methanol/e@t95/5 (v/v) for 60 min under gentle
shaking. The resulting surfaces were then washeld methanol, water (two times), and
methanol and finally annealed at 120°C for 20min.
2.4.3.2. Azide termination

4-Azidobenzoic acid (2mmol) andN, N-Decyclohexylcarbodiimide (2.2mmol) were
dissolved in dry DMSO (10ml). The aminated PSi acefwas immersed in the solution and
left at room temperature for 24 h under nitroganasphere. The sample was then washed
with dichloromethane (5min, 2times), ethanol (5nZtimes) and finally with water, and dried
under a stream of nitrogen.
2.4.3.3. “Clicking” thiophene on azide-terminated ISi surface

The azide-terminated PSi surface was immersed il £hanol/water (1/2: v/v) solution
of ethynyl thiophene (5mM), CuSGH,O (100uM) and sodium ascorbate (150uM) and kept
for 24 h at room temperature. The resulting suriaas washed with ethanol and water, and
dried under a stream of nitrogen.
2.4.3.4. Polymerization of the surface linked thiolpene units

Galvanostatic electrochemical polymerization of thieophene-modified PSi was
performed in dry CECN/0.1M BuNBF, solutions with and without addition of 0.1M

thiophene by applying a constant current of 1 mA®Zcfor 40 min. The resulting
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polythiophene films were characterized using cyebtammetry in CHCN/0.1M BuNBF,
at 20mVs'.

2.5. Surface characterization

2.5.1. Contact angle measurements

We used a remote-computer controlled goniometeaesy$DIGIDROP by GBX, France)
for measuring the contact angles. Contact angle® weeasured from sessile drops by
lowering a LL drop suspended from a fine, blunt syringe needi® the surfaceysing an
optical subsystem to capture the profile of a digeid on a solid substratd-igure 2.4A).
Both sides of the drop were measuré&ig(re 2.4B). This was repeated three times and
averaged to obtain contact angle for the surfabe.dccuracy is £2°. All measurements were
made under ambient atmosphere at room temperaindethe water used for contact angles

measurement was deionized and filtered throughligobtie-Q system.

(A) (B)

AG:: 98.6" AD:: 98.6"

Figure 2.4.Lower a drop on a solid substrate (A) and meason¢act angle (B)

2.5.2. X-ray photoelectron spectroscopy (XPS)

Before transfer to the XPS analyzer, the sample® wased in deionized water for 30s,
and then handled under a water drop protectionréefioied under an argon steam. XPS
measurements were carried out on a VG 220i XL systeth a base pressure of 5x4trr
and using the Alld (1486.5eV) X-ray monochromatized radiation withass energy of 200r
8eV (resolution 0.2eV). Energy levels of XPS wesadilbrated with Au single crystal. The
spectra were processed using the VG Eclipse Dataray

2.5.3. Electrochemistry

51
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

All electrochemical experiments were performed gsam Autolab potentiostat 30 (Eco
Chemie, Utrecht, The Netherlands). The sample wasted in a PTFE holder with a copper
contact. Electrochemical experiments were perforosdg a classical three-electrode device
with a platinum wire was used as counter electasteBDD as working electrode.
2.5.3.1. Electrochemistry conditions used in Chapte3

Capacitance-voltageCfV) measurements have been carried out 8@ (0.5M) using a
Fabelle-CNRS potentiostat, and a lock-in ampli{fe& and G5208). The frequency was set
at 1107Hz. Cyclic voltammetr{l-V) measurements were performed with two redox couples
Ce"** (10mM) and [Fe(CNJ*™* (10mM) in 0.5M HSO.. A mercury sulfate electrode (MSE,
E° = 0.4 vs. SCE) was used as reference.
2.5.3.2. Electrochemistry conditions used in Chaptet

Measurement for azide terminated BDD was exploitedan aqueous solution of
Fe(CN}* (10 mM) and KCI (0.1M) in dry acetonitrile, ferreme terminated BDD was
studied in an electrolyte solution (0.1M) preparddom tetraethyl ammonium
hexafluorophosphate (TEABFand dry DMF, while investigation fayclophane terminated
BDD was in dry acetonitrile (0.1 M BNMPF;). Electrochemical thiophene polymerization
was carried out in an acetonitrile/ 0.1 M LiGl@lectrolyte solution with or without the
presence of thiophene monomer (0.2 M) by sweeiagbtential between -0.2 V and +2.0 V
vs. Ag/AgCl at a scan rate of 100 mV.s

An Ag/AgCl reference electrode was used. The smtutvas purged with nitrogen prior to
recording the electrochemical data, and all measemnés were recorded under a nitrogen
atmosphere.
2.5.3.3. Electrochemistry conditions used in Chapté

All potentials were relative to the 0.01M Agg system in acetonitrile (+ 0.29Vs.
saturated calomel electrode). Cyclic voltammédtry) measurements were performed in an
aqueous solution of 10mM Fe(C&)in 0.1M KCI. Electroactive windows of BDD
electrodes were checked in KCI (0.1M) water solut@fore and after functionalization.
2.5.3.4. Electrochemistry conditions used in Chapté

We studied the electrochemical properties of théodgenated BDD surfaces using
[Fe(CNY]*"™ as the redox couple in solutiohE curves recorded on H-BDD, Br-BDD
and CI-BDD electrodes were studied in an aqueolistisn of 10mM Fe(CNg", 0.1M
KCI in deionized water. Electroactive windows of Blelectrodes were checked in KCI
(0.1M) water solution before and after halogenatidiectrochemical properties of

ferrocene terminated BDD wermvestigated in a solution of 0.1M tetraethyl ammnuom
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hexafluorophosphate (TEARFN DMF. An Ag/AgCl reference electrode was used.
2.5.4. Scanning electron microscopy (SEM) imaging

SEM images were obtained using an electron micpesddLTRA 55 (Zeiss, France)
equipped with a thermal field emission emitter dhcke different detectors (EsB detector
with filter grid, high efficiency In-lens SE detect Everhart-Thornley secondary electron

detector).
2.5.5. Atomic force microscopy (AFM) imaging

The samples were imaged with a Dimension 3100 méEM (Veeco, Santa Barbara, CA)
equipped with a Nanoscope IV controller (Digitastuments) with a C-AFM apparatus.
Platinum/iridium cantilevers (CONTPt-20 tapping regabint probe, Nanoworld) with force
constants of~0.2N thand resonant frequencies of ~13 kHz were usegiftgpmode). A bias
voltage was applied to the sample from the AFM waaler, and the tip was at virtual ground.
Current voltage curves were recorded using a sepBr¥aQ card (DT 306, Data Translations)
and software. No current-limiting resistor was atlttethe circuit.
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CHAPTER 3

OXIDATION OF HYDROGEN TERMINATED BORON DOPED
DIAMOND ELECTRODES

3.1. Introduction

For a long time, the surface of diamond was comsttleas chemically inert to most
reagents, posing difficulties to its chemical fuocalization. The last fifteen years, however,
have seen a substantial progress in the developohepecific chemical, photochemical and
electrochemical surface modification methods fag thtroduction of different functional
groups [1]. This was facilitated by protocols tledidize a diamond surface to obtain an
OH-termination without forming graphite and loositg superior properties of diamond. As
the simplest and most effective surface structuogification, surface oxidation treatment
makes great interest since the resulting oxidizethse is highly stable and can be recovered
only by hydrogen plasma treatment at elevated temtyoes [1]. Furthermore, the presence of
oxygen on the diamond surface has a significamientce on the chemical reactivity [2, 3],
electrical conductivity [4, 5], field emission [B] and Schottky barrier heights [8].

Various conditions for the oxidation reaction ofihggen-terminated diamond surface were
reported in the literature including thermal [9-1flasma [8, 12], electrochemical techniques
[14, 15], singlet oxygen [16] and ozone treatmdig, [14, 16] cheme 3.1) There is only
one report using photochemical conditions for stefaxidation [14]. It consists on the
irradiation of hydrogen-terminated polycrystallidgamond with vacuum ultraviolet light
(VUV) at A= 172nm for 3h in the presence of &hd HO. The generated surface hydroxyl
groups were coupled with p-aminophenyltrimethoxas#d to yield an organic layer
terminated with amino groups.

It was demonstrated that the chemical compositibrihe oxidized diamond depends
strongly on the method used for surface oxidatiotihe initial hydrogen-terminated diamond
surface. For example, thermal oxidation of hydreggminated diamond under various
conditions showed a surface composition dominate@ther (C-O-C) and carbonyl (C=0)

groups. On the other hand, electrochemical anadizatr plasma treatment of diamond
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surface generates surface termination composedtheir €C-O-C), carbonyl (C=0), and
hydroxyl (OH) groups. The presence of the surfagdrdxyl species was demonstrated by
further coupling of the oxidized surface with alikidhlorosilanes [21] and biotinylated esters
[22].

Recently, our group has reported on the photochenoixidation of hydrogen-terminated
boron-doped diamond (BDD) surfaces in ambient singia low pressure mercury arc lamp
[14]. The Technique is easy to carry out and offis possibility for surface chemical
patterning [23]. The resulting surface was charamsd using X-ray photoelectron
spectroscopy (XPS) and cyclic voltammetry. XPS ysialsuggested the presence of ether
(C-O-C), carbonyl (C=0), and hydroxyl (OH) groupkhe oxidized surface served as a
starting point for the preparation of biomoleculaterfaces with high stability and excellent
biomolecular recognition properties [23, 24]. Ferthore, the formation of self-assembled
monolayers (SAM) is possible similarly to the wielewn procedures on oxide surfaces [14,
25, 26].

H H

H O o OH
‘ oxidition I |
BDD > BDD

Thermally
Photochemically
Electrochemically
Plasma techniques

Scheme 3.1.Schematic illustration of the oxidation reactioh lydrogen-terminated
boron-doped diamond surface using different means.

No real attempt has been made in the literaturé notv to compare different oxidative
approaches adequately. The formation of hydroxguigs is for the most part desired, as well
known chemical routes can be used to link funcliggraups to -OH units. However, the
different oxidative methods proposed give no recemdation in terms of the amount of

hydroxyl groups formed on the surface.

3.2. Objectives

This chapter is to compare the surface propertiebs give qualitative and quantitative
information about the different surface functioneiied on moderately boron doped diamond
interfaces oxidized using three different approachg electrochemical oxidation through
anodical polarization, (ii) photochemical oxidatiaith a UV/ozone lamp and (iii) oxidation
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using oxygen plasma.

X-ray photoelectron spectroscopy (XPS) and Mottedtly analysis were used to
characterize the differently oxidized interfaces. the study, assuming the existence of
hydroxyl groups on oxygen terminated diamond etetsrsurfaces, we have sought to modify
the three different interfaces chemically with a lars¢ coupling agent-
3-aminopropyltriethoxysilane (APTES) (as shownSoheme 3.2 and trifluoroacetic acid
(CRCOOH) (as shown ilscheme 3.Bto verify the difference in terms of grafting déy,
which is linked to the presence of C-OH groups aatdreactive with carbonyl, carboxyl, or

ether groups.

H,N

OH OHOH /%i\
O O

O
& APTES, methanol/water ﬁ

Scheme 3.2.Schematic illustration of the silanization reasti@f oxygen-terminated
boron-doped diamond surface using APTES.

O\/CF3

OH OHOH CF3

‘ o7 O
BDD ~F BDD
DMSO.DMAP .DCC

Scheme 3.3.Schematic illustration of the esterification reanti of oxygen-terminated
boron-doped diamond surface using trifluoroacetid.a

3.3. Results and discussion

3.3.1 Electrochemical Oxidation

For electrochemical oxidation in,HO, (0.5M), a model was proposed by Ch. Comninellis
et al. [27] (as shown iBcheme 3.3
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— BDD
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H++i.‘_ '__/':/ *0+H +e
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BDD(OH")
L]

J
1L CO+ H Y+ e

Scheme 3.4A proposed model for electrochemical oxidatiotg$ O, (0.5M)
According to this model, the first step is watesafiarge on BDD with the formation of
hydroxylradicals équation 3.)):

H,O —» OH- +H + ¢ (3.1)

The electrogenerated hydroxyl radicals can be wraain three parallel reactions:
(i) Oxidation of supporting electrolyte: In the ea®f HSO, supporting electrolyte,
electrogenerated hydroxyl radicals react with sudfuacid giving peroxodisulfuric acid

(equation 3.2:
2H,SO, + 20H- —® HS,05 + 2H,0 (3.2)

(i) Oz production: A further possible reaction of OHe agidation to atomic oxygen
(equation 3.3 followed by formation of ozonee@uation 3.4 or evolution of oxygen

(equation 3.5:

OH- — > O-+H+6 (3.3)
0-+Q > o, (3.4)
20 e (3.5)

A similar mechanism involving adsorbed hydroxylicads was proposed by Babak et al.
[28] for ozone evolution on PBbCelectrode. The fact that boron doped diamond geves
current efficiency for ozone evolution lower thab@3 can be explained by the different
adsorption properties of BDD and Pb@lectrode surfaces. In fact, ozone evolution is

favoured by the adsorption of hydroxyl radicals thle anode surface, as occurs on the
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hydrated surface of lead dioxide, while on boropetb diamond, which is well known to
have an inert surface, OHe radicals are very weadsorbed.

(iif) BDD corrosion: Another possible reaction patty for the electrogenerated hydroxyl
radicals is the combustion of BDD to gQquation 3.9 during the anodic polarisation at

high current density [29].
Cepp+20OH- —» CQ+ 2H" + 2¢ (36)

The effect of anodic and cathodic treatments onctierge transfer rate of boron doped
diamond electrodes have been shown recently bygrting of Simon and Etcheberry [30-32].
They demonstrated using XPS analysis that as-deposiighly-doped (1¥cm® BDD
electrodes contain a small amount of oxygen (4-5&hjich strongly increased (20%) after
mild anodic treatment in $0;,. High-resolution XPS of the C1s spectral regioovekd that
after electrochemical oxidation, next to the bukkndond component at 284.4 eV, oxygenated
carbon species appear at 3.2 to 5eV higher eneaigésvere attributed to C=0 (8%), as well
as at 1.6 to 2eV higher energies linked to C-O (L2¥6ups. FromC-V measurements,
where a displacement of the flat band potentiahtoe positive values was obtained, it could
be concluded, that the increase in oxygen funclitbesis mainly due to C-O functionalities
like hydroxyl or ether groups rather than C=0 g (garbonyl or carboxylic) [32].

Previous works have shown that moderately dopettrelies are the most affected by the
elimination of hydrogen and thus the removing & @+H superficial conductive layer [33]
which is a crucial point for BDD physicochemicaloperties. However, the use of
electrochemical oxidative methods is limited to tts® moderately to highly doped diamond
interfaces. A more general approach for the oxaahatif diamond is based on photochemical
or plasma based techniques. Both techniques ageesting as they allow the patterning of
diamond interfaces as demonstrated by us and off2drs 34-35]. The present work
investigates quantitatively and qualitatively tbenfied surface functions using photochemical
and oxygen plasma oxidation and compares it wighellectrochemical technique. The focus

will be mainly on the formation of hydroxyl groufis the use in further chemical approaches
3.3.2 Investigation of photochemical oxidized dianmal

Principle of UV/ozone has been depicted in appenticcording to it, we can deduced that
after hydrogen terminated boron doped diamond reldes were placed on the sample stage,
some reactions in reaction chamber for the formabtb hydroxyl terminated BDD were

carried out as followsequation 3.7-3.1):
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3.3.2.1 Contact angle measurements

Among the macroscopic surface parameters whichbeasensitive to surface chemistry,
wettability is particular interesting. The naturé d@iamond surface termination can be
revealed by its hydrophobic or hydrophilic charactelydrogen-terminated diamond is
hydrophobic with a contact angle 91+ZFidure 3.1); while oxygen-terminated diamond is
know to be hydrophilic. The formation of oxygen étionalities on H-BDD can be thus
revealed by a modification of the surface wettapilFigure 3.1 shows the change in water
contact angle when moderately doped H-BDD was pih@mical oxidized with a UV/ozone
lamp with a power output ¢f=1.6mW cn?. The first 15minutes show a progressive decrease
of the water contact angl@ and points towards an evolution of the surfaceperies of
H-BDD. Thereafter, water contact angkmains almost constant at 32+3° for the next 10
minutes, before it decreases further to a contagleaof 6+2°. The evolution of the surface’s
wettability is generally linked to a change in eitthe chemical or morphological properties.
In general, it is claimed that the contact anglesgaeater on rough surfaces than on smooth
surfaces [36, 37].

O, +hv— 20 (3.7)
0,+0- —>» Q (3.8)
Os+hv —»0, + O (3.9)

BDD-H + O- — BDD- + OH—% BDD-OH (3.10)

O;+0-—» 20 (3.11)

To exclude any morphological changes, SEM measuresm&ere performed on BDD
before and after photochemical oxidatiéigure 3.2 shows that photochemical oxidation for
55 min have no significant effect on the surfacephology of diamond, both the two types
of BDD surfaces have complete crystal grains aedrajrain boundaries.

Atomic force microscopy (AFM) images representedrigure 3.3 directly provide the
surface morphology, which qualitatively show thebdity in surface roughness with
photochemical oxidation for 5min, 10min, 15min, &fmin in agreement witim situ SEM
measurements.

In order to overcome the coincidence caused bylssnah size, more detailed roughness
characterization was performed, as showmable 3.1 the data for the root-mean-square

(Rms) roughness as well as average roughness @p@nd significantly on the scanning
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range and the surface features. Oxygen termindett@e surface roughness is a little larger
than the hydrogen terminated one, which could hebated to the action of etching
non-diamond phase at the grain boundaries. As alewhbere is little variation in
morphologies of the different surfaces, under saoam size, both of Rms and Ra are stable,
especially while AFM scan size is 5pm.Consequentig, wettability evolution can be only
attributed to a chemical evolution of the surface.

100l T I I 1 I
80 i‘.. |
R
2 60 .
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ol
g 40| |
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Figure 3.1. Change of water contact angle on BDD surface aanatibn of successive
photochemical oxidation with a UV/ozone lamp ath®/ cm?,

Figure 3.2.SEM images of H-BDD and after 55 min oxidation witk'/ozone.
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Figure 3.3. AFM images characterizing the surface roughness raarphology. Z-axis is
250nm/div, X-axis and Y-axis both are 0.2um/div.) (M-BDD (B)HO-BDD after
photochemical oxidation 5min (C) HO-BDD after phdtemical oxidation 10min(D)
HO-BDD after photochemical oxidation 15min (E) H@B after photochemical oxidation

55min (F) HO-BDD after plasma oxidation 1.5min.

