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Abstract

Diamond is a unique material for its physical and chemical stability. However, many advance
applications rely on surface functionalisation. Here, two types of diamond were modified on the
surface - thin layer of chemical vapor deposition (CVD) and nanodiamond particles (NDs) high
pressure and high temperature (HPHT).

The aim of CVD surface modification was to prepare photosensitised, conductive, diamond
electrodes for dye sensitized solar cells (DSSC). For this purpose, a thin diamond layer doped
with boron was deposited on the silicon wafer. Boron doping provided p-type (semi)conductivity
to diamonds. The surface of the diamond was hydrogenated with H-plasma, and a short carbon
linker with a protected amino group was UV-photografted to the surface. In another study,
a photoconverting dye (P1) was covalently attached to the amine-linker. Furthermore, a dye
designed based on donor-m-acceptor (D-m-A) concepts was attached to the surface. Finally,
a systematic study was done for differently conductive diamond layer and the underlying
silicon wafer These experiments gradually lead to the highest ever reported photocurrents of
6.6 uA cm? for a flat photosensitised boron-doped-diamond (BDD) electrode.

Monomolecular layer surface functionalizations on CVD diamond are difficult to detect or even
quantify due to the low surface area and a negligible number of attached molecules. Therefore,
we decided to use NDs as a model with similar chemical reactivity and with a number of
functional groups available per milligram of diamond material several orders or magniture
higher. For this purpose, NDs were modified similarly to the CVD layer, followed by analyses

to evaluate conversions of surface reactions.

The modifications of NDs targeted at advance applications of particle tracking and ultrasensi-
tive quantum sensing. The cornerstone for any NDs application is colloidal stability in solution,
Without which the available surface is lost altogether with the function, such as targeting, drug
delivery or sensing. Equally important is to confirm that the designed surface was modified and

that this modification can be reliably reproduced.

In the following study, fNDs with nitrogen vacancy (NV) centres were used for directed
motion on a flat graphene surface driven by a pH gradient. For this purpose, polymer-coated
fNDs were surface functionalized with aldehyde groups, while the graphene surface was amine
terminated. The surface available aldehydes on fNDs were quantified spectrophotometrically
by a dye synthesised specifically for this purposed. Reversible formation of imine bond in the
direction of the pH gradient resulted in directed motion, as shown by long-time fluorescent
tracking of fNDs. Therefore, we developed a new tool based on the surface modification of fNDs

for nanoparticle manipulation.

Finally, we developed quantum-based ultrasensitive nanosensor to sense unpaired electrons
in close vicinity of fND, which was built on previously gained experiences. The aim was to
create a missing tool for monitoring biologically relevant processes in aqueous solution under

ambient temperature with a minute resolution. Specifically, we focused on construction of {ND



with covalently bound nitroxide radicals to the polymeric coating of fND and their detection
using optical relaxometry on NV centers. For that, colloidally stable f{NDs were coated with
a biocompatible polymer. To the polymer was attached a stable nitroxide radical, which
could serve as a redox spin on/off switch. We developed an independent validation method
to determine an exact concentration of nitroxide radicals bound per particle using a set of
complementary methods (EPR, TGA, NTA, cryo-TEM). Then, using quantum-based sensing,
we determined the concentration of nitroxyl radicals by measuring changes of T relaxation
times of nitrogen vacancy (NV) centers. We determined the precision of the nitroxide radical
readout to be ~10 single radical spins per one fND. In conclusion, we reached a localised optical
readout sensitivity to be approximately 10722 mol of nitroxide radicals in aqueous solution

under ambient conditions.

Keywords boron doped diamond (BDD), chemical vapor deposition (CVD), dye-sensitized
solar cell (DSSC, DSC), nanosensor, nanodiamond, nitrogen-vacancy center, nitroxide radical,

paramagnetic species, L-ascorbate, diamond with NV centres, nanosensors, relaxometry.



Abstrakt

Diamant je vyjimecny material kvili své chemické a fyzikalni stabilité. Pokrocilé pouziti
materidlii na bazi diamantu jsou zalozeny na jejich povrchové funkcionalizaci. V této praci byla
chemicky modifikovana bud tenka vrstva diamantu vzniklého chemickou depozici z plynné faze
(CVD) nebo nanodiamanty (ND) pripravené za vysokého tlaku a teploty (HPHT).