Table 3.1.Characterization of surface roughness, AFM scaaisi brackets.

sample Rms(Rq)(nm) Ra(nm)
H-BDD 27.548(1pum) 22.482(1um)
40.239(2um) 31.542(2um)
62.919(5um) 50.556(5um)
O-BDD-5 27.553(1pum) 22.061(1um)
43.900(2um) 35.342(2um)
64.528(5um) 52.290(5um)
O-BDD-10 32.669(1um) 26.621(1um)
50.794(2um) 39.286(2um)
61.128(5um) 49.456(5um)
O-BDD-15 35.702(1um) 28.323(1um)
47.492(2um) 39.964(2um)
58.889(5um) 48.599(5um)
O-BDD-55 38.121(1pum) 30.924(1um)
46.784(2um) 37.998(2um)
58.630(5um) 48.40(5um)
O-BDD-plasma 40.293(1um) 32.082(1pum)
45.144(1um) 35.926(1um)
61.022(1um) 49.809(1um)

3.3.2.2 Electrochemical Characterization
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The electrochemical window of a substrate is théage range between which the
substrate doesn't get oxidized nor reduced. Thgeras important for the efficiency of an
electrode, out of this range, water gets electemlysspoiling the electrical energy that is
intended for another electrochemical reactibigure 3.4 shows electroactive windows of
H-BDD and photochemical oxidized 55min oxygenatddDB There is an obvious change
after phochemical oxidation, oxygenated BDD hasewielectroactive window, which is in

agreement with the results published by A. Fujishenal. [38].
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Figure 3.4.Cyclic voltammograms of BDD electrodes in an agusesolution of KCI (0.1 M):
H-lBDD (curve 1), UV/ozone treatment for 55 min aseb-BDD (curve 2); scan rate: 50 mV
S

C-V measurements are like contact angle measuremerkisdlito the electrode/liquid
propertiesFigure 3.5A shows Mott-Schottky plots of H-BDD over a potehtenge of 1.2 V
in 0.5 M H,SO,. The linearC%V measurements performed on H-BDD are very repradici
and indicate the apparent space charge demgidyand the apparent flat band potentiaid)
values, which are approximatelErs=1.2+0.1V/MSE and Na=(3.35+2.5)x16%cm?,
Photochemical oxidized BDD interfaces show the sdo#é-Schottky behaviour as H-BDD
without significant change in the slope and thus d@ipparent space charge dendtigure
3.5B shows representative Mott-Schottky plots for H-BBI after photochemical oxidation
for 15min andTable 3.2 summarizes the determindgkg and N5 after the successive
oxidative treatments. As discussed by Simon e gpsitive shift inErg is characteristic to
the formation of C-O functions on the surface of BDather than C=0 [26]. Short
photochemical oxidation (15min) shows anodicallyfted Erg and is indicative for the
formation of mainly C-O. After 55min is the potaiticathodically shifted and indicates the

formation of other functionalities.
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To complete the electrochemical characterizatibhscurves have been also performed on
the different interfaces using two different redonediators, C&"** and [Fe(CNg]*’* (Figure

3.6).
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Figure 3.5. Mott-Schottky representation€ f (E) in H,SO, (0.5M) at five different

moderately doped H-BDD interfaces (A) and after d¢he treatment| of one H-BDD @)
interface for 15min (B)

Table 3.2.Determined flat band potential (EFB) and appaspatce charge density (NA) for
H-BDD, electrochemically (O-BDD-EC), photochemiga{O-BDD-x, x = 5, 10, 15, 55) and
oxygen plasma oxidized BDD (O-BDD-plasma)* difficth measure

sample oxidation | - Ers/ Na/ cm® AE, AB,
time / min VIMSE x10" ;(\Z/e ) ET(CN}; 1
H-BDD - 90 1.20+0.05 | 3.35+2 0.67 0.60
O-BDD-EC 40 15 2.4+0.05 3.35%2 2.9* 4*
O-BDD-5 5 68 1.33+0.05| 3.35+2.5 1.16 1.42
O-BDD-10 10 49 1.30+0.05| 3.35+3 0.74 0.21
O-BDD-15 15 37 1.30+0.05| 3.35%2 0.81 0.27
O-BDD-55 55 5 0.94+0.05| 3.35+2 1.51* 1.15*
O-BDD-plasma| 1.5 10 1.56+0.05| 3.35+2 3.26 2.69
64
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Figure 3.6. Experimental voltammetria-V curves for as-deposited BDD (black) and
photochemically oxidized diamond at different tim&smin (grey), 10 min (grey dotted),
15min (black dotted), 55 min (black dash-dot): @¢"*** (10mM) in 0.5M HSO, and (B)
solutrirc%)n: Fe(CNy* (10mM) in KCI (0.1M)/water, scan rate = 0.1V sgeometric area =
0.1c

The C&"** redox couple has a high redox potenti&l € 1V/MSE) close to the anodic
limit of the diamond window and is known to be adcelectrochemical probe to study the
consequences of the superficial layer modificatiohBDD electrodes. The electron kinetics
of the inner-sphere redox mediator [Fe(gRf" is highly sensitive to the diamond
termination as the reaction appears to proceedigira specific surface site. In both cases, a
strong decrease of the charge transfer is obsefted treatment of H-BDD for 5min with
UV/ozone (Table 3.2. After 10-15min the charge transfer kinetics iswkver largely
enhanced. This behaviour can be linked to the rltron of C=0 and/or to an amelioration
of the g conductivity character of the superficial C-H lay®verall, this indicates that there
are still C-H presents on the surface after 15miidaiion. After 55min has the
electrochemical behaviour finally changed dradiycal Completely irreversible
electrochemical behaviour is observed with bothiateds. This indicates that the superficial
surface conductivity has completely disappearee. [otv contact angle of 5° is coherent with
fully oxidation of the BDD interface.
3.3.2.3 XPS analysis

To get a qualitative and quantitative idea aboeatfttimed oxygen functionalities XPS was
performed on the different BDD interfac&sgure 3.7 shows XPS spectra of the C1s spectral

region for as-grown diamond and for photochemicadiaed BDD for 55min.
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Figure 3.7.C1s XPS spectra of H-BDD before (A) after photautwal oxidation 55 min (B)
and after O2 plasma (C).

The XPS spectrum of as-grown BDPBigure 3.7A) is in accordance with XPS results
performed of H-terminated moderately doped micrsialjine diamond [39]. The Cls peak
exhibits two main components at 283.8eV (C-1) addl.2eV (C-2) attributed respectively to
hydrogenated and non-hydrogenated diamond suifaeeto air exposure, the XPS spectrum
of diamond exhibits additional components at higheergies. The peak at ~ 286eV (C-3) is
assigned to hydroxyl (-OH) or ether (O-C-O) grouphjle peaks at higher energy (~287 to
288eV, C-4) are attributed to carbonyl, carboxgliester carbon species (C=0).

Table 3.3resumes the O/C+0O atomic concentrations ratiosulzied from well defined
Cls and O1s core level spectra, respectively ab284and 532.5eV. The initial O/C+0O ratio
iIs 9 % for the as-grown sample. After 5min photeooloal oxidation the O/(C+0O) ratio has

increased to 15%, with mainly an increase of th® Centribution and keeping the C=0
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content constant. The increase of C-O functioms &cordance with the anodic displacement
of the flat band potential and the decrease inamtrangle Table 3.2.

Continuing photochemical oxidation results in ardase of the overall oxygen content due
to a decrease in the C=0 surface together withreomincreased in the C-O amount and of
component C-1. The increase of C-1, linked to @anease of thp™ conductivity character of
the superficial C-H layer, might be also resporesior the highly accelerated charge transfer

kinetics on these surfacekaple 3.2.

Table 3.3. Proportions of each Cls contributions obtainedplegk fitting for H-BDD,
electrochemically (O-BDD-EC), photochemically (O-BEx, x = 5, 10, 15, 55) and oxygen
plasma oxidized BDD (O-BDD-plasma)

Sample co / C1/% C-2/% C3/% C-4/ % O/C+O)
%
H-BDD - 45 45 7 4 9
O-BDD-EC - 10 71 14 5 18
O-BDD-5 - 64 21 10 5 14.7
O-BDD-10 - 56 32 11 1 10
O-BDD-15 - 65 21 13 1 13
O-BDD-55 - 23 43 29 5 23
O-BDD-plasma 9 18 61 6 5 12

Photochemical oxidation for 55 min results in ayvdifferent C1s spectrum, being much
broader and shifted to lower energi€sg(re 3.7B). The O/(C+QO) ratio is largely increased
which is coherent with the low contact angle of 5This indicates that the superficial
hydrogenated layer is mainly destroyed as indichieldvV measurements with redox couples
and seen in a decrease of the C-1 component. Aattimeic ratio of O/C+0O (23%) is to a
much smaller than the ratio [Ge3)+C-4c=0)/Ciotal (34 %0) it can be concluded that O-C-O
groups rather than C-OH groups are formed by thiglation process. In a comparison,
electrochemical oxidized diamond showed a O/C+Q8&% and a [C-3-oytC-4c=0)/Crota
of 19 %, pointing towards preferential formation@OH over O-C-OTable 3.3.

3.3.3 Investigation of oxygen plasma oxidized diama

According to the chapter 2, formation of hydroxgkrminated BDD can be depict by
equation 3.12-3.14 As-deposited BDD samples were oxidized with oxyg#asma for
1.5min. The water contact angle determined wasaft@f this treatment. The plasma oxidized

interface showed a significant change in its etettemical behaviour.

67
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

Figure 3.8 shows Mott-Schottky antlV plots of oxygen plasma treated BDD. The slope
has significantly increased with a flat band patdnpositively displaced by 0.460V. This
behaviour is in agreement with the formation of Ge@ctions. The electrochemical charge
transfer rate is decreased as observed for phatochkoxidized BDD interface for 55min.
XPS analysis shows however rather different charetics. The increase of oxygen
functions is rather low after oxygen plasma treatihveith an O/(C+0O) ratio of112%, much
lower than after electrochemical and photochem@madation. In addition, a new carbon
component at low energy, 283.4 (C-O) is obserfgduie 3.7C). This component is related
to the formation of sp2 carbon and indicates thafgen plasma treatment results in partly

graphitization of the surface.

0,+0" —» 0, + O (3.12)
O,  +6 —» 20- (3.13)

BDD-H + O-—» BDD- + OH—>» BDD-OH (3.14)

3.3.4 Silanization of the three interfaces

The amount of formed hydroxyl groups on diamondriportant for consecutive surface
functionalization based on C-OH chemistry. The @ad diamond interfaces were reacted
with 3-aminopropyltriethoxysilane (APTES) and claesized by XPSKigure 3.9).

Survey of the hydrogen terminated BDD surface shgwignals due to C 1s at 285 eV and
Ols at 532.6 eV, respectively. The origin of thggen peak is not clear. It could be assigned
to surface contamination or to interstitial incargt@mon within the C-C backbonds during
sample growth (originating from boron oxide useddoping) or to surface partial oxidation.
After photochemical oxidation in air, an increask tbe signal of Ols was observed,
consistent with surface oxidatiodrigure 3.9b). Additional peaks due to N1s and Si2p
(absent in the oxidized BDD surface XPS survey) amdlative increase of Ol1s signal were
observed when the oxidized BDD surface was reauwtitd APTES Eigure 3.99. The
increase of the Ol1s signal was not expected shmeedaction of the oxidized BDD surface
with APTES should take place without any oxygeromoration according t8cheme 3.2

Figure 3.10A displays the high-resolution XPS spectrum (carlidbs peak) of the
hydrogenated BDD surface. The Cls spectrum disptaysasymmetric peak with a tail
between 286 and 287eV, which is a good indicatibthe presence of C-O groups and/or
amorphous carbon at the grain boundaries. Aftetqam@mical oxidation 55min, the XPS

spectrum displays three signals due to C1s fronbtitle and from the surface C-O features at
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285, 286.4 and 288.5eV, respectiveygure 3.108. Based on the diamond structure, it is
expected that the $£-H bonds on the (111) facets will be terminatéthmydroxyl groups
while the CH groups on the (100) facets will be transformedadbonyl and ether functional
groups. The signals from the surface hydroxyl atigeregroups are undistinguishable. An
additional peak at 284eV due to C-Si was obsenfst aoupling of the surface hydroxyl
groups with aminopropylsilane molecules. Moreoweenet increase of the signal at 286.4eV
was observed, which results most likely from C-Morporation on the surface and is in

agreement with the chemical composition of therdlfegure 3.100.
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Figure 3.8. (A) Mott-Schottky representation C-2= f (E) in,$0, (0.5 M) at moderately
doped H-BDD before &) and after oxygen plasma oxidatiow);( (B) Experimental
voltammetric i-E curves for H-BDD (black) and aftexygen plasma oxidation (grey);
(B-1eft) C&*** (10 mM) in 0.5 M HSQ, and (B-right) solution: Fe(CNY (10 mM) in KCI
(0.1 M)/water, scan rate = 0.1V}, sgeometric area = 0.1ém
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Figure 3.9. XPS survey of hydrogen-terminated boron-doped drairsurface before (a) and
after photochemical oxidation 55min in air (b); fage (b) after chemical reaction with
aminopropyltriethoxysilane (APTES) (c).

The O/N and Si/ N ratios are reportedlable 3.4 In all cases is the obtained Si/N ratio of
1.2 slightly higher than the expected ratio of fafa formed monolayer and indicates that
some dimerization or even polymerization has takéacte. However, the Si/N ratio is
comparable on all samples. The concentrations ofiddsured after the silanization of the
different oxidized samples are givenTiable 3.4 As the [N] value is linked to the amount of
grafted molecules on BDD surface, it could be remti¢chat the photochemical treatment
(5min) and the electrochemical anodization give Hest results, while oxygen plasma
appears to be the less competent method. The secheween the lowest [N] value (2.4% for
oxygen plasma) and the largest recorded (3.5%rfon photochemical) i§IL.5times.

The N/O ratio is also worthy of interest as it siothie “efficiency” of the silanization
reaction. It varies from 0.18 for the anodised dantp 0.28 for the sample photochemically
oxidized during 5min, indicating that the UV metha the more adapted for surface
functionalization. However as the treatment timethed photochemical oxidation increases,

one notices a decrease of the N/O ratio which atdithat even though the contact angle is
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decreasing the amount of hydroxyl group is not wwpd, but rather replaces by C-O-C

groups. After oxygen plasma treatment the rather @/(C+0O) ratio results in a lower N/O

ratio indicating that this method is less adaptedtie formation of oxygen and also hydroxyl

functions. The increase between the lowest N/ r@ikygen plasma and electrochemical

oxidised one) the largest recorded (5min photocbabnis[1L.5 times.
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Figure 3.10. High-resolution XPS spectra of Cls of hydrogemdieated boron-doped
diamond surface before (A) and after photochemisadlation in air (B); surface (B) after
chemical reaction with aminopropyltriethoxysila#dPTES) (C).
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Table 3.4.Quantitative results from XPS analysis of diffetemixidized interfaces.

sample Cis/% O/ %  Nis/% Sip/% N/O Si /N

O-BDD-EC 75 18 3.2 3.8 0.18 1.18
O-BDD-5 80.2 12.4 3.5 3.9 0.28 1.11
O-BDD-10 81.92  11.48 2.87 3.73 0.25 1.29
O-BDD-15 79.28  13.52 3.10 4.10 0.23 1.32
O-BDD-55 79.52  14.06 2.81 3.61 0.20 1.28
O-BDD-plasma  82.0 12.3 2.40 2.90 0.19 1.21

3.3.5 Esterification of the oxidized interfaces

For further investigation of hydroxyl groups on tkdferently oxidized surfaces, an
esterification reaction with GEOOH was performed. The resulting surfaces were
characterized by XPS and the XPS analysis of diffdy oxidized interfaces after
esterification is shown iffable 3.5. F1ls peaks located at ~688eV (absent in the H-BDD
surface XPS analysis) were observed on all oxidigedaces attributed to successfully
covalent linking of CECOOH on BDD surfaces. Further more, as the treatrn@e of the
photochemical oxidation increases, an increasenefRls signal which indicates that the
amount of hydroxyl group is improved in accord withatment time in disagreement with the
results above. An increase of the signal of O kepked in all cases due to surface oxidation
and covalent linking of GJEOOH can be readily understood. At. % of O1l1s oftpbleemical
oxidized BDD surfaces varies from 7.65% (oxidized3min) to 9.57% (oxidized for 55min),
while there is a big leap from treated 10min to &bnThis indicates that the longer
photochemical oxidation time, the bigger amount gety on CECOOH modified BDD
surfaces, consistent with the results above.

Table 3.5.Quantitative results from XPS analysis of H-BDD athfierently oxidized BDD
interfaces after coupling with GEOOH.

H-BDD
Nam Start Peak FWHM SF Al
e BE BE End BE eV At. % Scof

Cls 291.00 284.20 275.00 2.52 94.16 1.00
O1s 537.11 532.85 527.00 3.28 3.09 2.93
Cl2p 205.00 200.33 194.00 1.88 1.59 2.29
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Si2p 105.00 101.68 97.00 4.03 0.32 0.82
N1s 403.09 399.88 397.00 1.70 0.80 1.80
Ag3d 376.18 368.29 366.00 1.67 0.03 18.04
BDD - 5 min

Nam Start Peak FWHM SF Al
e BE BE End BE eV At. % Scof
Cls 290.00 284.22 276.00 1.55 88.26 1.00
Ols 536.00 532.06 528.00 2.92 7.65 2.93
Cl2p 203.00 199.09 196.00 3.46 0.19 2.29
Si2p 106.95 101.87 96.00 2.79 3.56 0.82
N1s 402.86 402.00 401.19 1.00 0.04 1.80
Ag3d 378.00 368.17 365.00 2.51 0.21 18.04
Fls 691.00 687.99 685.00 2.99 0.09 4.43
BDD - 10 min

Nam Start Peak FWHM SF Al
e BE BE End BE eV At. % Scof
Cls 290.00 28424 27512 1.53 89.33 1.00
Ols 538.00 532.04 528.00 2.98 7.58 2.93

Cl 0.00

Si2p 106.33 101.83 9541 2.66 2.53 0.82
N1s 402.00 399.59 397.00 3.08 0.38 1.80
Ag3d 376.00 368.42 366.00 1.48 0.08 18.04
Fls 690.00 688.10 686.00 2.44 0.11 4.43
BDD - 55 min

Nam Start Peak FWHM SF Al
e BE BE End BE eV At. % Scof
Cls 291.00 285.07 275.00 2.67 88.32 1.00
Ols 537.00 532.04 527.00 3.12 9.57 2.93
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Cl2p 202.14 198.20 194.00 437 0.10 2.29
Si2p 105.59 102.39 100.00 3.00 0.31 0.82
N1ls 404.00 400.07 397.00 412 0.60 1.80
Ag3d 376.00 367.98 365.00 2.52 0.08 18.04
Fls 693.00 688.44 685.00 1.82 0.29 4.43
Se?2p 168.00 163.41 159.00 3.78 0.72 1.00

BDD - EC
Nam Start Peak FWHM SF Al
e BE BE End BE eV At. % Scof

Cls 290.00 285.01 275.00 283 8159 1.00
O1ls 537.00 53199 526.00 3.21 11.24 2.93
Cl2p 205.00 199.95 196.00 3.25 042 2.29
Si2p 105.00 101.26 98.06 283 1.16 0.82
N1ls 404.00 399.89 391.65 393 211 1.80
Fls 692.00 687.97 683.00 299 3.02 4.43
Se3p 172.00 168.14 161.00 3.08 0.45 4.53

Electrochemical oxidized surface shows the biggeggen amount, further more, At. % of
F1s is also the biggest one, suggesting most hytigmoup formation on BDD. Therefore,
we can conclude that electrochemical oxidation msast efficient oxidation method to some
extent.

In addition, CI2p, Si2p, Ag3d and Se2p were obsgnwedely, which are not expected
since the reaction of the oxidized BDD surface vlsCOOH should take place without any
of their incorporation according cheme 3.3

3.4 Conclusion

Three different methods for the oxidation of asafied moderately doped diamond
interfaces have been compared in terms of elearodal behaviour and surface properties
investigated by water contact angle measurementXBS$ analysis.