CVD diamanty byly pouzity pro pripravu fotosenzitizované vodivé diamantové elektrody pro
barvivem senzitizované solarni ¢lanky (DSSC). Na kiemikové podlozce byla vytvorena tenkd
vrstva borem dopovaného diamantu (BDD). Pridany bér vytvoril (polo)vodivostni vlastnosti
typu p. Poté byl povrch hydrogenovan vodikovou plasmou a na néj jsme za pouziti UV zareni
pripojili kratkou uhlikovou spojku s ochranénym aminem. K aminoskupiné jsme kovalentné
navazali fotoaktivni barvivo (P1), které umozinuje konvertovat fotony na elektricky proud.
V dalsim projektu jsme k povrchu pfipojili nové barvivo navrzené dle konceptii donor-m-
akceptor (DPA). Posledni ptispévek na toto téma systematicky studoval vliv rizné vodivosti
BDD diamantu a kiemikové podlozky na vznikajici fotoproudy. Postupné jsme dosahli zatim

nejvyssich zvefejnénych fotoproudt 6.6 pA cm? pro ploché, fotosensitizované BDD elektrody.

Monomolekulové povrchové tpravy diamantu je diky jeho malému specifickému povrchu
obtizné prokézat, natoz kvantifikovat. Proto jsme se rozhodli pouzit jako model ND vykazujici
podobnou reaktivitu, ale fadové vétsi mnozstvi funkénich skupin pritomnych v hmotnostnim
ekvivalentu materidlu. Nanodiamanty jsme upravili podobnym zptisobem jako CVD vrstvy.

Poté jsme pripravené NDs analyzovali a urcili miru modifikovaného povrchu diamantu.

Druhé ¢ast prace se zabyvala pokroc¢ilymi aplikacemi NDs pro sledovani ¢astic a vysoce citlivé
kvantové detekce. Zakladnim predpokladem pro tspésné pouziti NDs je koloidni stabilita v
roztoku. Nestabilni ¢astice ztraci vlivem asociace dostupny povrch a tedy i funkci sledovani,
cileni, detekce ¢i transportu léc¢iv. Neméné dulezité je ovérit, ze navrzené povrchové Upravy

provedeny a lze je spolehlivé zopakovat.

Fluorescenéni diamanty s centry dusik-vakance (NV) byly pouzity pro realizaci orientovaného
pohybu na grafenovém povrchu ve sméru pH gradientu. K tomu byly pripraveny fND potazené
vrstvou polymeru nesoucim aldehydové funkéni skupiny. Povrch grafenu obsahoval amino
skupiny. Mnozstvi povrchové dostupnych aldehydu bylo urceno spektrofotometricky pomoci
barviva pripraveného k tomuto tcelu. Tvorba iminovych vazeb ve sméru pH gradientu umoznila
smérovy pohyb fND, ktery byl sledovan fluorescen¢ni mikroskopii. Byl tak vyvinut novy pristup
na manipulaci s nanocasticemi, ktery byl predveden na prikladu povrchové upravenych fND.
Byl tak vyvinut novy pfistup na manipulaci s nanocasticemi, ktery byl predveden na piikladu

povrchové upravenych fND.

Na zakladné zkusenosti ziskanych z predchozich experimenti, byl vyvijen kvantovy ultracitlivy
nanosenzor neparovych elektrontu v blizkém okoli fND. Cilem bylo pripravit chybéjici ndstroj
pro sledovani bunécnych procesu ve vodnych roztocich a pokojové teploty se snimanim v ramci

minut. K tomuto Gcéelu bylo vybrano sledovani pritomnosti kovalentné navazanych nitroxidovych



radikald na polymernim obalu fND. Nanodiamanty byly pokryty biokompatibilnim polymerem,
na ktery byly navazana stabilni nitroxidové radikdly. Radikaly bylo mozné reverzibilné vytvorit
a odstranit. Diive nez jsme mohli provést kvantovou detekci, vyvinuli jsme nezavislou metodu
ovéfujici presnou koncentraci nitroxidovych radikalt navézanych na jedné castici. K tomu
jsme pouzili kombinaci metod EPR, TGA, NTA a cryo-TEM. Kvantovym méfenim jsme urcili
koncentraci nitroxidovych radikali, a to mérenim T; relaxac¢nich ¢ast krystalové poruchy NV
centra obsazené v nanodiamantu. Presnost detekce pritomnosti nitroxidovych radikalt jsme
urcili na ~10 samostatnych radikalovych spinti na jeden fND. V této praci jsme dosahli lokalni
citlivosti detekce piiblizné 10723 mol nitroxidovych radikald ve vodném roztoku za pokojové
teploty.