Table 3.6 tries to summaries the advantages and disadvantaigeach approach. In

general, it is can be concluded that diamond iat&s$ exhibiting better grafting efficiency
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also show a more positive flat band position. Tdekaviour suggest strongly that a positive
shift of the flat band potential is related to fbemation of C-OH bonds rather than C-O-C
groups, which completes previous results reportedidin reference [26]. Taking this into
account, the electrochemical oxidation is one ef pheferred methods, forming the highest
amount of C-OH groups without graphitizing the daard interface as observed in the case of
oxygen plasma. However, photochemical oxidationdieort times (5 to 15min) results in
high N/O ratios together with an increase in etattransfer kinetics (for 15min of treatment)

and is an alternative for un-doped diamond samples.

3.5 Perspectives

Since electrochemical oxidation is limited to cociie surface and more difficult to
perform compared to photochemical oxidation andgexyplasma, we prefer to develop a
series of methods to introduce as more as possyldexyl group(which can be linked with
many groups we need) on BDD by latter two ways.rE@ugh, termination groups of the
oxidized BDD after oxidation including photochemlicaxidation and oxygen plasma

oxidation still can not be controlled as wishedtHa future, we will figure this out.

Table 3.6.Comparison of different oxidative methods.

Oxidative method Advantages Disadvantages
Electrochemical 1.Formation of mainly 1.Need of conductive interface
C-OH groups
2.No change of the surface
morphology
UV/ozone 1.Easy to perform 1.after 55 min strong decrease of

2.After 5 min formation of electrochemical activity
mainly C-OH groups 2.Formation of mainly C-O-C

3.Photolithographic methods groups rather than C-OH
possible

4.Can be used on diamond
interface with and without

dopant
Oxygen plasma 1.Fast 1.Less adapted for the formation
2.Photolithographic methods of oxygen functionalities
possible 2.Graphitization of the diamond

3.Can be used on diamond surface
interface with and without
dopant
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CHAPTER 4

“CLICKING” ORGANIC MOLECULES BEARING ACETYLENE
GROUP TO AZIDE-TERMINATED BORON-DOPED DIAMOND
SURFACES

4.1. Introduction

“Click” chemistry in general [1], and the Cu(l)-dgteed Huisgen 1,3-dipolar
cycloaddition of alkynes and azides in particuld;, js generating enormous excitement for
surface modification, because it just may be aegsafor quantitative coupling of chemical
species to a surface, thus allowing complex moéecarchitectures to be prepared on a
surface in a well-controlled manner.

Independently reported in 2002 by Sharpless [3]Mattlal [4], and intended to represent a
chemically simple conjugation approach with a wedepe, copper (1)-catalyzed azide-alkyne
cycloaddition reactions have since then found nooeem@pplications in fields as diverse as
drug discovery and material sciences [5,6]. Exampfdhese so named “click” reactions on
polymer and solid surfaces have been recently wade[7,8], and numerous strategies to
exploit this reaction to benefit from its high s#leity, high yields and remarkable tolerance
to reaction conditions are now available to surfacientist49,10]. Azides and alkynes are
highly energetic functional groups with particujaniarrow distributions of reactivity. Thanks
to their weak acid-base properties, they are neadst toward biological molecules and the
reaction conditions found inside living cells. Aetsame time, azide and alkyne groups are
easy to introduce into organic compounds by bottlemphilic and electrophilic processes.
One may therefore envision their incorporation ipiimlogical molecules by organic synthesis
and chemical conjugation (or via biosynthetic paisvusing designed precursors) to create
unique points of addressable reactivity in large emmplex targets.

1, 2, 3-Triazole-based polymers generated fronCinél)-catalyzed cycloaddition between
multivalent azides and acetylenes are effectiveesiste materials for surfaces. The addition
of Cu catalyst was found to be important for thatkgsis of stronger adhesive polymers
when cured at room temperature. Heating also aateb curing rates, but the maximum
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adhesive strengths achieved at both room and leigipeératures were the same, suggesting
that cross-linking reaches the same advanced poimatl cases. Polytriazoles also form
adhesives to aluminum, but copper is bound moeceékely, presumably because active Cu
(I) ions may be leached from the surface to pronsadss-linking and adhesion.

However, the detailed reaction mechanism of this(>eatalyzed cycloadditionsas not
been completely understood, a popular proposedtioeacnechanism was published by
Sharpless et al. [11Figure 4.1 gives an overview of the proposed reaction meamani
conversion of the alkyng to the acetylide® is well known to be involved in many C-C bond
forming reactions in which Cu acetylide specieslaea fide intermediates. In the next step,
the azide replaces one of the ligands and bintisetcopper atom via the nitrogen proximal to
carbon, forming intermediat& This is effectively a starting point for the stepe sequence
schematically. After that, the distal nitrogen bétazide in3 attacks the C-2 carbon of the
acetylide, forming the unusual six-membered cogpbrmetallacycle4. From4, the barrier
for ring contraction, which forms the triazolyl-qugr derivativeb, is very low. Proteolysis of
5 releases the triazole product, thereby compleatiegcatalytic cycle.

H'\

F\
CuLn 3

;::{‘s
% \CULng /
[L,Cul?

Cul,

Figure 4.1.Proposed reaction mechanism by Sharpless etljl. [1

The numerous advantages of click chemistry andpiiessious applications to surface
modification represent important assets to desmgreflicient and versatile strategy for the
incorporation of functional groups on solid substsa Chidsey and Choi reported near
quantitative coupling vyields on gold surfaces usif@u(l)-catalyzed alkyne-azide

cycloaddition reactions[12-15] Since click chemjsthas been successfully used to
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functionalize gold nanoparticles[16], single-walledarbon nanotubes[17], powdered
silica[18,19], metal nanoparticles[20], and fldicein wafers[21-23] and porous silicon[24].

In chapter3, we have discussed in details the different methimd the oxidation of
boron-doped diamond surfaces. Photochemical owidatf hydrogenated BDD with
UV/ozone and electrochemical oxidation can provigdroxyl groups (-OH) on boron-doped
diamond surface. The formation of hydroxyl groupsfar the most part desired, as well
known chemical routes can be used to link funcligraups to -OH units. Esterification
reactions are the simplest and most often perforamedng organic transformations. It is the
general name for a chemical reaction in which teactants (typically an alcohol and an acid)
form an ester as the reaction product. Therefa@utth an esterification reaction, carboxylic
acid and its derivatives can be covalently linked the hydroxyl groups of oxidized
boron-doped diamond. The esterification reaction dleeady been successfully employed on
oxidized boron-doped diamond using pyrene alkyloaybc acid [25], acid-terminated biotin
[26], and more recently 3-benzoylbenzoic acid [2¥pwever, any derivatives of carboxylic
acid with useful functionalities can be attachedboglectrode surfaces via the esterification
reaction.

In the search for new strategies to derivatize BBUDfaces, we adopted the “click”
chemistry, the Huisgen 1, 3-dipolar cycloadditidriesminal acetylenes with azides [28, 29].
The advantage of using 4-azidobenzoic acid, a cowcialy available molecule, for the
introduction of an azide group on the BDD surfacéhe fact that this molecule can be easily
coupled to any -OH, -NHor -SH terminated surface. This class of chenmeattions found
countless applications in different fields. A widenge of useful molecules with ethynyl
group such as ethynyl ferrocene, ethynyl thiopheste, can be attached onto diamond

surfaces via “click chemistry”.

4.2. Objectives

In this chapter, boron-doped diamond was photoctadiyi oxidized using UV/ozone.
Azide termination was obtained by esterificationateon of surface hydroxyl groups of the
oxidized BDD with 4-azidobenzoic acid at room temgpere, as shown iBcheme 4.1The
resulting surfaces were further reacted with ethyagocene, ethynyl thiophene (thiophene
terminated BDD was further electropolymerized) &l as ethynyl cyclophane using “click”
chemistry Gcheme (4.2, 4.3, and 4.4)
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In addition, according to the principle of FouriBransform Infrared Spectroscopy (FTIR)
(as shown inAnnex 8), polycrystalline diamond layers, which were defsas on silicon
wafer, are impossible to be characterized by FH&wvever, as a material with a high surface
area, porous silicon (P-Si) surface can be chaiaeteby FTIR in transmission mode. And
generally, for surface funcationalization, BDD are5i have a lot in common, thus we got
optimization conditions from clicking thiophene gps on the azide-terminated porous

silicon surface and the FTIR characterizations.

N3
@ (J )
OH OH OH 0\6/
0”0
BDD > BDD

DMSO,DMAP,DCC

Scheme 4.1Esterification reaction scheme on diamond surfategu4-azidobenzoic acid.

Fe@
N
N3 l\/ll\ )
oy S
O%/ Fe O%/
-Czo

cu(l), 50°C, 24h

!

Scheme 4.2Scheme of clicking ethynyl ferrocen to azide-teratéd diamond surface.

4.3. Results and discussion

4.3.1. Characterization of azide-terminated BDD suaces

Water contact angle measurements were used to egdhe macroscopic evolution in the
wetting properties of the boron-doped diamond ebelet before and after functionalization
(Table 4.17). The as-prepared BDD is hydrogen-terminated. TRignination confers a
hydrophobic character to the surface with a watertact anglé = 94 + 2°. Photochemical
oxidation (UV-ozone for 2h) of the BDD substrateelgs a surface termination with a

hydrophilic character. The contact angle value e&sed significantly t® = 8°. Chemical
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esterification of the terminal hydroxyl groups wi#tkazidobenzoic acid led to an increase in
contact angle. A value of 53 £ 2° was measuredhferazide-terminated BDD surface.

S

{ )

o o
(&cg/ \|\ O\CB/

cu(l)

Electropolymerization \ / n

Scheme 4.3Scheme of clicking ethynyl thiophene to azide-texaed diamond surface and
its electropolyperization.
4.3.1.1. X-ray photoelectron spectroscopy (XPS) alyais

Figure 4.2 displays the XPS survey spectrum of the azide teated BDD surface. It
shows a main peak at 285eV due to C 1s and a pé&s&i?aV due to Ols. An additional peak
at ~400eV, characteristic of nitrogen (N1s) is alsbserved. High resolution XPS
investigation of the N1s was performdegure 4.3). Careful analysis showed two peaks at
401 and 406eV, suggesting the presence of twogairespecies in the azide-terminated
monolayer, and reflects the differently chargedogién atoms in the azide group [30-32].
This indicates the success of the esterificatiacten.
4.3.1.2. Electrochemistry measurement

Cyclic voltammetry (CV) was used to characterize different diamond surfaceBigure
4.4 shows thei-E curves for an aqueous solution of 10mM Fe(Nin 0.1M KCI at a
hydrogen-terminated, an oxidized and an azide-teatad BDD interface. While the
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hydrogenated diamond shows a well defined redoxeveand the oxidized diamond inhibited
electrode kinetics, as reported previously [33]e thazide-terminated BDD shows the
characteristics of a partially blocked electrodeork the shape of the CV (peaks rather than

sigmoidal shape), it can be further deduced trebtbcking is rather weak.

\J
o8]
@)
@)

Scheme 4.45cheme of clicking ethynyl cyclophane to azide-ieated diamond surface.

Table 4.1. Water contact angle (CA) for boron doped diamondases with different
terminations.

Surface Contact angf®(
H-BDD 9412
HO-BDD 8+2
Ns-BDD 53+2
Ferrocene-BDD 14+2
Thiophene-BDD 50+2
Cyclophane-BDD 20+2

4.3.2 Characterization of ferrocene-terminated BDDsurfaces
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Figure 4.2. XPS survey spectrum of the azide-terminated BDilase.
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Figure 4.3. High-resolution XPS spectrum of the N 1s peakhaf &zide-terminated BDD
surface.

Ferrocene and its numerous derivatives have ne-segle applications, but are ideal to be
characterized by XPS an electrochemical meanshighdhapter, we developed a versatile
strategy on the covalent linking of ethynyl ferrneeto azide-terminated BDD electrodes
using click chemistry. The course of the reactioaswollowed by X-ray photoelectron
spectroscopy (XPS), water contact angle and eldodrmical measurements. Cyclic
voltammetry (CV) showed unambiguously the presaicirface ferrocene groups.

After clicking ferrocene groups to the azide terahigroups, the contact angle dropped
significantly to # = 14+2°, demonstrating that ferrocene terminaté&@DBsurface is very
hydrophilic (Table 4.1).
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X-ray photoelectron spectroscopy is a valuable toatvaluate the changes in the surface
chemical composition and bonding occurred duringfase derivatization.Figure 4.5a
displays the XPS survey spectrum of an oxidized B&Mdface. It shows a main peak at
285eV due to C1ls from the bulk and a peak at 53f@/to O1s. After chemical coupling of
the terminal hydroxyl groups with 4-azidobenzoieda@an additional peak at ~ 400eV was
observed, in agreement with the chemical compasdidche molecule.

0.3

0.2

0.1

i/ mA

-0.1

-0.2

-0.2 0 0.2 0.4 0.6
E/V vs. Ag/AgCI

Figure 4.4. Cyclic voltammograms of BDD electrodes in an aasecsolution of
Fe(CN)*(10 mM) in KCI (0.1 M): H-BDD (black), NBDD (grey), HO-BDD (black dotted),
scan rate: 0.05V/s

210° ‘

1,510°- 4

O 1s

110°H .
N 1s
Fe 2p

intensity / a. u

5104(@
i S

o VT

oL@ WL“M

200 300 400 500 600 700 800

Binding energy / eV

Figure 4.5 XPS survey spectra of the photochemically oxidiZDD surface (a), the
azide-terminated BDD surface before (b) and aftgcupling of ethynyl ferrocene via click
chemistry.
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Subsequent reaction of the terminal azido groupls ethynyl ferrocene in the presence of
Cu(l) catalyst led to the appearance of a new jpe#ke XPS survey spectrum at ~710eV due
to Fe2p Figure 4.5. After clicking ferrocene groups onto the azideatinated BDD surface,
the peak at 406eV disappears almost completehtlageak at 400eV broadens (FWHM =
5.7eV). This can be taken as evidence for the foamsition of the azide group into 1, 2,
3-triazole unit bound to the terminal ferroceneche@ “click chemistry”. In addition, high
resolution XPS scan of the Fe2p region demonstthtepresence of the ferrocene moieties
onto the BDD surfacd~gure 4.6). The Fe2p3/2 and 2p1/2 peaks occur at 711.7 2Bb&V,
respectively. This clearly indicates that the Faatyoexists mainly in its (Ill) oxidation state,
in agreement with previously reported results onrofene groups anchored onto
hydrogen-terminated silicon surfaces [34-36]. Ini¢ign of the peak area of N1s and Fe2p
gave N1s/Fe2p ratio of 6.4, higher than the themakewalue of 3. This corresponds to a

conversion of approximately 47% of the azide grapthe triazole rings.

Fe 2p

Fe 2p3/2

intensity / a. u.

710 720 730 740
Binding energy / eV

Figure 4.6. High-resolution XPS spectrum of the Fe 2p afteckahg an azide-terminated
BDD surface with ethynyl ferrocene.

The ferrocene modified BDD surface was probed byi@¥ solution of 0.1 M tetraethyl
ammonium hexafluorophosphate (TEAJPE DMF (Figure 4.7A). The redox peak with a
Eo=~0.63V vs. Ag/AgCl and a peak separation AE=296mV evidence the presence of
ferrocene units on BDD. The bound ferrocene mosdtpws a high redox potential, as
compared to other ferrocene modified electrodesh sas on gold E,=~0.33-0.46V vs.
Ag/AgCI)[37] and crystalline siliconHy=~0.15V vs. Ag/AgCI) [38]. The cathodically shifted
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Eo of the ferrocene moiety on crystalline silicon asnpared to gold is surprising. In control
experiments, CVs of an oxidized and an azide-temtech BDD electrodes were recorded in a
DMF solution containing 0.1M tetraethyl ammoniumxatuorophosphate (TEARJF and
ethynyl ferrocene (5mM). A(=0.61V vs. Ag/AgCl was determined, in agreementwite
redox potential of the ferrocene modified BDD ifdee E,=~0.63V vs. Ag/AgCI). At this
stage, the origin of this anodic potential shifbet clear.

(A)

i/ A

-5 i | | ! L 1
03 04 05 06 07 08 09 1
E/Vvs Ag/AgC!

(B)
400 i i i I
. ¥
200 + 4
< e
2 .
T ooml :
N
-200 - -
..
-400 i 1 1 Il
0 0,5 1 15 2 25
scanrate /Vs'

Figure 4.7.(A) Cyclic voltammograms of ferrocene-terminateldB surface in TEAP§(0.1
M/DMF), scan rate: 0.1V'5 (B) peak current as a function of scan rate fuydic @) and
cathodic @) peak currents.
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An analysis of the change in peak currents as etimof scan rate allows assessing that
the ferrocene moieties are surface bound ratherabaorbedFigure 4.7B indicates that the
anodic and cathodic peak currents scale linearth tie scan rate v rather than witH2yv
suggesting a surface redox process. A similar hiehaas observed on single-crystal Si(111)
surfaces modified with ferrocene carboxylic acid[3&nd on gold modified with
ferrocene-based alkanethiol layers.[39] On theofsme-terminated BDD electrode, the
ferrocene signal shows a quasi-reversible redoawehlike observed by Heath et al[38] on
n-type crystalline silicon. The quasi-reversibldae behavior might be linked to the p-type
semiconducting characteristic of boron doped diasnon

The ferrocene coverage on the surface was caldulatantegrating the anodic peak area
according to/= QJnFA, where F is the Faraday constantjs the number of electrons
exchanged (n=1) adlis the surface are#%0.38cnf). A surface coverage ¢t (3.46 + 0.5)

x 10" molecules ci is obtained. This is higher than the repoife.39%<10"*molecules ci
on Si (111) and=0.78<10™ molecules cii on gold, also using a click chemistry approach
[37].

4.3.3 Clicking thiophene to the azide-terminated BD

Coating of different materials with conducting efeactive polymers such as polyaniline,
polypyrrole, polythiophene, and their derivatives subject to intense investigation for
practical applications in various fields such agdattieation of dielectrics, batteries, antistatic
coatings, shielding of electromagnetic interferenceensors, nonlinear optical and
electroluminescent devices[40,41] Furthermore, rthese as thin films on metal and
semiconductor surfaces has attracted consideréielatian in recent years. For applicability
on electrical devices, good adherence and stabifitiie resulting structures are required.

Since the covalent attachment of organic layersamiconductor surfaces is a commonly
used concept [42,43], here we propose a new syrabegovalently link thiophene units onto
an azide-terminated BDD electrode surface usingKtlchemistry. Coupling of the azide
terminated electrode surface with thiophene beaimgcetylene terminal group allowed the
covalent linking of a polymerizable thiophene uwitthe diamond surface. Cycloaddition of
ethynyl thiophene to the azide-terminated BDD swefied to a slight decrease of the contact
angle (50£2°) Table 4.1).

Figure 4.8 displays the XPS survey spectra of the differetg¢rfaces in the process of
thiophene termination. Photochemically oxidized BBiibws a main peak at 285eV due to C

1s from the bulk and a peak at 532eV due to O fier Ahemical coupling of the terminal
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hydroxyl groups with 4-azidobenzoic acid, an addiéil peak at ~400eV was observed, in
agreement with the chemical composition of the mdke Subsequent reaction of the
terminal azido groups with ethynyl thiophene in tiresence of Cu(l) catalyst led to the
appearance of a new peak in the XPS survey specatui65eV due to sulfur signal
corresponding to S 2f-igure 4.89. The high resolution XPS spectrum of this banskisn in
Figure 4.9. The XPS spectrum of the S2p of the thiophene-teatech BDD can be
deconvoluted into a doublet, consisting of two comgmts: S2p, and S2p, located at
binding energies of 164.5 and 167.5eV, respectivEhe separation of Sgp and S2p,
peaks (~3.0eV) and the ratio of their area (~0rB)ia close agreement with the theoretical
values determined from the spin orbit splittingeetf[44-46]. Moreover, the positions of these
two peaks are in accordance with earlier reportedues for thiophene linked to
self-assembled monolayers [46-49]. This result icovdd the above conclusion that the
thiophene group had been linked onto the BDD sarfather than physisorbed. Additional
evidence of the 1, 2, 3-triazole formation on théde-terminated monolayer was derived
from additional XPS investigations of the N 1s dpdcegion. A single peak at ~400eV is

observed, thus confirming the conversion of thel@bunctions igure 4.10.
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Figure 4.8. XPS survey spectra of the photochemically oxidi&dD surface (a), the
azide-terminated BDD surface before (b) and aftgcéupling of ethynyl thiophene via click
chemistry.
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Figure 4.9.High-resolution XPS spectrum of the S 2p bandefthiophene terminated BDD
surface.
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Figure 4.10. High-resolution XPS spectrum of the N 1s bandhef thiophene terminated
BDD surface.

Figure 4.11 shows the voltammetric behavior of thiophene medifBDD in dry
acetonitrile/ 0.1M LiCIQ). In the first scan an irreversible shoulder isetved at1.27V (vs.
Ag/AgCl: 0.01M) with an intense increase in currahpotentials higher tharl.3V. Indeed,
the oxidation of thiophene units to its radicali@atoccurs at potentials of ~2.0V vs. SCE
[50]. The shoulder afll.27V could be due to the oxidation or the thioghelmmer, 2,
2’-bithiophene [50]. In a consecutive second thedation current is decreased and no
oxidative shoulders are observed after the thieshsthis indicates that most of the aromatic
rings have reacted. As the formed radical catiorshaghly reactive species, the most likely
reaction path is the coupling with neighboring cadlications to form oligomeric and

polymeric structures on the BDD interface. The atefcoverage of the electroactive species
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can be estimated from the current intensity of #m®dic shoulder observed at 1.27V

presented inFigure 4.11. Using the voltammetric response of unmodified BD® the

background current, the surface coveragman be estimated using equatibf

_ (@-a)nnF?*Av r

I 4.1
pa 2.71ERT (4.1)

whereip, is the anodic peak curremnt,the chare transfer coefficient (assumed to be 6.8%)e
total number of electrons, the number of electrons involved in the rate deieing step, F
the Faraday constant andhe scan rate. Assuming n=2 electrons a surface coverage of

1.38x10'° mol cmi? is obtained.

70 ,

60

0 0.5 1 1.5 2
E/Vvs. Ag/AgCl

Figure 4.11. Subsequent cyclic voltammetrieE curves for thiophene modified BDD:
solution: LiCIQ, (0.1 M)/acetonitrile, A= 0.35cfmscan rate = 0.1V’s

To obtain higher coverage of conducting polymerenal, the thiophene-modified BDD
interface was furthermore electrochemically oxidize the presence of thiophene monomers.
Electrochemical polymerization of thiophene monanean be carried out by using
potentiostatic, galvanostatic and cyclic potensaleep techniques. In the present study, a
cyclic potential sweep techniqgue was employed. Altth this technique requires longer
reation times to obtain the polymer film as comgarto potentiostativ and galvanostatic

methods, it is advantageous as the emectrochecheaacteristics of the growing polymers
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can be monitored during the polymerization procdésgure 4.12 shows typicalcyclic
voltammograms of the electrochemical polymerizatidrthiophene on thiophene-modified
BDD in a 0.1M LIiCIQ, acetonitrile solution. The anodic peak at 1.17 aathodic peak at
0.78V appearing after the third scan corresponthéoxidation of polythiophene. As the
polymerization process proceeds, the peak curreateases in the successive cycles,
indicating the growth of the polymer on the surfaéehe BDD interface. The anodic peak
shifts gradually to higher values as the thickn&fsthe polymer film increases and could be

attributed to a decrease of the film conductici&y][
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Figure 4.12. Subsequent cyclic voltammetrikE curves for electrochemical polymerization
of thiophene on thiophene-modified BDD: solutioriCIO, (0.1M)/acetonitrile/ thiophene
(0.1M), A= 0.35crA, scan rate = 0.1V’s

Cyclic voltammograms of the polythiophene films uiéisg from the above
polymerizations were measured in monomer free Lig@i€etonitrile solutionKigure 4.13A).
The redox process of the polymer is chemically r&taée as the amount of cathode charge is
essentially the same as the anodic charge. Botidi@amand cathodic peaks are quite broad,
which is probably caused by the slow diffusiontt# tiopant anions (ClOin our case) in and
out of the film. The peak-to-peak separatitff, is ~39mV as expected for surface confined

redox species. A linear relationship was observetvéen the anodic peak current and the
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scan rate Kigure 4.13B characteristic of an electroactive polymer filmafted on an

electrode where the current is not diffusion cdfe[52].
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Figure 4.13. (A)Cyclic voltammograms of polythiophene measuned monomer free
acetonitrile/0.1 M LiCIQ solution at various scan rates (15, 20, 35, 50 &1y (B)
Dependence of the anodic peak current on the starfar the polymer film.
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4.3.4. Clicking of cyclophane to azide terminated BD surfaces

Recently, this ‘click’ methodology has been extahttefeature interlocked structures (e.qg.,
rotaxanes and catenanes) [53-60]. This methodatogsgrticularly attractive for the synthesis
of systems of this type, as it offers advantagesr awore traditional methods in terms of
improved yields and increased sophistication ofrdseilting structures. Here, we extend this
methodology to a new alkyne-functionalized cyclaphaconveniently ‘clicked’ onto an
azide-functionalized boron doped diamond surface.

The synthesis of the alkyne-functionalized cycloph& is shown in Scheme 2.1
Derivative3 is conveniently prepared from 1-pentynoic &@hd alcoholl, and proved to be
a versatile building block for the constructioncgtlophane. Cyclophané was synthesized
from compound$8 and4 using a template-direct@tipping methodology using [45].

The course of the reaction was followed by X-ragtpklectron spectroscopy (XPS), water
contact angle and electrochemical measurementsr Aficking cyclophane groups to the
azide terminated BDD surface, the contact anglemkd to 20+2°, as compared to 604@r
the azide termination surfac@&aple 4.1) indicating that the cyclophane groups display a
hydrophilic character.

To investigate the changes in the surface compositfter the introduction of the
cyclophane functionality on the azide-terminatedIB8urface, cyclophane-terminated BDD
surface was analyzed by XREgure 4.14) XPS survey spectrum is shownRigure 4.14A
When compared with the XPS survey spectrum of #ideaterminated BDD surfac&igure
4.2), a new peak at 688eV ascribed to F1s appearedddiftking cyclophane groups onto the
azide-terminated BDD surface. The high resolutiddSXspectrum of F1s is displayed in
Figure 4.14B. It consists of a single peak at 688 eV. Howewsn expected peak at
124-136eV due to phosphorus atom was absent asterpéor the cyclophane moieties.
Figure 4.14Cdisplays the high resolution XPS spectrum of N1thefcyclophane modified
BDD surface, showing two peaks at 399.4eV and 404 €orresponding to nitrogen in the
form of 1, 2, 3-triazole and in the aromatic ringspectively. All above indicates that
cyclophane has been successfully clicked on traeaerminated BDD surface.

We have further exploited the electrochemical sigreaof the electroactive cyclophane
moiety to inverstigate whether the cyclophane mftgd onto the BDD surface using click
chemistry. The cyclic voltammogram of the cyclopgd@rminated BDD surface recorded in
in acetonitrile (0.1M ByNPFs;) (Figure 4.15 reveals the formation of two redox waves

(absent in the azide terminated surface), presymablresponding to the sequential
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formation of the diradical dication and fully redhacstates of the cyclophane, respectively [61,
62]. However, significant attenuation of the cutreras observed, which is consistent with
surface inhibition due to the presence of eitheowgrall low density surface grafting and/or
the presence of defect domains. For further unaledstg, cyclic voltammograms of
cyclophane solution on an azide modified BDD swefas well as on gold surface were
inverstigated under the same conditioRgyre 4.15. Since two excellent redox waves were
observed on gold surface, much lower current orfdlreer surface indicates a more blocked

surface. As a whole, cyclophane covalently linkadB®D surface was further confirmed.
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Figure 4.14.XPS survey spectra of cyclophane terminated BD@asar(A) high-resolution
XPS spectrum of F1s (B) high-resolution XPS spectai N1s (C).

4.4. Functionalization of porous silicon surfaces ith thiophene groups
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4.4.1. Grafting of ethynyl thiophene on porous sition

Scheme 4.5hows the two-step procedure to get an amine pation on the PSi surface.
First, the freshly prepared PSi surface was oxdlimsing UV/ozone and piranha and
aminated through silanization with APTMS. Next, #i®ine terminal groups were reacted
with 4-azidobenzoic acid in dry DMSO to produce-tBrminated PSi. Covalent linking of
thiophene units was carried out using “click” chsimyi between the N groups terminating
the PSi surface and the ethynyl group of the faometized thiophene in the presence of a
copper(l) catalyst. Finally, polymerize thiopheeentinated PSi surface through

electropolymerization, as shown$theme 4.6
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Figure 4.15. Cyclic voltammogram of azide modified BDD surfa@urve 1), cyclophane
solution on azide modified BDD surface (curve 3jglophane clicked BDD surface (curve 3),
cyclophane solution on gold surface (curve 4) ietawitrile (0.1 M BUNPF) solution. Scan

rate: 0.1V/3.
H2N§
/ﬁl\
H H H OH OH OH 0O O O
- UV/O, - APTMS
P-S : —} P-Si >} _PSi
I Pirahna solution I M ethanol/water ]

Scheme 4.5Amination scheme on porous silicon surface usiRJ WS
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Scheme 4.6Schematic illustration of the chemical derivatieatiand electropolymerization
of porous silicon substrates with thiophene.

4.4.2. Surface characterization

Water contact angle measurements were used towfallee changes in the wetting
properties of the freshly-prepared PSi surfaceeefmd after functionalizatiofiable 4.2.
The as-prepared, hydrogen-terminated PSi surfasplagls a hydrophobic character with a
water contact angle ~104°. The surface became @&etplhydrophilic after oxidation. A
water contact angle of 4° was measured for suchiface, in agreement with a fully oxidized,
hydroxyl-rich surface. Surface silanization with RS induced a slight increase of the
contact angle to 15°. After coupling of 4-azidob@nzacid with the aminated PSi surface, a
significant increase of the contact angle was oleskr(65°). Cycloaddition of ethynyl
thiophene to the azide-terminated PSi surface ded slight decrease of the contact angle
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(58°). No significant change of the contact anglsvebserved after electropolymerization

(63°).

Table 4.2.Water contact angle (CA) for porous silicon suefawith different terminations

Surface Contact angf®(
P-Si 104+2
HO-P-Si 4+2
H,N-P-Si 15+2
N3-P-Si 65+2
thiophene-P-Si 58+2
polythiophene-P-Si 63+2

© 2010 Tous droits réservés.

As a control surface, functionalized P-Si interfaceiere characterized by FT-IR
measurmentFigure.4.16 shows the FT-IR spectra of the different stageslifeg to azide
linking. The oxidized P-Si interface shows a str@igO vibration band at 1055¢hrend a
broad absorption at around 3400tmost likely due to OH vibration and adsorbed water
molecules Eigure.4.163. After coupling of APTMS, the band at ~3400 tis reduced while
C-H stretching peaks appear at 2951 and 2874cime to asymmetric and symmetric
vibrations, respectively. NH stretching band isestied at 3400-3300¢h presenting a very
large peakKigure. 4.160. After treating the aminated P-Si surface witaz4dobenzoic acid
in the presence of DCC, DMAP, the appearance dfitemse peak at 2100&mcharacteristic
of vadN3) stretching is observed. The absorption peaks6&0dm® and 1550cri can be
respectively assigned to the C=0 and NH deformatemd of amide groug={gure. 4.169.
This clearly indicates the successful grafting edzddobenzoic acid on the P-Si surface.
Considering the similarity of hydroxyl and amineridg esterification reaction, we can
conclude that covalent linking between hydroxyl armtboxylic acid also performed. The
azide-terminated P-Si surface was reacted withngththiophene with a Cu (l) catalyst
presentFigure. 4.16dshows the complete disappearance.giN3). These spectral changes
are a clear indication of a reaction of the azidmug with ethynyl thiophene. There was an
obvious absorption peak at ~1000tmwhich is the characteristic of the formed 1, 2,
3-triazole A sharp band at 690¢hcharacteristic of the C-S stretching of the thiepe rings,
appeared in the thiophene grafted P-Si surfacetrsmecrhe IR bands assigned to the =C-H
stretching of attached thiophene are situated w8000 and 3200¢H63] butit is
overlayed by the strong NH stretching band. Thaulteindicated that the thiophene group
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had been introduced to the P-Si surface, from whigh canoptimistically deduce that

cycloaddition of ethynyl thiophene to the azidevtgrated BDD surface may be also achieve.
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Figure.4.16. Transmission FTIR spectra of oxidized P-Si (a), raated P-Si (b),
azide-terminated P-Si (c) and after “clicking” etlyl/thiophene (d).

4.4.3. Electrochemical polymerization

Figure 4.17 shows the voltammetric behavior of a PSi substmatdified with thiophene
via “click” chemistry in dry CHCN/0.1M BwNBF;. In the first scan a weak irreversible
shoulder is observed ail..1V (vs. Ag/AgCl: 0.01M), which can be ascribedthe oxidation
of thiophene unit to its radical cation. In theld®ling cycle, the shoulder is not present
indicating that all of the electrochemically gertecaradical cations have reacted. As these
intermediates are highly reactive species the rikasly reaction path is the coupling with
neighboring radical cations to form oligomeric gralymeric structures on the PSi interface.
The large currents observed for potentials highemt 1.3V correspond mainly to the
oxidation and/or dissolution of underlying silicfg#].

The surface coverage of the electroactive specaes e estimated from the current
intensity of the anodic shoulder observed at 1.X8W\the linear sweep voltammograms
presented inFigure 4.17. Using the voltammetric response of unmodified PSi tle
background current, the surface coverédgean be estimated usirggjuation 4.1 Assuming

n=n=2 electrons a surface coverage of 3.47%| cm? is obtained. This corresponds well
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to surface coverage reported by Fabre et al. dil$j(surface with thiophene-modified alkyl
monolayers (4.7xI8 mol cmi?)[60].
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Figure 4.17. Linear sweep voltammograms in GEN/BwNBF, at 0.02V & of
thiophene-maodified PSi (a) first scan, (b) secorahs (¢) unmodified PSi surface.

4.4.4. Formation of polythiophene films on thiophea-modified PSi

To reach higher surface coverage of the conduchatgrial, the thiophene-modified PSi
was immersed in the electrolyte containing 0.1Mophiene and the monomer was
electrochemically oxidized by applying a currennsigy of 1mA cn¥ for 40min. As seen in
Figure 4.18A the onset of the thiophene oxidation occurs Qv (J65]. The crossing of
forward and backward scans in the region of thioghexidation is characteristic for the
polymerization and deposition of conducting polys@6]. Following the potential evolution
during the electrochemical synthesis of polythiogheas a function of time under
galvanostatic conditions allows the observation tbfee different stages during the
polymerization. Within the first seconds, the paoitEnrises corresponding to polymer
nucleation presumably at the pore bottoRig(gre 4.18B, section ). The second step
corresponds to polymer growth inside the porousrigection Il) and finally, the polymer
film is formed on top of the PSi surfacgettion 111).

The sequential p-doping and undoping of the elebemically synthesized polymer is
illustrated in the cyclic voltammogram ifigure 4.19A Polythiophene deposited on
thiophene-modified PSi exhibits a broad redox systbetween -0.50 and -0.15V,
characteristic for polythiophene. The results aneaborated by FTIR analysis.
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Figure 4.18. (A) Cyclic voltammograms corresponding to the aoaectropolymerization
of thiophene monomer on thiophene-terminated P&i(Bh characteristic chronoamperogram
of the electrochemical synthesis of polythiophenéar galvanostatic conditions (1mA én

Figure 4.19B exhibits the transmission FTIR spectrum of the B&ythiophene hybrid
structure. The C=C stretching of polythiophene rimgeen at 1401chmand 1509ch, and
the C-H stretching at 3259¢m The wetting properties of the PSi/polythiophetreicsure
(49°) are comparable to that of the thiophene-teatedd PSi surface (46°), as expected for
surfaces with similar termination$dble 4.2).
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Figure 4.19. (A) Cyclic voltammogram of the BFdoped polythiophene film formed
galvanostatically (0.05 mA cfiy t = 40min): electrolyte solution: GEN/0.1 M BuNBF,,
scan rate: 0.02V’s (B) transmission FT-IR of PSi/polythiophene hybstructure.

Figure 4.20A displays the SEM images of a freshly prepared RBstsate. The porous
layer displays an average pore diameter of appratgiy 5 nm and a thickness of 1.25 um.
After galvanostatic formation of polythiophene,maa®th and compact af 20 nm thick film
Is observedrigure 4.20B.The absence of visible pores in the SEM image agnedl with a

polymerization reaction inside the pores and ortapesurface.
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Figure 4.20. SEM micrographs of the as-prepared PSi surfaceaff) PSi/polythiophene
hybrid structure formed galvanostatically (0.05 m? t = 40 min) (B): cross-sectional (left)
and top (right) views.

SEM-EDX analysis of the polythiophene-covered ifastee shows the presence of sulfur
(0.34 norm.at.%), carbon (3.92 norm.at.%) and 8s8ate (35.97 norm.at.%). The polymer
is covering the surface evenly as exhibited via EBvging Figure 4.27).

4.5 Conclusion

Azide termination was obtained by the chemical tieacof hydroxyl-terminated BDD
surface with 4-azidobenzoic acid under mild coodisi.

The attachment of an electroactive ferrocene maatyhe azide-terminated BDD surface
was achieved in high selectivity and yield usingkcthemoistry.

Furthemore, the applicability of the azide-alkyrge+Z] cycloaddition was successfully
demonstrated with ethynyl thiophene on BDD surfacel PSi surface. Electrochemical
polymerization of terminal “thiophene” units withibphene monomer in solution led to the

formation of a polythiophene film covalently linkéalthe BDD and PSi surface.
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Synthesized alkyne-functionalized cyclophane alsodengoes click chemistry to
conveniently attach these units onto a preformédeaizinctionalized BDD surface.

In conclusion, we have demonstrated that “clickéristry can be successfully applied for
coupling functional molecules bearing a terminagtglene group to azide-terminated BDD
surfaces. Because of the gentle nature of the gureethe strategy developed in this work
can be used as a general platform to prepare Gnatized surfaces for various applications.

(A)

(B)

Figure 4.21. Energy Dispersive X-ray (EDX) images of polythieple electrochemically
deposited on thiophene-terminated PSi surface: )@ S (B).