Keywords borem dopovany diamant (BDD), chemicka depozice z plynné faze (CVD), barvivem
senzitizovany solarni ¢lanek (DSSC, DSC), nanosenzor, nanodiamant, centrum dusik-vakance,
nitroxidovy radikal, paramagneticka latka, L-askorbat diamant s NV centry, nanosenzor, relax-

ometrie.
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1 | Introduction

This introduction follows the diamond from material selection through fabrication and surface
modification to explaining potential applications of this basic research — for photovoltaics and

sensing with nitrogen vacancy (NV) centres.

Diamond is a chemically and physically stable material under ambient conditions and,
therefore, suitable for both academic and industrial applications. Novel diamond applications
can be developed by modifying its surface. For example, a synthetic diamond can be spiked
with numerous elements and lattice defects. However, any capability introduced without
directing a selected task provides us with little benefit. Accordingly, we aimed to develop
a fictionalised system by modifying a diamond surface, that is, by covering the diamond
surface with particular molecules. Here, two modifications were studied: one with a potential
application in photovoltaics, and the other in sensing or tracking. In photovoltaics, a diamond
can be used as a durable electrode. The intrinsically missing electric conductivity is introduced
into a diamond by boron doping, and diamond becomes a p-type conductor. The other
modification is nitrogen vacancy (NV) centre — a point defect, which has stable fluorescence
in NIR. This is a non-bleachable fluorophore with broad applications in imaging or long-time
tracking. Furthermore, measuring the NV in a proper experimental setup shows changes in the

electromagnetic surroundings with unprecedented sensitivity.

Within the thesis, a general diamond matter will be called diamond. The chemical vapor
deposition (CVD) grown diamond as a thin nanocrystalline layer on a substrate will be referred
to as a “thin layer” or “plate”, while diamond particles with diameter <1000 nm (usually 30-50

nm) will be called nanodiamond (ND).

The high surface to volume (mass) ratio is crucial for any nanoparticle application. For an
illustration, surface to volume ratio increases by 3 orders for 10 times decrease in side length, for
the same volume of cubes (Figure 1.1). Thus, two parameters are important — particle size and
colloidal stability of particles, for bioapplications it is stability on aqueous buffers. ND used in
this work have size ~50nm. The dimensions can be compared with following biological objects.
The thickness of red cell is about 1 um, HIV virus diameter is 120 nm, ATP synthase 20 x 10

nm, ATP is 1 nm in width and the distance between water molecules is roughly 0.3 nm [1, 2].
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CHAPTER 1. INTRODUCTION

a=1mm b=1pm c=1nm
n=1 n=1x10° n=1x 10"

Sa = 6 mm? Sp = 6 x 10° mm? Sc = 6 x 10° mm?
S/V =6 S/V =6 x 10° S/V =6 x 10°

Figure 1.1: Schematic display of increasing surface to volume ratio for cubes with the decrease in edge
length where a,c,b is lenght of side, n is number of cubes, S is surface of all cubes and S/V is surface
to volume ratio. ND used in the work have irregular shape with ca. 30-50 nm diameter. Created in
PGF/TikZ using Overleaf.