4.6 Perspectives

The resulting ploythiophene-terminated BDD will beudied further for applications in
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various fields, including light emitting diodes arsknsors. The optical and electrical
properties of the polymer/BDD junction are currgnthder investigation in our laboratory.
Based on the successful linking of cyclophane ¢oatide-terminated BDD surface, we are
currently exploiting the covalent coupling of therresponding rotaxane and catenane onto
azide terminated BDD surfaces using click chemistry
In summary, the applicability of this reaction sciee for coupling alkyne-terminated
carbohydrates and other alkyne-functionalized maéscto flat supports is currently under

investigation in our laboratory.
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CHAPTER 5

FUNCTIONALIZATION OF OXYGENATED BORON-DOPED
DIAMOND SURFACE WITH AN IONIC LIQUID

5.1. Introduction

lonic liquids are composed entirely of ions. Foample, molten sodium chloride is an
ionic liquid; in contrast, a solution of sodium chte in water (a molecular solvent) is an
ionic solution. The most widely used ionic liquig® probably imidazolium based salts.

Room-temperature ionic liquids (ILs) are widely dises clean solvents and catalysts for
green chemistry [1-6]. Their properties such asrdyydobicity, hydrophilicity, and viscosity
can be tuned by controlling the nature of the ceuahion or the alkyl chain on the cation.
The chemical stability and toxicity of the ionigliid also depends on the anion used. While
the widely used counter anions such as BRd BR can hydrolyze to HF when heated in the
presence of water, methyl sulfate anions have Isbemwn to be more biodegradable[5,6].
This drawback has prompted some companies to itedlternate anions, though many of
these are still fluorous materials. In these Ibg tiuorine of the anion is bonded to carbon,
the C-F bond being inert to hydrolysis. Thus, Ilaséd upon CGSO;, (CRSOs),N and
related anions are being marketed [7].

This new class of salts displays, along with lovpaar pressure, thermal stability, high
ionic conductivity, and remarkable solubility. Tleeproperties have been exploited for the
functionalization of carbon materials. Indeed, tls& of conventional ionic liquids (ILs) to
exfoliate and functionalize single-walled carbomatabes with aryldiazonium salts was
reported by Tour et al. [8]. The chemical reactizass conducted at room temperature in the
presence of ILs and X Os. Independently, Liang et al. have synthesizedvacaiass of stable,

conductive, and hydrophobic room-temperature ILsedaon diazonium salts. The liquid
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nature of the diazonium IL was exploited for thedification of carbon substrates by either
thermal decomposition or electrochemical reductibthe diazonium ion [9].

Recently, we have combined the environmentally drempiroperties of ionic liquids with
the high reactivity of aryldiazonium salts for thgreen chemical derivatization of
hydrogen-terminated boron-doped diamond [10] arassyl carbon (GC) electrodes[11].
Reaction of the BDD or glassy carbon substratesh witnitroazobenzene (NAB) in
conventional ionic liquids takes place under mitohditions. The reaction was performed at
room temperature for 1h in 1-butyl-3-methylimidamol methyl sulphate (hydrophilic) and
in 1-butyl-3-methylimidazolium hexafluorophosphdteydrophobic) to yield organic layers
covalently attached to the surface through C-C bond

The wetting properties of the IL can be easily @iy changing the alkyl chain length of
the IL cations. The longer the alkyl chain lengttishe IL cations are, the more hydrophobic
are the ionic liquid (IL) cations and more diffitwb be transported into aqueous phasas
ion exchange [12]. Accordingly, the ion-exchangecess is another unique property of
IL-based extractions involving charged species, thednore hydrophobic anions give rise to

not only greater distribution coefficients but atke less losses of ionic liquids (ILS).

5.2. Objectives

In this chapter, we have performed esterificati@action of hydroxyl-terminated
boron-doped diamond with an ionic liquid (IL): 1-@hyl carboxylc acid) -3-
octylimidazolium-bis (trifluoromethyl sulfonyl) indie), as shown iischeme 5.1The effect
on the wetting properties by exchanging chemictidly counter ion of the covalently linked

IL was investigated.

5.3. Results and discussion

5.3.1. XPS characterization

Figure 5.1 showsthe XPS survey spectrum of ionic liquid (IL) furarialized BDD
surface. It displays peaks at 285eV due to Clsagmebk at 532eV due to Ols as in the initial

112
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

oxidized BDD sample. Additional peaks at 689eV,rabteristic peak of F 1s, at ~ 402eV due
to nitrogen (N1s) and at 168eV due to S2p cleamtijciate the successful covalent linking of
the ionic liquid to the hydroxyl-terminated boroop#d diamond. The presence of N1s
(7.98%), Fls (16.4%) and S2p (5.09%) next to C13x1®n0) and Ols (15.11%) is in

agreement with the grafting of the IL onto the disra surface. Some Si (2.31%) was in
addition detected, which can be assigned to thenydg interface onto which diamond had

been deposited. The ratio of N/F = 0.49 and S/F=@r8 comparable to the theoretical values
being N/F = 0.50 and S/F=0.33. High resolution X@&stigation of C1s, N1s, F1s and S2p

were explored for further analysis.

OH OHOH
lonic liquid
BDD >
1 DMSO,DMAP,DCC
OH
lonic liquid = |
(0]
R 0]
. N\ 7 F
Anion = FE S N—S8 F
Y N\
F (0] 0 F

Scheme 5.1Schematic illustration of the chemical functionatinn of oxidized BDD surface
with 1-(Methylcarboxylcacid)-3-octylimidazolium-b{gifluoromethylsulfonyl)imide).

The XPS high resolution spectrum of C1s of theadiguid terminated BDD surface could
be resolved into five component peaks: a hydrocafsC) peak located at 284.0eV, a peak
due to ether (C-O-C) groups at 287.2eV, a peakaaenide (N-C) at 286.5eV, a C=0 peak at
289eV and a C-F peak at 292.6e¥igure 5.2. The N-C and C-F peaks can be
unambiguously assigned to the ionic liquid.

Figure 5.3 displays the high resolution XPS spectrum of thks Mf the ionic liquid
derivatized BDD surface. Contributions from S-N 489Y) and N-C (402eV) with a
proportion of ~1/2 can be clearly observed. Thekpata399eV can be attributed to the

nitrogen bonded to the sulfonyl groups. Howeves, rttajor component associated with a high
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binding energy (402eV) is due to the imine grouphie form of imidazolic ring, according to

the literature [13-17].
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Figure 5.1. XPS survey spectrum of 1-(methylcarboxylcacid)eBybmidazolium-bis
(trifluoromethyl sulfonyl) imide) modified BDD suate.
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Figure 5.2. High-resolution XPS spectrum of the Cls band ¢i&thyl carboxylc acid) -3-
octylimidazolium-bis (trifluoromethyl sulfonyl) indie) terminated BDD surface.

Figure 5.4Ashows the high-resolution XPS spectrum of the pekk centered at 688.9¢V,
which can be related to the fluorine in ffoups of the IL anion. The high-resolution XPS of

the S2p can be decomposed into two components,Si#pd S2p, located at 168.5 and
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169.8eV, respectivelyHgure 5.4B). The ratio of these two bands clearly indicates tha S

species exists mainly in its gpstate and can be related to sulfur in sulfonyffigomation.
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Figure 5.3. High-resolution XPS spectrum of the N1s band d¢mgthylcarboxylcacid) -3-
octylimidazolium-bis (trifluoromethyl sulfonyl)ime)modified BDD surface.
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Figure 5.4. High-resolution XPS spectrum of the Fls (A) ando S#ands of the ionic
liquid-terminated BDD surface.

To confirm the covalent linking of the IL onto tleidized BDD surface, the reaction was
carried out in the absence of the coupling agedtcaalyst (DCC and DMAPScheme 5.1

Figure 5.5 displays the XPS survey spectrum of the oxidiz&DBsurface immersed in the
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IL without DCC and DMAP. It exhibits peaks due td<Cand O1s, in agreement with the
absence of covalent linking of the IL. From theHargsolution XPS spectrum of the Cls
(Figure 5.6), it can be seen that C-O (20%) and C=0 (4.7%)baare formed, while the
peaks due to N-C and C-F (characteristic peakkeoflt) did not appear as before. The result
suggests that the coupling agent (DCC) and théysai@MAP) are required for coupling the

IL to the terminal hydroxyl groups of the oxidizB®D surface.
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Figure 5.5. XPS survey spectrum of oxidized BDD surface medifiwith 1-(methyl
carboxylc acid)-3-octylimidazolium-bis (trifluorortieyl sulfonyl) imide) in absence of the
coupling agent (DCC) and catalyst (DMAP).

5.3.2. Electrochemical investigation

Due the high boron content of the diamond, thisriace can also investigated using cyclic
voltammetry Figure 5.7). Figure 5.7A shows the electroactive window of the oxidized
(curve 1) in comparison of the IL modified BDxrve 2). The presence of the covalently
attached IL reduces the electroactive window dightHowever, it seems the
oxidation/reduction is highly catalyzed as seethanbroad wave &= -1V/Ag/AgCI. Figure
5.7B displays the-E curves for an aqueous solution of 10 mM Fe(Nj 0.1M KCI at an
oxidized diamond and at an IL modified BDD surfadée oxidized diamond inhibits

electrode kinetics, as reported previously by ud atimers [18, 19]. The presence of the IL
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shows only a slight attenuation of the peak curkarit an increase in irreversibility. This
indicates that the IL is not blocking electron sfamn to the underlying diamond interface. This
could be due to the positively charged amine gradipthe imidazole ring, showing

electrostatic interaction with the negatively cteardre(CNy* mediator.
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Figure 5.6. High resolution XPS spectrum of the C1s of oxaediBDD surface modified with
1-(methyl carboxylc acid)-3-octylimidazolium-bis rifluoromethyl sulfonyl) imide) in
absence of the coupling agent (DCC) and catalyStAB).

5.3.3. Water contact angle measurements
Water contact angle measurements were used towfdl® changes in the wetting

properties of the boron-doped diamond electroderbednd after functionalization. As-grown
diamond surface exhibits a water contact angle9dt-2° (Figure 5.8 (a). The hydrophobic
character of the surface is assigned to the hydtaopmature of the C-H bonds terminating
the hydrogen-terminated surface. After oxidatiorthwiJV/ozone, the water contact angle
decreased to 8+2 Figure 5.8 (b).

After treatment with 1-(methylcarboxylcacid)-3-oatyidazolium-bis (trifluoromethyl
sulfonyl) imide), the contact angle of the IL-temaied BDD surface shows a significant
increase to 72+2°, which is a good indication forcbvalent bonding on the BDD surface

(Figure 5.1 (c).

5.4. Anion exchange reactions
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Figure 5.7.Cyclic voltammogram of oxidized (curve 1) BDD alhdmodified one (curve 2).
Scan rate: 50 mVs electrolytes: (A) KCI (0.1 M/water), (B) Fe (CN} (10 mM)/KClI
(0.1M/water).

IL-terminated BDD surface was subjected to anionhaxnge between (GSOg)zNi and
BF, forseveral times. After a first exchange withB&nion, the contact angle of the BDD
surface dropped to 22+2Figure 5.9 (2), displaying a more hydrophilic character. The
contact angle increased back to 70+Efg@re 5.9 (3) after immersion in (CIS0;).N
aqueous solution for 24h at room temperature. Comgp&igure 5.9 (3)with Figure 5.9 (1)
there is a very slight contact angle decrease,wtan be attributed to reaction efficiency due

to reaction equilibrium. Based on this resultsitalso easy to understand that after a second
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exchange with BFanion, the contact angle decreased to 33£2°, bubori2?+2° Figure 5.9
(4)). As well a value of 46+2° (not 72+2%igure 5.9 (5))was measured for contact angle of
a BDD surface after a second exchange back tgSGj,N “anion. After a third exchange

with BF4 anion, the surface contact angle measured was’35%2
a n b
C‘

Figure 5.8. Contact angle of a hydrogen-terminated BDD surfaeéore (a) and after
UV/ozone oxidation (b), and surface after modifizatwith IL (c).

(1) 72 (2) 22

s .

(3) 70 (4) 33

S —

(5) 47 (6) 35

Figure 5.9.Contact angle of 1-(methylcarboxylcacid)-3-octytiiszolium-bis(trifluoromethyl
sulfonyl)imide) modified BDD surface (1), after dtrexchange with BF anion (2), after
exchanging back to (QSOg)szanion (3), after second exchange withs B&nion (4), after
exchanging back to (GBOs),N anion (5) and after third exchange with,BEnion(6).
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The variation of the contact angle of the BDD scefavas further displayed Figure 5.10Q
The first alternation cycle shows excellent regatien of (CI—}SOg)zN_ anion Eigure 5.10
(x=3)). However, an obvious contact angle increase fragure 5.10 (x=2)to Figure 5.10
(x=4) was observed, while subsequent regeneration 5§S(Q)ZN_ anion led to a much
smaller contact angleé~{gure 5.10 (x=5). Finally, Figure 5.10 (x=6 shows no significant
change, as comparedRmure 5.10 (x=4. As discussed above, the reaction efficiencyltesu
in contact angle variation.

Anyway, the contact angle of the IL modified BDDriea alternatively in the whole
process of anion exchange reactions betwee@S(OﬁzN_and BR anions. Optimization of

the anion exchange conditions is currently undegstigation in our laboratory.

contact angle / °

2 3 4 5 6

surface serial number

Figure 5.10 Change of water contact angle of a BDD surfater afeveral anion exchange
between (CESGs),N and BR (axis x=1, 2, 3, 4, 5, 6 in this graph are coroegfing to the
serial number oFigure 5.9

Finally, the anion exchange of (53703)2N_ anion of the IL modified BDD surface with
NO; and PE anions was also investigated. The contact angdleesaof the resulting IL
modified BDD surfaces are shown Table 5.1. After exchanging (C§S0s),N with NOs
anion, a value of 50f2was measured, while exchanging with s PRnion yielded a

hydrophilic character and the contact angle sigaiftly dropped to 20+2

5.5. Conclusion
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In summary, we have demonstrated that the est#idit reaction can be successfully
applied for coupling an ionic liquid bearing a aaplic acid group to hydroxyl-terminated
BDD electrodes. The covalent attachment of 1-(me#ripoxylcacid)-3-octylimidazolium-bis
(trifluoromethyl sulfonyl) imide) was achieved imgh selectivity and yield. Anion exchange
reactions between (GSQ;)zN_ and BR anion were carried readily even though the
exchanging efficiency on BDD surface decreased ugily in the course of the reactions.
This technique opens up new opportunities for ckamifunctionalization of diamond
surfaces with ionic liquids for fundamental studeéslectrochemical process at the modified

electrodes and for potential applications in tlegdfiof tribology.

Table 5.1.Contact angle of different ILs modified BDD suréac

Anion Contact angle’)
(CRSQ)oN’ 222
NOs 502
PR 20+2

5.6. Perspectives

BF, anion exchange conditions are under optimizatoogdt higher yields. Other anions
will be exploited in the same way in order to breadhe ionic liquid structure and the

resulting electrochemical characteristics.
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CHAPTER 6

PREPARATION OF HALOGENATED BORON-DOPED DIAMOND
ELECTRODES AND THEIR REACTIVITY

6.1. Introduction

Halogenation in the gas phase was one of the dugace modifications investigated on
diamond surfaces. Fluorine and chlorine atoms thyreeact with diamond and allow surface
halogenation[1-3] The conditions necessary to gaeeatomic species are rather vigorous and
corrosive (e.g. GI400-500°C; E/470°C)[2,3]. Milder conditions can be used during
photochemically initiated gas phase halogenatio®][4To date, the only report on the
halogenation of diamond in the liquid phase hasilseported by lkeda et al. in 1998[7], who
chlorinated diamond powder with sulfuryl chloride@Cl,) aided by the radical initiator 2,
2-azobiisobutyronitrile (AIBN) at 50°C and also brmated diamond powder using ,Bat
50°C in chloroform. The development of simple aoatmllable solution-based procedures
for halogenation of continuous diamond films isgfstill sought after.

A halogen such as bromine when reacted with annelkmauses tha-bond to break,
resulting in the formation a haloalkane. This makes hydrocarbon more reactive since
bromine is a good leaving group and commonly usedurther chemical reactions such as
nucleophilic substitution reactions. One of the eupnis substitution reactions concerns the
replacement of -Br by azido (3N groups. This is of particular interest, becaugalea
termination offers the possibility for “clicking” atecules bearing an acetylene terminal
group.

The “click” chemistry on polymer and solid surfadesve been recently reviewed [8,9],
and various strategies to exploit this reactiomeaefit from its high selectivity, high yields

and remarkable tolerance to reaction conditionsave available to surface scientigt6,11].
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J. P. Collman has demonstrated successful “clickenustry to covalently attach
acetylene-bearing molecules to azide-terminatelassembled monolayers on gold [12].
Similar report on silicon wafers was published by immerstorfer [13] (detailed @hapter

4).

6.2. Objectives

In this chapter, we describe a versatile strategy rominating and chlorinating
hydrogenated boron-doped diamond (H-BDD) interfacesing N-bromo- and
N-chlorosuccinimide (NBS and NCS), respectively laaa inScheme 6.1(1) The chemical
reactivity of the halogenated boron-doped diamoundases (Br-BDD) with Grignard
reagents was further investigate8cheme 6.2 The halogenated interfaces were also
reacted with sodium azide through a nucleophilibssitution reaction. The resulting azide
terminated diamond surfaces;(BDD) were used to trigger the “click” reactio®gheme
6.1(11)). Because of the attractive electrochemical prigeerof ferrocene-containing
molecules, such as fast electron-transfer ratesysible redox activities and favorable redox
potentials, we show here that ferrocene derivatbaesbe grafted onto non-oxidized diamond
surfaces by “click chemistry”,as shown in Scheme 6.1(ll) These redox-active
ferrocene-containing layers on a boron-doped diam@@DD) surface, because of their
ability to store and release charges reversiblyehthe potential to be used as hybrid

molecular /semiconductor memory devices.

6.3. Results and discussion

6.3.1. Contact angle

Contact angle measurements were used to followhhages in surface wetting properties
after each fuctionalization step. The water contarjle of diamond surfaces with different
terminations and chemical compositions were ingastid Table 6.1). Hydrogen-terminated
BDD surface showed a water contact angle of 93,4#a8°%xpected for a surface terminated

with hydrophobic C-H bonds. Chemical grafting oeaton withdrawing groups to the
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diamond interface does not influence significantlg wetting properties. Contact angles of
87 = 2° and 85 + 2° are obtained for the brominadeaimond (Br-BDD) and chlorinated

diamond (CI-BDD) interfaces, respectively. The eslare comparable to those reported in
the literature for diamond surfaces halogenatedgugiasma treatment [14]. The high contact
angles give a first indication that oxidation hast taken place preferentially under such

reaction conditions, as this would result in cohtargles <10°.

Br Br ITr
NBS BDD
CCl,/80°C,3 hours Cl
benzoyl peroxide cl cl ‘
NCI BDD
b)
DMF | Il
Dlj 80°C
N\N
‘ N3 Ns T3
- Cu(ll),Sodium ascorbate 50D

ethynyl ferrocen
1 c)

Scheme 6.1Halogenation of H-BDD through radical substituticraction using NBS and
NCS and its reactivity.

Br Br Br 10 {10 y10

CioHor—MgBr
BDD > BDD

80°C ,72hours

Scheme 6.2Alkylation of a brominated BDD surface usingoB,1:MgBr.

Table 6.1.Contact angle of boron-doped diamond (BDD) sudagieh different terminations

H-BDD | Br-BDD | CI-BDD | GH21-BDD | N3-BDD Ferrocene-BDD

Contact| g34p° | 8742° | 85+2° | 100+2° |70+2° 20+2°
angle
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The stability of the interfaces was determined o§ofving the change of contact angle
over time. After 14 days exposure to ambient coowls, the contact angles determined
remained unchanged within the error range, incigatinat both interfaces are fairly stable in
air. When immersed in water for 2 days, the contagiles decreased to 83 + 2° for the
brominated diamond (Br-BDD) and to 81 * 2° for thklorinated diamond (CI-BDD).
Furthermore, brominated and chlorinated diamonde wamersed in water for more than
one month, contact angles were checked from timene. Figure 6.1 displays the change of
the water contact angle over time. We can seedftat one month, both chlorinated and

brominated diamond surfaces were completely oxélize
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Figure 6.1.Change of water contact angle on (A) Br-BDD (B)BI)D diamond surfaces.
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The chemical reactivity of the halogenated BDD acek was further investigated by
exposing the brominated BDD surface to a Grignaagent. A similar strategy has been
reported for the alkylation of chlorinated diamdii¢land Si surfaces [15]. The Br-BDD was
immersed in an anhydrous THF (20ml) and 10 ml of @\H21MgBr in diethyl ether. The
mixture was heated for 72h in a constant tempegdiath set at 80°C. The resulting surface
was rinsed at room temperature with 1%3;CBOH solution in THF, Milli-Q water,
sonicated in methanol and dried under a streamitafgen [16]. The contact angle of the
decyl-terminated diamond (gH,;-BDD) surface increased to 100+2°, due to the hydobic
character of the long alkyl chain. The value isagreement with contact angles between
100-108° reported for chemically modified silicomda perfluorodecyl silane modified
polycrystalline diamond surfaces [17].

Finally, nucleophilic displacement of the termimalogen groups of the Br-BDD surface
with sodium azide led to contact angle decreasealfie of 70+2°was measured for the
azide-terminated diamond §MDD) surface. After clicking ferrocene moietiesttee azide

terminal groups, the contact angle dropped to 20a2tepicted iffable 6.1
6.3.2 Electrochemical characterisation

We studied the electrochemical properties of thedifiredl BDD surfaces using
[Fe(CN)]*™ as the redox couple in solutiofigure 6.2A shows thei—E curves in an
aqueous solution of 10mM Fe(C&) in 0.1M KCI aqueous solution recorded on H-BDD,
Br-BDD and CI-BDD electrodes.

A significant decrease of the apparent rate cohssaobserved for the halogenated BDD
electrodes, being similar to that of UV/ozone ozédl interfaces [17]. In the case of CI-BDD,
the standard electrochemical potential shifted tseranodic values. In contrast to F-BDD,
where a window of ideal polarisability of 5V coulae recorded [56,57], CI-BDD and
Br-BDD surfaces show electroactive windows simitathat of H-BDD Figure 6.2B).

The decyl-terminated BDD (@H»;-BDD) surface was further characterized by cyclic
voltammetry using Fe(CN) as the redox couple in solutioRigure 6.3. Attenuation of the
current is observed, which is consistent with stefahibition due to the presence of a long

alkyl chain on the surface, comparable to perfldenyl-terminated BDD [18]. The current
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signal is however rather intense suggesting theetbctrode is not fully blocked. This points

towards either an overall low-density surface gngfand/or the presence of defect domains.

0.6

0.4 -

0.2

0

i/ mA

02 L

i/ mAcm?

04l 2 |

-0.2 | | | -0.6 L | | | | | | | |
0.2 0 0.2 0.4 0.6 -1.6-1.2-0.8-04 0 0.4 0.8 1.2 1.6

E /V vs. Ag/AgCl E/V vs. Ag/AgCI

Figure 6.2. Cyclic voltammograms of BDD electrodes in an agqsesolution of (A)
Fe(CN)*"(10mM) in KCI (0.1 M): H-BDD (black), Br-BDD (grey)CI-BDD (grey dotted);
(B) KCI (0.1 M): H-BDD (curve 1), Br-BDD (curve 2)CI-BDD (curve 3), UV/ozone
oxidised-BDD (curve 4); scan rate: 50mV.s

0.2 T T T T
0.1+
< 0.0+ .
E
0.1+ .
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0.0 0.3 0.6 0.9
E/V vs Ag/AgCI

Figure 6.3. Cyclic voltammogram of ¢H,;-BDD electrode in an aqueous solution of
Fe(CN)}* (10 mM) in KCI (0.1 M) aqueous solution; scan r&@ mV s™.

Figure 6.4 (curve 1)shows a-E curve for a ferrocene modified BDD surface in 0.1M
tetraethyl ammonium hexafluorophosphate (TEQPiR DMF. The signal at ~1.0V vs.
Ag/AgCl is due to the ferrocene termination. In @rdo confirm the ferrocene-terminated
BDD (after “click chemistry” on the azide- termiedtsurface), a cyclic voltammogram (CV)

of alkynylferrocene in solution was recorded onzaa terminated BDD surface and both
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compared; theE curve obtained is shown &gyure 6.4 (curve 2)

For alkynylferrocene in solutiorcgrve 2) typical redox peaks at 0.51 V and 0.88 V are
shown. The signal at ~1.0\Mcyrve 1) is due to the alkynylferrocene termination. The
reduction peak is however suppressed, possiblytdug low density grafting, molecular
orientation and/or the presence of defect domamthe surface. The small shoulder, located
at 0.81 V, is also due to ferrocene as substitteedcene can show a more complex redox
behavior. Compared to alkynyl ferocene in solutithe oxidation peak is shifted to higher
potential for the surface bound species.

A similar behavior of ferrocene was observed omylghtrystal Si (111) surfaces modified
with ferrocene carboxylic acid [19], and on gold diiied by ferrocene-based alkanethiol

layers [20]. On basis of this, we can concludeptesence of ferrocene units on BDD surface.

1. 2X].O-4 T T T T T T T T T T T T
8.0x10°
<L 4.0x10°}

0.0

00 02 04 06 08 10 12

-4.0x10° b———

E/V vs Ag/AgCl

Figure 6.4. Cyclic voltammograms of alkynylferrocene in sofution an azide terminated
BDD interface (curve 2) and on a ferrocene-terna@dafcurve 1) BDD surface in TEARF
(0.1M/DMF), scan rate: 0.1V’s

6.3.3. X-ray photoelectron spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy is a valuable toatvaluate the changes in the surface
chemical composition and to monitor covalent bofadsned during surface derivatization.
The XPS survey of as-deposited BDD displays a rpask for C1s at 285.08eV and a small
peak at 532eV for Ol1s with a O/C ratio of 0.30 . pnesence of oxygen is most likely due to

partial oxidation of the BDD surface during its dang and transferring. After reaction with
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NBS and NCS, additional peaks at 183.9eV and 190dies to Br3p and at 199.8eV and
201.3eV due to CI2p are observéidgure 6.5). The atomic concentration ratio Br/C and CI/C
are estimated to be 0.18 and 0.15 respectivelyva@hes are comparable to those reported by
Kondo et al. [14]. The O/C ratio after halogenatincreased to 0.98 for Br-BDD and 1.01 for
CI-BDD, indicating that some oxidation is takingpé during halogenation. High-resolution
XPS Figure 6.5C) of the Cls band indicates the formation efOCgroups (288.6eV). The
shoulder at~286.3eV is due to the formation of C-X (X = Br, @d C-O bonds.
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Figure 6.5. XPS survey of (A) brominated and (B) chlorinatkamond surfaces. The insets
correspond to the high-resolution XPS of Br3p afi2pC(C) high-resolution XPS of the C1s
band of as-deposited BDD (black), Br-BDD (grey) &1eBDD (black dotted).

Chemical conversion of bromine into azide termmratied to the complete disappearance of
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the Br3p signal (183.9eV and 190.5e\Bigure 6.6B), indicating the substitution of the
bromine functions of the monolayer. The substitutieaction of brominevith azide groups

resulted in the appearance of a signdhe N1s region of the XPS spectrulrigure 6.6C).
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Figure 6.6. (A) XPS survey spectrum of azide terminated diathsarfaces (MBDD), (B)

High-resolution XPS spectrum of Br3p, (C) The hrgisolution XPS spectrum of N1s.
Careful analysishowed the presence of a split peak at 401 andv4(&gure 6.60), the

high- and low-binding energy peaks are, respegtivedssigned to the central,

electron-deficient N atom in the azide group, amthe two nearly equivalent azide N atoms,
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in a region which did not show any sigat the brominated boron-doped diamond (Br-BDD)
electrodes. This peak splitting indicated the pmes®f two nitrogen species present in the
azide-terminateanonolayer, and reflects the differently chargedogiénatoms in the azide
group suggesting the presence of chemically differettogen atoms consistent with the
chemical composition of the monolayer [21].

Moreover, the completelisappearance of the bromine pedkg(re 6.6C) that was
observed in thédrominated diamond surfaseiggests a complete conversion of the bromine
functions to azide $95%) or to a competitive oxidation reactioBuch functionalized
azide-terminated monolayers nogpresent a substrate that could be employed3ndigolar
cycloaddition reactions if reacted with terminaletene substitutedmolecules. To
demonstrate this possibility, ethynyl ferrocene wesed for “clicking” with the azide
terminated diamond surface.

Reaction of the terminal azido groups with ethyfefdrocene in the presence of Cu(l)
catalyst led to the appearance of a new peak iXBf@ survey spectrum at ~ 710eV due to
Fe2p Figure 6.7A).

After clicking ferrocene groups onto the azide-terated BDD surface, the peak at 405eV
disappears and the one at 400eV doesn’t show avipugbchangeKRigure 6.7C). This can
be taken as an evidence for the transformatiomefaizide group to the 1, 2, 3-triazole unit
bound to the terminal ferrocene head “click chemistry”. Furthermore, a huge increase of
the Ol1s peak was observed due to a competitiveabardreaction during the “clicking” step.

In addition, the scan of the Fe2p region demoresrétte presence of ferrocene moieties
onto the BDD surfaceHgure 6.7B). The Fe2p, and 2p,; have been, respectively, found at
711.7 and 725.6eV with a 2:1 peak area ratio, dlaarly indicates that the Fe species exists
mainly in its (Ill) oxidation state, in agreemenithwpreviously reported results on ferrocene
moieties anchored to hydrogen-terminated silicod] [&and azide-terminated BDD [21
surfaces. The corresponding binding energy andafglth at half maximum (FWHM) values
are close to the data previously reported on fermeaderivatives anchored onto Si(100) and

BDD surfaces [19,21].
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Figure 6.7. (A) XPS survey of the azide-terminated BDD surfadfeer “clicking” with

ethynyl ferrocene (B) The high-resolution XPS aof the 2p (C) The high-resolution XPS of
the N1s.
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6.4. Reaction mechanism

6.4.1. Halogenation reaction

Among various radical initiators, benzoyl peroxigdas found to be the most effective in
abstracting hydrogen on the surface. Due to itsd@sociation energy, the O-O bond in these
peroxides breaks easily, generating radicals [J2\&4hen benzoyl peroxide is thus heated up
to temperatures of about T = 60-80°C, it decompo#esbenzoyl radicals. In the presence of
a H-terminated diamond surface in GQinder N atmosphere, at T = 80°C for t = 3h), the
benzoyl radicals formed can abstract a hydrogem ato the diamond surface, then halogen
atoms were introduced from N-halogenosuccinimide N:bromosuccinimide or
N-chlorosuccinimide), accompanied with succinimiddicals generationF{gure 6.8). The
succinimide radicals continue abstracting hydrogemms from the surface, and succinimide
radicals propagate simultaneously. A succinimiddicad, once formed, rapidly reacts with
whatever is available. In reality if more than dmgrogen is present, the starting material

would keep reacting till there is no succinimiddical any more, it is termination.
6.4.2. Nucleophilic substitution

The bromine terminal group can be easily substitbieazide group through a nucleophilic
substitution reaction with sodium azide, where tieleophile is the N and the leaving
group is Br. During the substitution reaction of halogenatgdrbcarbons using sodium
azide Figure 6.9), the lone-pair electrons on the Non will be strongly attracted to thg
carbon, and will move towards it, beginning to makeo-ordinate (dative covalent) bond. In
the process, the electrons in the C-Br bond wilpbshed even closer towards the bromine,
making it increasingly negative. There is obviouslgoint in which the N is half attached to
the carbon and the C-Br bond is half way to beirakén. This is called a transition state. It
isn't an intermediate. It can't be isolated-everafgery short time. It's just the mid-point of a
smooth attack by one group and the departure dhandlrhe movement goes on until thg N
is firmly attached to the carbon, and the bromias been expelled as a Bon. The solvent

Is important. If water is present it tends to gdistitution by OH instead of N.
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Figure 6.8.Mechanism of the halogenation reaction of hydrotgthdiamond surfaces using
a radical initiator.
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Figure 6.9.Mechanism of nucleophilic substitution of Br magstby azide groups.

6.4.3. Click reaction

Clicking ethynyl ferrocene with azide terminatedardond surface is a typical Cu
(I)-catalyzed cycloadditiogFigure 6.10) The reaction mechanism was discussed in details i
theChapter 4. Cu (Il) and sodium ascorbate were used to gemeraatalytically active Cu (1)
species and the reaction was carried out in the omsemonly used solvent: water/ethanol at

50°C (for the sake of higher reaction rate).

Ns N3 N3
+ N N

Cu(ll),Sodium ascorbate
ethanol/water(1/2),5¢

Figure 6.11.Click reaction between ethynyl ferrocene and ardminated BDD surface.

6.5. Conclusion

136
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

In summary, the results presented here demonsdrateasy-to-perform and controllable
formation of Br-BDD and CI-BDD on a diamond filmh@& interest of halogen-functionalised
BDD is in the high reactivity of the surface-bouhdlogens that can be utilised for the
introduction of other surface functionalities. Thigs demonstrated by exposing Br-BDD to
alkyl-Grignard reagents. Azide termination on diamthsurfaces (WBDD) can be obtained
by a nucleophilic substitution reaction with sodiazide. Finally, the azide termination was
exploited for “clicking” ethynyl ferrocene to theDB® electrodes. The attachment of an
electroactive ferrocene moiety was achieved in hglectivity and yield. Because of the
gentle nature of the procedure, the strategy deeelon this work can be used as a general

platform to prepare functionalized surfaces foias applications.

6.6. Perspectives

From the XPS analysis, it was clear that the nyotidiz substitution of -Br by -Blgroups
was accompanied by a partial oxidation of the sarfaSurface oxidation is known to
influence the electrochemical properties of the B&Mface. This aspect has to be optimized
in order to reduce surface oxidation during Br Bdispment.

Furthemore, in order to prepare functional surfades biosensing applications,
biomolecules bearing an acetylene group shouldnibmabilized on the azide-terminated

BDD surface using “click” chemistry.
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CHAPTER 7

CONCLUSION AND PERSPECTIVES

For many years, diamond surfaces were considereldeasically inert, which restricts their
use in various aspects of life sciences and biotolgy. In the last ten years, there has been
a huge progress in the development of strategredeiavatization of diamond surfaces. These
techniques are based on photochemical, electrocaérimd chemical approaches, and have
shown their strength in tethering functional grotpghe diamond surface.

To make it competitive with silicon technology, tbere advantages of diamond, including
the chemical stability, the low electrochemical kground current and its wide potential
window will have to be optimized. The control okthurface chemistry of diamond will play
a crucial role in this perspective. While theseeiféices are nowadays used as analytical
devices in different areas, the development of memface chemistries on diamond has
somehow stagnated over the years. Two approachHaadtonalize diamond interfaces have
been mainly used: photochemical linking of funcéibralkenes and diazonium-based
chesmitry. The difficulty in controlling the formah of a monolayer using diazonium-based
chemistry and the immobilization of long functiomad alkene chains hindering largely
electron transfer opens the search for new funalipation pathways. Some interesting
approaches have been recently proposed throughditeet amination of H-terminated
diamond. The possibility to pattern the surface @saliamond an adapted platform for the
generation of microarrays. Indeed, the future apgpilbn of diamond will be in
high-throughput systems and biotechnology. Whedleemond will be the material of choice
for biosensing applications will depend on the effput into the control of its surface
chemistry.

In contrast to other semiconductors, linking organblecules onto diamond surfaces does
not require carbon-carbon (C-C) bond formation.daithe high chemical stability of C-O,
C-N, C-S, C-P,...bonds, the functionalization of logknated, oxidized, aminated,.. diamond
surfaces will lead to the formation of stable oiganonolayers.

This study provided quantitative methods for thectionalization of boron-doped diamond
surfaces. Coupling biological species onto the tionalized diamond surfaces in a controlled
fashion will allow not only the construction of Brensing devices, but may be of interest for
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fundamental studies of living cell morphology imeact with surface structures.
This thesis aimed at the chemical modification afrdm-doped hydrogen-terminated
surfaces (BDD) for potential applications in bi@suaies. Several new strategies for surface

derivatization of the diamond surface have beerldped.

7.1. Functionalization of oxygen-terminated diamondurfaces

In spite of the high stability of diamond, oxidatiof the hydrogenated surface is relatively
easy to perform. Three different oxidation metho@ls:electrochemical oxidation through
anodic polarization, (ii) photochemical oxidatiosing UV/ozone and (iii) oxidation using
oxygen plasma of as-deposited moderately borondiaiamond interfaces have been
compared in terms of electrochemical behaviourtaett surface properties were investigated
using water contact angle measurements and X-ratoplectron spectroscopy (XPS)
analysis. It is demonstrated that diamond intedae&hibiting better APTES grafting
efficiency also show a more positive flat band posi This behaviour suggests strongly that
a positive shift of the flat band potential is tethto the formation of C-OH bonds rather than
C-O-C groups. Based on this result, the electroatednoxidation is one of the preferred
methods, leading to the formation of the highesbam of C-OH groups without graphitizing
the diamond interface, as observed in the casexyfem plasma treatment. However, for
APTES modified BDD surface, photochemical oxidationshort times (5 to 15 min) results
in high N/O ratios together with an increase inceten transfer kinetics (for 15 min of
treatment) and is an alternative for undoped diats@amples.

7.1.1. “Clicking” organic and biological moleculeshearing acetylene group to azide

terminated boron-doped diamond surfaces

We have demonstrated that “click” chemistry cansbecessfully applied for coupling
organic molecules bearing a terminal alkyne groapatide-terminated BDD surfaces.
Electroactive moieties such as thiophene, ferroa@ cyclophane were introduced on an
azide-terminated BDD surface by using “click” chstry in the presence of a copper(l)
catalyst. The resulting surfaces were characterzgidg XPS, water contact angle and
electrochemical measurements. As a result, 1) titaehanent of an electroactive ferrocene
moiety on azide-terminated BDD surface was achiauedigh selectivity and yield, 2) the
applicability of azide-alkyne [3+2] cycloadditiona® successfully demonstrated with ethynyl

thiophene and further electrochemical polymerizatid the terminal “thiophene” units with
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thiophene monomers in solution led to the formatasna polythiophene film covalently
linked to the BDD surface, 3) alkyne-functionalizegtlophane can undergo click chemistry
to conveniently attach these units onto a preforamde-functionalized BDD surface. Azide
termination was obtained through a simple estatiicn reaction between hydroxyl
terminated BDD surface and 4-azidobenzoic acidvéengresence of DCC and DMAP in dark
at room temperature.