1.1 Diamond

Natural diamond is a well-known material due to its hardness, chemical inertness, longevity
and optical properties. Synthetic diamonds are fairly new and their availability increased after
the development of various manufacturing techniques such as detonation [3], high pressure and
high temperature (HPHT) [4] and chemical vapor deposition (CVD) [5, 6]. The size of the
material ranges from ultranano-, nano- and microparticles to thin layers, which can be poly-
or mono-crystals. Depending on the manufacturing method, high purity sp® carbon materials
can be prepared (by CVD) with high control of impurities or doping. Conversely, the explosion
creates particles with a high content of sp? carbon impurities and with residual elements from
the explosive itself, mainly nitrogen. Surface chemistry changes significantly, depending on the
manufacturing method and on post-processing procedures. Generally, a higher content of a sp?
C-H surface leads to a hydrophobic surface and, in the case of nanoparticles, to lower colloidal
stability in polar solvents (water). Higher sp? content and numerous edges on the crystal surface
lead to a wide variety of surface chemistry and higher reactivity. However, combining different
surface chemistry properties into a single functional group is more challenging. Post-processing
methods remove combustible and incombustible surface impurities through sonication, annealing
and treatment with acids or hot melted salts to remove unwanted content. Therefore, the
selection of the manufacturing and post-procession techniques heavily depends on the target

application of diamond.

1.1.1 Fabrication of nanodiamonds (ND)

Diamond synthesis has been of interest of entrepreneurs and businessmen over the last two
centuries as much as gold synthesis has been attracting alchemists. James B. Hannay allegedly
prepared synthetic diamond in 1880 by explosion in a closed tube, though recent reexamination
proved that the diamonds were of natural origin [7]. Nevertheless, a reproducible synthesis
of microdiamonds was officially reported in 1955 by the General electric company [4] using

technique HPHT. Since then, many techniques have been developed based on the principle of

14



1.1. DIAMOND

localised high pressure and temperature, such as detonation [3], CVD [8], ultrasound cavitation
[9] and laser ablation [10].

The detonation nanodiamond (dND)s, HPHT and CVD are commercially available in large
scale. The dNDs are produced by detonation in a closed vessel, and industrial production
is expressed as ton per year [11]. The explosion produces small spherical particles (<5 nm
diameter), which aggregate with detonation soot. This soot accounts for 25-70 wt. % depending
on detonation conditions [12]. The aggregates holding electrostatically together can be, to some
extent, disintegrated by sonication. Development in post-processing (intensive milling) leads
to a commercially available colloidal solution of 4-5 nm NDs [13]. dNDs are less suitable for
optical tracking than HPHT NDs. That is due to the high content sp?, amorphous carbon and

nitrogen (Section 1.1.4), which results in diamond with less optically activeNV centers [14].

The HPHT are prepared under the following conditions: ~10 GPa pressure and ~2300 °C tem-
perature. The resulting micron-size polycrystalline particles are milled to monocrystalline
particles (Figure 1.3). Breaking down diamond produces irregular shapes, with available sizes
as small as 10-20 nm. Industrial-grade HPHT NDs are nitrogen-rich, which can create a yellow
appearance. The nitrogen can be soaked by other elements (Zr, Al, Ti) [15, 16] to remove the
colour, albeit slowing down the growth. The nitrogen impurities can also be used to prepare

NV centres, see Section 1.1.4.

The CVD method can also be used to prepare nanodiamonds. This is a low-scale approach.
When deposition parameters lead to the formation of microcrystalline matter with small grains,
prepared layers can be milled. Since CVD enables precise control over purity and doping,
B-doped conductive ND can be prepared (Section 1.1.3) [17].

1.1.2 Fabrication of chemical vapor deposition layers (CVD)

Chemical vapor deposition (CVD) is a diamond growth method for single- and poly-crystalline
diamonds from a volatile carbon-containing gas (methane, acetone, alcohols) under reduced
pressure (~ 0.1-50 bar) and elevated temperatures (700-1000 °C) [18]. Successful CVD of
diamond was first documented by Eversole et al [19] in 1958. Using a lower temperature slows
diamond growth, with good results in sp? non-diamond carbon deposition as well. The thin
balance between two allotropes stems from a small a difference between the standard Gibbs free
energies of diamond and graphite (2.9 kJ/mol) compared to the standard Gibbs free energy of
carbon vapour (671.3 kJ/mol) [20].

However, CVD has been economically impracticable, due to slow growth and high content of
sp? carbon, until the discovery of atomic hydrogen generation inside the apparatus, which was
independently developed by J. Angus (USA) and V. Varnin (USSR) [21]. Atomic hydrogen has
several functions. First, radicals are generated in the gas phase by abstracting hydrogen and
also on an H-terminated surface. This enables the use of a non-diamond substrate. Secondly,

atomic hydrogen etches a non-diamond carbon significantly faster than an sp? diamond. Thus,
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CHAPTER 1. INTRODUCTION

the diamond layer can be grown continuously, without repetitive etching by hydrogen and with
a higher sp? carbon content. Nevertheless, atomic hydrogen was only efficiently produced by
Japanese scientists a decade later, thereby making CVD of the diamond industrially applicable.
The most used activation procedures are hot-filament CVD (HFCVD) [22], microwave plasma
CVD (MWCVD) [5], and radiofrequency plasma CVD (RFCVD) [23] among others.