In summary, due to the gentle nature of the proeedhe strategy developed in this work

can be used as a general platform to prepare @nadized surfaces for various applications.

7.1.2. Chemical functionalization of oxygenated ban-doped diamond using ionic
liquids

lonic liquid-----1-(Methylcarboxylcacid)-3-octylimiazolium-bis(trifluoromethyl sulfonyl)
imide was covalently grafted to the BDD surfaceotlyh an esterification reaction between
the carboxyl groups of the ionic liquid and thaeraral hydroxyl groups of an oxidized BDD
surface. The resulting surface was characterizedcanfirmed by XPS, water contact angle
and electrochemical measurements. Anion excharaggioa between (CgBQ;)zN_and BR
anions was also exploited. Contact angles of ILAffextl BDD varied alternatively in the
process of anion exchange reaction betweensOf,N and BR anions, suggesting the
successful anion exchange.

This technique opens up new opportunities for clamiunctionalization of diamond
surfaces towards applications in analytical figld #or studying fundamental electrochemical

processes at hybrid electrodes.
7.2. Functionalization of hydrogen-terminated diamad surfaces

Brominated and chlorinated surfaces are obtainac vadical substitution reaction of C-H
groups on diamond with bromine and chlorine radicihe conditions for the halogenation
involve refluxing in anhydrous CgIin the presence of a radical initiator, such aszbgl
peroxide to result in Br-BDD and CI-BDD interfac@is versatile strategy was developed
for chemically functionalizing hydrogenated borovpdd diamond (H-BDD) surfaces in a
manner that stabilizes the underlying diamond agairidation and allows for both chemical
and electrochemical functionalization of the suefacThe chemical reactivity of the
halogenated BDD surfaces was confirmed by expo#iegbrominated BDD surface to a

Grignard reagent. Subsequently, azide terminatias @btained by a nucleophilic substitution
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reaction with sodium azide. The resulting azideaiaated BDD surface was covalently
coupled to ethynyl ferrocene using “clicking chetmis These redox-active

ferrocene-containing layers on a boron-doped diam@DD) surface, because of their
ability to store and release charges reversiblyehthe potential to be used as hybrid

molecular/ semiconductor memory devices.

7.3. Perspectives

Despite the rapid progress made in the past ters yedhe science and technology behind
diamond films prepared by chemical vapour depasi(®VD), the commercialization of this
amazing material is still in its infancy. Researsh@nd industry are concentrating their efforts
on the development of methods to scale up the Ckdagss and reduce production costs to
the level at which it becomes economically vialdeuse diamond as the material of choice.
The material is far from being the “ultimate engineg material” even though some devices
are already on the marketplace, such as diamondspesaders, windows, cutting tools and
surface acoustic waves (SAW) filters. In the nextife, we expect to see diamond films in
many more applications, especially in electroniod bioelectronics.

The field of chemical functionalization and assemifl organic monolayers on diamond
surfaces will remain very active for the comingnged his will be mainly driven by potential
applications of such hybrid structures in differ&alds ranging from molecular electronics to
biosensors, biological microelectromechanical systebioMEMS) and nanotechnology.
There is a huge progress in the elaboration of gmaifting techniques under mild conditions
and steps towards understanding the reaction mechamvolved during the grafting process.
However, there are some limitations to overcomeigefeaching stable, reproducible and
reusable devices based on organic monolayer/diamgmdds. The main drawback for using
diamond/organic monolayer as a biochip substratieflanrescence for the detection scheme
of biomolecular interactions on the surface isghssible fluorescence quenching in the close
vicinity of the semiconductor. Finally, the imprawent of the monolayers quality to resist
biofouling is a real challenge to design selectared sensitive devices for monitoring
biomolecular interactions.

The extension of the functionalization strategiesvefoped on diamond surfaces to
diamond-like carbon (DLC) films and diamond nandipbes will open new opportunities for
potential applications of thin carbon-based filmbiomaterials, drug delivery, biosensors and

bioimaging.

142
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

APPENDIX

Appendix 1. Ultrasonic bath

Ultrasonic cleaning is the most up-to-date cleamraress for removing particles from the
substrate surfaces, for supporting amphiphile tlisem and for periodic cleaning of
containers and glassware. Its special advantagdsda the most thorough cleaning of the
components to be cleaned, in the shortest timdéowitadditional manual work and without
damaging the items to be cleaned. The ultrasomiatrtrent will remove even the most
stubborn dirt from inside drillings and cavitiessacondsThe object to be cleaned is placed
in a chamber containing a suitable ultrasound cotiay fluid (an aqueous or organic solvent,
depending on the application). An ultrasound gdimegdransducer built into the chamber, or
lowered into the fluid, produces ultrasonic waveshie fluid by changing size in concert with
an electrical signal oscillating at ultrasonic fueqcy.

In this thesis work, sonication was performed inldtrasonic bath (BRANSON 2500)

using water as the transmitter.

Appendix 2. Orbital platform shaker

Heidolph Rotamax 120 orbital platform shaker wasdufr cleaning and some chemical
reaction agitation.

Appendix 3. UV-ozone

An easy method for oxidizing substrate surfacaékestreatment in UV-ozone [1ffigure 1
illustrates an example of an ultraviolet ozone afiwh system which combines ultraviolet
radiation, ozone, and heat to gently and effegtivelmove organic contaminants from a
variety of substrates [2].

The UV-ozone oxidation system includes a sourcezohe in this case which is provided
by feeding dry oxygen through a particulate fikmd feeding the dry particulate free oxygen
through an ozone generateq(ations 1 2). The ozone then flows into a reaction chamber of

the ultraviolet ozone oxidation system. The reactbamber includes a UV lamp positioned
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above a heated sample stage. The exhaust fronealséan chamber may be passed through
an optional ozone killer such an ozone decompasitetalyst unit where unreacted ozone is

destroyed before entering the atmospheggétion 4).

UV LAMP =
REACTION CHAMBER OPTIONAL
OZOMNE KILLER
FESSESSNEEENNRE]
HEATED
l— SAMPLESTAGE |—
EXHAUST
OZONE GENERATOR
FLOW
N: (PURGE CYCLE) —»—— METER

PARTICULATE
Dry O, * FILTER

Figure 1. Schematic view of ultraviolet-ozone oxidation gyst[2].

In use, ozone flows into the reaction chaméued is uniformly distributed over the sample
by the membrane diffuseFhe UV lampprovides uniform UV radiation of the sample. Some
of the ozone decomposes into oxygen molecules mmli@oxygen when exposed to the UV
radiation équation 3 and then sample surface is oxidized by bondindp &wiomic oxygen
due to its high reactivity. Simultaneously, orgammaterial such as photoresist, solvent
residues, human skin oils, and pump oil are exatedisassociated by the short wavelength
UV radiation. The atomic oxygen oxidizes the extitgganic molecules to form simpler,
harmless products such as carbon dioxide and wHEtes.process cleans or removes organic

contaminats from the sample which are then exhdusten the reaction chamber

O, +hv —» 20- A=240nm (1)
0,+0-—» Q (2)
Os+hv — 0, +0O-  A=175nm (3)
O3+ 0- —» 2Q (4)

In this work, UVO cleaner (Nr. 42-220, Jelight, US#as used. Singlet oxygen, ozone
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and/or high energy UV-light irradiation oxidize hpden terminated boron doped diamond

surface.
Appendix 4. Oxygen plasma

Oxygen plasma has been used for oxidizing surfates vacuum.Figure 2 shows a
schematic view of our plasma instrument systems(Rédab 80 Plus, Oxford Instruments).
The oxidizing process takes place while the chandbeat 0.6 Torr in rough pumping mode
and is of a short duration (1 - 10 minutes). Thaspia oxidition is activated by operator
command when needed. When activated the chambamnied first to partial vacuum and
then evacuation recommenced.

At the correct pressure oxygen is bled into thermla source and then plasma is ignited to
create activated oxygen radicals for oxidiziegyations 5, §. After a short time the plasma

and oxygen leak are turned off and the system mped down to remove the residual

l_l

wigwport —.

oxidation products.

top electide

——qas inlet

b— harmber

siibstrate
electrode

waler coobid

10 vaCuum purmp J
and préssune 13 8E6MHz
caniral vahe

Figure 2. Schematic view of plasma system [3].
0, +0" —» O, +O- (5)
O, +é —» 20- (6)

Oxygen ions and radicals are very effective cleguaigents. The oxidizing process involves
the oxygen gas ions and radicals reacting withhygrocarbons inside the chamber. These

reactions yield KO, CO and C@that are then removed from the system by the vacuu
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pumps.

Appendix 5. Contact angle

The contact angle is the angle at which a lig@ador interface meets the solid surface. The
contact angle is specific for any given system iandetermined by the interactions across the
three interfaces. Most often the concept is ilate with a small liquid droplet resting on a
flat horizontal solid surface. The shape of theptebis determined by the Young relation.
Water contact angles are known to depend on botfa morphology and surface
chemical composition. The wetting property of aface is defined according to the angle
which forms a liquid droplet on the three phasetacine (interface of three medidigure
3a). A surface is regarded as wetting when the corgagle, which forms a drop with this
one, is lower than 90F(gure 3a). In the opposite case (the contact angle is higian 90°),
the surface is non wettingriQure 3b). For water, the terms “hydrophilic” and “hydroghd’
are commonly used for wetting and non wetting si@$a respectively. Superhydrophobic
surfaces display water contact angles as high @sdrseven nearly 180° (as showrFigure
3b).

Increased angle = ;

Normal surface \
Superhydrophobic surface

Figure 3.Contact angles of normal surface (a) and superipyaioic surface (b) [4]

The contact angle of a liquid on a surface accgrdmnthe surface tension is given by the
relation of Young (1). The surface tension, ngfes the tension which exists at the interface
of two systems (solid/liquid, liquid/liquid, andlstigas). It is expressed in energy per unit of
area (mJ.f), but can also be regarded as a force per uniérafth (mN.nt). From this
definition, it is possible to identify three forcesting on the three phase contact lipe:

(liquid surface stress/gas), (liquid/solid surface stress) and; (solid surface stress/gas).

The three forces are representeéigure 4.
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Figure 4. Surface forces acting on the three phase conteeblia liquid droplet deposited on

a substrate.

At the equilibrium state:
VLS+V+VSG=O (7)

By projection on the solid, the relation of Youry {s obtained:
Yis = Vsc ~ ¥ €OSY, (8)

It is also possible to establish the equation (B)chlculus of the surface energy variation

related to a displacemedx of the three phase contact line:
dE = (Vs — Vse)dX+ pdxcosd 9)
At the equilibrium state, using energy minimizat{dik = 0), the Young relation (8) is found.

Appendix 6. Scanning electron microscopy (SEM)

The SEM is a microscope that uses electrons ingieaght to form an image. Since their
development in the early 1950's, scanning eleamamoscopes have developed new areas of
study in the medical and physical science commesiiffhe SEM has allowed researchers to
examine a much bigger variety of specimens.

The scanning electron microscope has many advantage traditional microscopes. The
SEM has a large depth of field, which allows mofeaospecimen to be in focus at one
time. The SEM also has much higher resolution,cksely spaced specimens can be
magnified at much higher levels. Because the SEBE electromagnets rather than lenses,
the researcher has much more control in the degremgnification. All of these advantages,
as well as the actual strikingly clear images, mideescanning electron microscope one of
the most useful instruments in research today. SBM uses an electron beam to acquire
knowledge about the sample morphology (shownFagsire 5). This method requires a

conductive sample. In the case of non-conductiveenas an ultra-thin layer of metal e.g.
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gold or platinum is deposited on top of the samphee primary electron beam is produced at
a cathode, placed at the top of column, named Tuere are two main types of electron guns,
a hot filament gun, where electrons are extractednfa heated tungsten wire through
thermionic emission, or the field emission gun (FEBere the electrons are extracted from a
needle shape cathode by the application of a stetewric field. The extracted electrons are
accelerated from a few hundred to tens of thousaha@sectron volts. The primary electron
beam is focused by a magnetic lens and apertuttestiom sample surface. To limit electron
scattering in the column a high vacuum is needéd also prevents sample oxidation. Next,
a set of scan coils deflect the beam in a scanpatgrn over the sample surface. When the
examined material is struck by the electron beaners¢ types of signals are formed.
Secondary electrons are produced by the interactietween the primary electrons and the
weakly bonded conduction-band electrons in metath@valence electrons of insulators and
semiconductors. They have low energy, and thus cloome a very shallow region at the
sample surface. On this basis information aboutpsanopography can be elucidated.
Backscattered electrons are created by electrom beteraction with the positive charged
nucleusvia elastic collisions. They have high energy. Thisvaé getting knowledge about

morphology and average surface composition [6, 7].

Electron Gun

) b Anode

‘ ‘ “‘ Magnetic

e | — Lens

ToTY
Scanner

Scanning
Coils

Electron

Detector g ~
—

~Secon dary
= Electron
Detector

Stage Specimen

Figure 5. Schematic view of SEM [8]
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I have used the scanning electron microscope ULBRZeiss, Electron Gun is FEG (field
effect gun) to image the diamond surfaces. Itafestare shown as follow:
«  Acceleration Voltage 200 V -30 kV
+ Resolutions 1.7 nm at 1 kV and 1 nm at 15 kV
«  Magnification 20x to 900 000x
+ 2 Secondary detectors: INLENS and External
« 2 backscratted detectors: QBSD and EsB

- stage 130 mm x 130 mm

Appendix 7. Atomic force microscopy (AFM)

Scanning probe microscopes (SPM) are a set of wwils very small parts that help
scientists to image objects at the nanometer. Bgehof scanning probe microscope involves
a very fine probe tip that scans back and forthr aveurface. The first SPM was the scanning
tunneling microscope (STM). STM is limited to swda that are electrically conductive.
Later, Atomic Force Microscopy (AFM) was inventeghich could scan any surface,
conductive or not. The AFM has the advantage ofging almost any type of surface,
including polymers, ceramics, composites, glasd, l@ological samples. Binnig, Quate, and
Gerber invented the Atomic Force Microscope in 19B8%eir original AFM consisted of a
diamond shard attached to a strip of gold foil. @reemond tip contacted the surface directly,
with the interatomic van der Waals forces providihg interaction mechanism. Detection of
the cantilever’s vertical movement was done witheaond tip - an STM placed above the
cantilever.

AFM probe deflection: most AFMs instruments useaael beam deflection system,
introduced by Meyer and Amer, where a laser iseotdld from the back of the reflective
AFM lever and onto a position-sensitive detectorFMA tips and cantilevers are
microfabricated from Si or §\,. Typical tip radius is from a few to tens of nFigure 6).

In the experiments presented in this thesis dinoen§i100 AFM was used, and the
tapping mode was employed (as shownFigure 7). The Dimension 3100 AFM is an
instrument capable of imaging specimens with azontial and vertical resolution down to a
fraction of a nanometer. The instrument works byasoeing the deflection produced by a
sharp tip on micron-sized cantilever as it scanesscthe surface of the specimen. Sample
sizes that can be handled by the instrument rarma tmall pieces to 150mm diameter

wafers.

149
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

(A) (B)

Probe Laser

4 Quadrant

Photodetector cantilever

Substrate

Figure 6. A schematic 3D description of basic principleatdmic force microscope (AFM)
(A) and its amplified representation (B) [9]

AFM Head L.
Cables Vacuum Switch
AFM Head —— Lock Screw
Optical Camera
Adjustment Screws Holder Plate
Manual Stage
Knob

Figure 7. Overall dimension 3100 AFM view
Appendix 8. Fourier-Transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy provides information abowtneital compounds structure. This is
due to the interaction between the infrared (IRliagons with matter. The photon energy in
this range is not enough to excite electrons bdtiges vibrational excitation of covalently
bounded atoms and groups. The atoms in a molepalleoastantly oscillating around average
positions changing the bonds length (stretchingatibns) and angles (bending vibrations)
between them. Atoms in a given molecule absorbiguenset of IR radiation frequencies
matching the frequencies of the molecular oscilsi and the spectrum with bands
corresponding to functional groups can be recofd€il In principle the absorption of IR
radiation is possible, if the vibrations cause ange in the dipole moment of the molecule.

In the experiments of this thesis the transmittaspectra of porous silicon surfaces were
recorded. The FTIR spectra were measured by deteofi attenuated light after its passage
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through the sample. To acquire detailed informa#ibout species adsorbed on metal support
the reflectance technique was used [11]. This restrdctive method allows studying very
thin films and to determine the orientation of nwikes. The IR radiation is directed onto the
surface of the sample at an angle of incidencw/fith is equal to the angle of the reflection
(R) (Figure 8). The choice of the angle of incidence dependtheradsorbed film thickness

and for very thin coatings it equals about.80

BILITTOR

half-silvered

colierent mrror

light source

HILTOr

I detector

Figure 8. Schematic illustration of IR
Appendix 9. Cyclic voltammetry

Cyclic voltammetry provides considerable information the thermodynamics of redox
processes, for example redox potential, and thetiks of heterogeneous electron-transfer
reactions and coupled chemical reactions or adsorpgprocesses. For that reason the
technique was chosen in this work to obtain qualgainformation about electrochemical
reactions. In this method the potential is swepivben two valueg; andEeat a fixed rate in
forward scan and is then reversed and in backwad swept back tg;, forming a triangular
potential waveformKigure 9a).

During the potential sweep the potentiostat measiime current resulting from the applied
potential. The current vs. potential plot is usedthe analysisKigure 9b). When the bulk
solution initially contains only a reduced form (Reof the redox couple at the initial
potential (lower than the redox potential) no casien of Red to Ox occurs. As the applied
potential approaches the redox potential, the anodgiirent increases until a peak is reached
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lp,a (forward scan). At this point the potential is fsténtly positive that any Red reaching

electrode surface is converted to @gfation 10:
Red — Ox+e (10)

The characteristic peak is formed because of titialimcrease of Red concentration gradient
and further depletion of Red form. At this poinetburrent depends upon the rate of mass
transfer to the electrode surface. During the vescan (backward scan), the previously
generated Ox form accumulated near the electrodacsuis reduced to Red form. This

reaction results in increasing of the cathodic entriwhich in reversible process produces a

peak shape responssg(ation 11):
Ox+e — Red (12)

When the reversible redox system remains in eqiuhi throughout the potential scan the
peak current for the Red-Ox couple atQXan be described by the Randles-Segqikation
12[12]:

i, =(269010° )t (AT Y2 Y2 (12)

Where:n — number of the electrons transferred
A — Electrode area (ch
D — Diffusion coefficient (crhs?)
C — Redox probe concentration (mol&m

U—The scan rate (V s-1)

E A a) I A b)
forward scan
Ee forward scan backward scan |
\ / ....................................... I
0 I
p.c backward scan
- a
|
& | X
t Ei ED,C Ep,e Ee E

Figure 9. a) Cyclic potential sweep b) resulting cyclictaohmogram.
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Moreover, the equilibrium requires the surface emti@ation to be maintained according to
Nernst equation. Under these conditions the cyatitammogram is characterised by the

following properties:

> the formal potential is centred betweeyuBnd B¢ E° = (Ep,a + Epyc)/ 2

» the separation between the peak potentials is é&@4almV at 25C for all scan rates,

where n is the number of the transferred electrdas;= (Ep,a - Ep,c)
the peak width is equal to 28.5/n mV at@%or all scan ratesg ,, = E,,

the peak current ratioy({/i, o) is equal to unity for all scan rates

YV V V

the peak current is linearly dependent on the aanagon of the redox probe
» the peak current increases linearly with the squaotof the scan rate
For the irreversible and quasi-reversible systemtgn the chemical reaction is coupled to
the redox process or adsorption of either react@anpoducts occur the individual peaks are
reduced and widely separated. The peak curreri°&@ & such a system is described by the

following equation 13[12]:
i, =(299010°)th @2 CAIT (DY? 2 (13)

Where: a - transfer coefficient

During the electrochemical reaction both the Red @x form can be involved in an
adsorption-desorption process. When both forms radsm the electrode surface this
interfacial behaviour satisfy the Nernstian equatiand exhibits symmetrical cyclic

voltammetric peaksAE , = 0) and a peak half width of 90.6/n mV at°25 The peak current

is linearly dependent on the surface coverdgeaqd the potential scan rateq(ation 14
[12]:

_n’F O AD

I 14
P AR (14)

where: F is the Faraday constant (C mpl
[ is the surface coverage (mofjn
Ris the gas constant (J ifdk™)
T is the temperature (K)
The surface coverage can be determined by the iuahtcharge consumed by the surface

processéquation 15:
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Q=nIF[AIl (15)

The prepeak or postpeak is observed on the voltggranowhen either the Ox or the Red
form is observed at a potential more positive aggatige than the diffusion-controlled peak,
respectively[12].

In the thesis, electrochemical experiments weropeed using an Autolab potentiostat 30
(Eco Chemie, Utrecht, The Netherlands). The elebemical cells were fabricated from
white cylinders of PTFE. The diamond sample thas o be used as a working electrode
(WE) was laid horizontally and sandwiched betweeon PTFE cylinders Kigure 10). A
platinum wire was used as counter electrode angatkntial were relative to the 0.01M
Ag'/Ag system.

gasin & out EE

(2 holes) /
CE
Strew .L/ SCrEwW
AN |

mesh

Dhamond

sample (WE)

Figure 10. A schematic diagram of an electrochemistry cell

Appendix 10. X-ray Photoelectron Spectroscopy (XPS)

XPS instruments consist of an x-ray source, anggnanalyzer for the photoelectrons, and
an electron detector. The analysis and detectigrhofoelectrons requires that the sample be
placed in a high-vacuum chamber. Since the phattvele energy depends on X-ray energy,
the excitation source must be monochromatic. Trerggnof the photoelectrons is analyzed
by an electrostatic analyzer, and the photoelestewa detected by an electron multiplier tube

or a multichannel detector such as a microchanaés fas shown ifigure 11).
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X-ray photoelectron spectroscopy (XPS), also ca#éattron spectroscopy for chemical
analysis (ESCA) is an electron spectroscopic methatluses X-rays to eject electrons from
inner-shell orbitals. The principle is represente@igure 12 Each atom in the surface has a
core electron with the characteristic binding egétwt is conceptually, not strictly, equal to
the ionization energy of that electron. When ana}{dpeam directs to the sample surface, the
energy of the X-ray photon is adsorbed completgiythe core electron of an atom. If the
photon energyhv, is large enough, the core electron will then pedaom the atom and emit
out of the surface. The emitted electron with tiveetic energy ofEyi, is referred to as the
photoelectron. The binding energy of the core ebdecis give by the Einstein relationship
(equation 16)[14, 15].

Electran Energy Anaiyzer (0-1.5kV)
(reasures kinetic energy of electrons)

™.

Electron Detector
(counts the efectrons)

Photo-Emitted Eleclrons (< 1.6 kV) —_—
escape only from the very top surface

(70 - 1104) of the sample

Electron
Colisction
Lens

Focused Beam of

X-rays (1.6 kV)

Electron
Take-Off-Angle

8i0. /8i°
Sample

Sampiles are usually solid because XPS Si{2p) XPS signals
requires ultra-high vacuum (<10 torr) from a Silicon Wafer

Figure 11.Basic components of an XPS system [13]

Ep = v - Exin - Wi (16)

Wherehv is the X-ray photon energy (for monochromatic Al,Kv = 1486.6eV)Eyn is the
kinetic energy of photoelectron, which can be meas$iy the energy analyzer; and Ws
the work function induced by the analyzer, abouied Since the work function, Méan be

compensated artificially. It is eliminated, givitige binding energy as followgquation 17)
Ex= hv - En (17)
Where W is the work function of the spectrometer.

The experiments of this thesis were carried oud MG 220i XL system. The VG 220i XL
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system is an extremely versatile XPS system. dégisipped with two types of X-ray sources,
the twin-anode and the twin crystal monochromatmae. XPS can identify all elements,
since the binding energy of the peaks is charatterof each element with a 0.1 atomic
percent sensitivity, with the exception of H and ptesent in the outer 10nm of a sample.
XPS can also provide information on chemical bogdi®ther capabilities of the system
include depth profiles, line scans, and angle wegblXPS and ion scattering (lkeV
He").Technical specifications are shown as follows:

- Small area XPS (<20n)

- Imaging XPS (~2um)

- Typically 0.1 at. % (1000ppm) detection senstjivi

- 0.5 eV energy resolution

X-ray .
y . gjected photoelectron,
energy hiv / kinetic energy E,,
\ Free

Electron work funktion,
Level
W,

Femi
Level

binding energy,
Ey

Figure 12.The principle of XPS [15]

Appendix reference

1. R. Boukherroub; X. Wallart; S. Szunerits; B. FKl#s; P. Bouvier; M. Mermoux.
Electrochem. Commu@005 7, 937.

United States Pate®555835.

http://www.iemn.univ-lille1.fr

D. QuéréNature Materials2002 1, 14-15.

T. Young.Philos. Trans. R. Soc. Londd805 95, 65.

G. D. DanilatosAdvances in Electronics and Electron Physi&88 71, 109-250.

G. D. DanilatosAdvances in Electronics and Electron Physi&9Q 78, 1-102.

© N o 0o B~ Wb

www.purdue.edu/REM/rs/sem.htm

156
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

9. P. E. Westintroduction to Atomic Force Microscopy Theory Riee ApplicationsAFM
University.

10. P. D. Natale; P. Cancio; D. Mazzoiemtosecond Laser Spectroscapy05 109-132.

11. D. Gongalves; E. A. Iren®uimica Nova Quin2002 25, 5.

12. A. J. Anderson. Fundaments and applicationspafctroscopic ellipsometryscience
University of Richmondl991

13. B. V. Crist.XPS International LLC2005 1-2.

14. J. T. Grant; D. Briggs. Surface Analysis by Augnd X-ray Photoelectron Spectroscopy.
IM. 2003

15. www.ifw-dresden.de/.../?searchterm=oxidation

157
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

158
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

CURRICULUM VITAE

Personal

Date of birth: Nov12, 1983

Nationality: Chinese

Marital status: Single

Tel: +33(0)32019 79 34

Adress: IRI-IEMN Avenue PoincarBR 60069

59652 Villeneuve d'Ascq, France

Education

Sep, 2007-June, 20009: Ph. D. student

Science and Technology University of Lille, France
Sep, 2006-Aug, 2007: Ph.D. student

Shandong University, China
Sep, 2004-Jul, 2006: Master

Shandong University, China

Sep, 2000-Jul, 2004: B.Sc.

Shandong University, China

PUBLICATIONS

1. WANG Mei, LI Mu Sen, BOUKHERROUB Rabah, SZUNERITS Sabine.
Electropolymerization on boron doped diamond irtees modified with thiophene
monomer unitsgubmitted)

2. WANG Mei, SIMON Nathalie, DECORSE-PASCANUT Claudia, BOUTTEM
Muriel, ETCHEBERRY Arnaud, LI Musen, BOUKHERROUB Bah, SZUNERITS

159
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

Sabine. Comparison of the chemical composition eledtrochemical properties of
boron doped diamondsurfaces upon different oxidapoocessesElectrochimica
Acta.(in pres$

3. WANG Mei, R. DAS Manash, G. PRAIG Vera, LENORMAND Francdis Musen,
BOUKHERROUB Rabah, SZUNERITS Sabine. Wet-chemicapraach for the
halogenation of hydrogenated boron-doped diamoeatreidesChem. Commur2008
6294-6296.

4. WANG Mei, LI Mu Sen, YIN Long Wei, QI Yong Xin, XU Bin, GO® Jian Hong.
The microstructures and catalysis of metallic filowering diamond single crystals
synthesized from Fe-Ni-C systenKey Engineering Materials2007, 353-358,
2774-2777.

5. R. DAS Manash,WANG Mei, SZUNERITS Sabine, GENGEMBRE Léon,
BOUKHERROUB Rabah. Clicking ferrocene groups to dmdoped diamond
electrodesChem. Commur2009 2753-2755.

6. WANG Mei, LI He-sheng, LI Mu-sen, GONG Jian-hong, TIAN BEifect of Boron
Contained in the Catalyst on Thermal Stability afr@é-Doped Diamond Single
Crystals.Chinese Journal of High Pressure PhysikB08 22(2), 215-219.

7. WANG Mei, LI Mu-sen, GONG Jian-hong, LI He-sheng, TIAN BiAnalysis on
reasons of mesh-like structured surface of borgredodiamond.Diamond &
Abrasives Engineerin@008 136(1), 19-21.

8. WANG Mei, LI Mu-sen, GONG Zhi-guang, LI He-sheng, TIAN BihJU Lei.
Influence on Thermal Stability of lib Type Diamor&ingle Crystals under High
Temperature Annealingdeat Treatment of Metal2007, 32, 466-4609.

9. WANG Mei, LI He-sheng, LI Mu-sen, TIAN Bin. Thermal stabjlicomparison of
the llb type and the Ib type diamonbhurnal of Shandong University of Technology.
2007, 37(6), 41-43.

10.WANG Mei, LI Mu-sen, GONG Jian-hong. Study on the composiand structure of
covering metal film of boron-doped diamondiamond & Abrasives Engineering.

2005 5:1-3.

160
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

11. LI He-sheng, QI Yong-xin, GONG Jian-hong/ANG Mei, LI Mu-sen. Boride
phase-structure in metallic film and the formatiohboron-doped diamond single

crystal.Superhard Material Engineerin@008 20(1), 1-4.

12. SU Li, GONG Jian-hong, LI He-sheny ANG Mei, LI Mu-sen. Influences of boron
carbide on synthesis of diamond from Fe-based systelustrial diamond2007, 1,
20-25.

13. LI He-sheng, GONG Jian-hong)ANG Mei, LI Mu-sen.Synthesizing Diamond with
Sheeted Iron-based Catalyst Accepting Powder TdogpoJournal of Synthetic
Crystals 2007, 36(3), 573-577.

14. GONG Jian-hong, LI Mu-sen, Xu Bi&ANG Mei, ZHENG Ke-fang. Investigation
on the microstructure and behaviors of boron-dodemond synthesized under
Fe-Ni-B catalystProceedings of International Symposium on Matertadgence and

Engineering (C)2005 2, 1150-1154.

161
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



Thése de Mei Wang, Lille 1, 2009
DISSERTATION OF LILLE 1 UNIVERSITYSCIENCE AND TECHNOLOGY

162
© 2010 Tous droits réservés. http://doc.univ-lille1.fr



	Titre
	Résumé
	Abstract
	Table of contents
	Chapter 1 : introduction
	1.1. Diamond: a potential candidate in bioelectronics
	1.2. Preparation of diamond films
	1.3. Properties of diamond
	1.3.1. General properties of diamond
	1.3.2. Properties of doped diamond electrodes
	1.3.2.1. Dopants for diamond electrodes and their electrical properties
	1.3.2.2. Electrochemical properties in aqueous electrolytes
	1.3.2.3. Photoelectrochemistry

	1.3.3. Stability of diamond electrodes
	1.3.4. Biocompatibility of diamond electrodes

	1.4. Functionalization of diamond electrodes
	1.4.1. Functionalization of hydrogen-terminated diamond surfaces through C-C bond formation
	1.4.1.1. Direct reaction of hydrogen-terminated diamond surfaces with alkenes under photochemical conditions
	1.4.1.2. Diazonium chemistry

	1.4.2. Functionalization of hydrogen-terminated diamond surfaces through C-O bond formation
	1.4.3. Oxidation of H-terminated diamond surfaces
	1.4.4. Halogenation of H-terminated diamond surfaces
	1.4.5. Amination of H-terminated diamond surfaces
	1.4.6. Reactivity of oxidized diamond surfaces
	1.4.6.1 Silanization reactions on oxygen-terminated diamond surfaces
	1.4.6.2 Esterification reactions of oxygen-terminated diamond surfaces

	1.4.7. Reactivity of halogenated surfaces
	1.4.8. Reactivity of aminated diamond surfaces

	1.5. Scope of the thesis
	1.6. References

	Chapter 2 : material and methods
	2.1. Materials and reagents
	2.1.1. Chemicals
	2.1.2. Deionized water
	2.1.3. Glassware and containers
	2.1.4. Safety considerations

	2.2. Synthesis of alkyne-functionalized cyclophane 6
	2.2.1. Synthesis of solid 3
	2.2.2. Synthesis of alkyne-functionalized cyclophane 6

	2.3. Preparation of the substrates
	2.3.1. Hydrogen terminated boron-doped diamond samples
	2.3.2. Hydrogen-terminated free-standing boron-doped diamond films
	2.3.3. Hydrogen-terminated porous silicon substrates

	2.4. Functionalization of the substrates
	2.4.1. Functionalization of oxygen-terminated boron-doped diamond
	2.4.1.1. Oxidation of hydrogen-terminated boron-doped diamond
	2.4.1.1.1. Electrochemical oxidation
	2.4.1.1.2. Photochemical Oxidation
	2.4.1.1.3. Oxygen-plasma

	2.4.1.2. Modification of three kinds of oxygen terminated boron-doped diamond
	2.4.1.2.1. Silanization
	2.4.1.2.2. Esterification

	2.4.1.3. Click chemistry
	2.4.1.3.1. Azide termination
	2.4.1.3.2. “Clicking” ferrocene on azide-terminated BDD surface
	2.4.1.3.3. “Clicking” thiophene on azide-terminated BDD surface
	2.4.1.3.4. “Clicking” cyclophane on azide-terminated BDD surface

	2.4.1.4 Esterification between hydroxyl groups of oxygenated boron doped diamond (HO-BDD) and ionic liquid (IL)
	2.4.1.4.1 Anion exchange reactions


	2.4.2. Halogenation of hydrogen terminated boron-doped diamond
	2.4.2.1. Reaction halogenated boron-doped diamond surfaces with Grignard reagents
	2.4.2.2. Reaction of the brominated boron-doped diamond (Br-BDD) with sodium azide
	2.4.2.3. Azide-alkyne Huisgen cycloaddition reaction between ethynyl ferrocene and azide-terminated boron-doped diamond (N3-BDD)

	2.4.3. Functionalization of porous silicon surfaces with thiophene groups
	2.4.3.1. Amine termination
	2.4.3.2. Azide termination
	2.4.3.3. “Clicking” thiophene on azide-terminated PSi surface
	2.4.3.4. Polymerization of the surface linked thiophene units


	2.5. Surface characterization
	2.5.1. Contact angle measurements
	2.5.2. X-ray photoelectron spectroscopy (XPS)
	2.5.3. Electrochemistry
	2.5.3.1. Electrochemistry conditions used in Chapter.3
	2.5.3.2. Electrochemistry conditions used in Chapter.4
	2.5.3.3. Electrochemistry conditions used in Chapter.5
	2.5.3.4. Electrochemistry conditions used in Chapter.6

	2.5.4. Scanning electron microscopy (SEM) imaging
	2.5.5. Atomic force microscopy (AFM) imaging

	2.6. References

	Chapter 3 : oxidation of hydrogen terminated boron doped diamond electrodes
	3.1. Introduction
	3.2. Objectives
	3.3. Results and discussion
	3.3.1 Electrochemical Oxidation
	3.3.2 Investigation of photochemical oxidized diamond
	3.3.2.1 Contact angle measurements
	3.3.2.2 Electrochemical Characterization
	3.3.2.3 XPS analysis

	3.3.3 Investigation of oxygen plasma oxidized diamond
	3.3.4 Silanization of the three interfaces
	3.3.5 Esterification of the oxidized interfaces

	3.4 Conclusion
	3.5 Perspectives
	3.6 References

	Chapter 4 : "clicking" organic molecules bearing acetylene group to azide-terminated boron-doped diamond surfaces
	4.1. Introduction
	4.2. Objectives
	4.3. Results and discussion
	4.3.1. Characterization of azide-terminated BDD surfaces
	4.3.1.1. X-ray photoelectron spectroscopy (XPS) analysis
	4.3.1.2. Electrochemistry measurement

	4.3.2 Characterization of ferrocene-terminated BDD surfaces
	4.3.3 Clicking thiophene to the azide-terminated BDD
	4.3.4. Clicking of cyclophane to azide terminated BDD surfaces

	4.4. Functionalization of porous silicon surfaces with thiophene groups
	4.4.1. Grafting of ethynyl thiophene on porous silicon
	4.4.2. Surface characterization
	4.4.3. Electrochemical polymerization
	4.4.4. Formation of polythiophene films on thiophene-modified PSi

	4.5 Conclusion
	4.6 Perspectives
	4.7 References

	Chapter 5 : functionalization of oxygenated boron-doped diamond surface with an ionic liquid
	5.1. Introduction
	5.2. Objectives
	5.3. Results and discussion
	5.3.1. XPS characterization
	5.3.2. Electrochemical investigation
	5.3.3. Water contact angle measurements

	5.4. Anion exchange reactions
	5.5. Conclusion
	5.6. Perspectives
	5.7. References

	Chapter 6 : preparation of halogenated boron-doped diamond electrodes and their reactivity
	6.1. Introduction
	6.2. Objectives
	6.3. Results and discussion
	6.3.1. Contact angle
	6.3.2 Electrochemical characterisation
	6.3.3. X-ray photoelectron spectroscopy (XPS) analysis

	6.4. Reaction mechanism
	6.4.1. Halogenation reaction
	6.4.2. Nucleophilic substitution
	6.4.3. Click reaction

	6.5. Conclusion
	6.6. Perspectives
	6.7. References

	Chapter 7 : conclusion and perspectives
	7.1. Functionalization of oxygen-terminated diamond surfaces
	7.1.1. “Clicking” organic and biological molecules bearing acetylene group to azide terminated boron-doped diamond surfaces
	7.1.2. Chemical functionalization of oxygenated boron-doped diamond using ionic liquids

	7.2. Functionalization of hydrogen-terminated diamond surfaces
	7.3. Perspectives

	Appendix
	Appendix 1. Ultrasonic bath
	Appendix 2. Orbital platform shaker
	Appendix 3. UV-ozone
	Appendix 4. Oxygen plasma
	Appendix 5. Contact angle
	Appendix 6. Scanning electron microscopy (SEM)
	Appendix 7. Atomic force microscopy (AFM)
	Appendix 8. Fourier-Transform Infrared Spectroscopy (FTIR)
	Appendix 9. Cyclic voltammetry
	Appendix 10. X-ray Photoelectron Spectroscopy (XPS)
	Appendix reference

	Curriculum vitae

	source: Thèse de Mei Wang, Lille 1, 2009
	d: © 2010 Tous droits réservés.
	lien: http://doc.univ-lille1.fr