The HFCVD gas is activated by heating a metal wire to 2000 °C near a substrate. This
type of activation increases the flexibility of the method to cover a high area or complex-shaped
substrates such as cutting tools. The trade-off is the production of a material with lower purity,

contaminated with a heating wire [7].

For the MWCVD, the microwave source envelops the deposition reactor with a sample. The
stable plasma is formed above the sample by microwave discharge. Absence of wire in the
chamber reduces contamination and enables use of various gasses, including aggressive gasses
such as oxygen and halogen. Thus, high-purity material is prepared with high control over
dopants. Albeit, the geometry of the reactor and substrate affect the microwave discharge,
limiting substrate variability. RFCVD is suitable for covering a thin diamond layer over a vast

area and for scale-up.

Diamond crystallinity is determined by a substrate and growth conditions. A diamond
substrate (wafer) leads to a single crystalline (homoepitaxial) layer, whereas a non-diamond
substrate leads to a polycrystalline diamond film. Growth on a non-diamond substrate is often
promoted by seeding with NDs for initial nucleation and higher speed [24]. The separated
crystallisation nuclei grow until merging into a film, and the grain size gradually increases with
film thickness and growth time in hydrogen-rich atmosphere [25]. Based on grain size, the films
are sorted as microcrystalline or nanocrystalline diamond [26]. In turn, growth in an argon-rich
environment leads to high renucleation rate, suppressing the formation of larger grains [27].
Such polycrystalline films are known as ultrananocrystalline diamond and generally have higher

surface roughness and intrinsic conductivity [24, 28].

1.1.3 Impurities and doping

Diamond was traditionally classified using optical properties and subsequently infrared
(IR) spectrometry. Modern diamond classification dates back to Robertson et al, who sorted
“colourless” diamonds by UV and IR absorption spectrometry [29, 30]. Diamond is sorted based
on the presence (Type I) and absence (Type II) of nitrogen impurities, see Figure 1.2. Nitrogen
impurities can be aggregated (Ia), or isolated (Ib). Most natural diamonds (>95 %) contain
high concentrations (up to 3000 ppm) of aggregated nitrogen and are thus type Ia diamonds.
Aggregated nitrogen forms pairs (IaA), even-numbered clusters (IaB) or their combination
(IaAB). Isolated nitrogen impurities, also known as single substitutional (Type Ib), are found in
diamonds with lower nitrogen content. This category includes commercial HPHT diamonds

with a nitrogen concentration of approximately 100-300 ppm [31, 32].
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1.1. DIAMOND

Type laA Type laB
laA c - c ¢ ¢ ¢ Cc Cc ¢
Typela (A-aggregated N pairs)
(aggregated | C—N—N—C C—N—C—C
N impurities) aB
(B-aggregated4N+V) ¢ c - Cc - C NV N C
Typel C—C—N—N C—N—C—C
(N impurities)
C—C—C—N
Type lb C N C C
(isolated single
N impurities) ¢ cC
¢ Cc N cC C = carbon atom
N = nitrogen atom
C C c ¢ B = boron atom
V = lattice vacancy
Typella c c c c
(no N or boron
impurities) C—Cc—C—cC

Type ll

(no N impurities)

Type llb c B Ccc

(boronimpurities) - -

Figure 1.2: Diamond classification based on nitrogen and boron impurities. Simplified 2D crystal
lattice demonstrates differences between isolated and aggregated impurities. Adapted from ref. [33].

Natural diamonds without nitrogen (Type II) are classified based on the boron presence
(Type IIa) or absence (Type IIb). Boron changes the optical properties of diamond to blue and
increases diamond conductivity [34]. Typically, CVD leads to nitrogen-free material. It can be

doped with boron during deposition by using gaseous diborane or trimethyl borate.

To study changes in properties, scientists doped diamond with various elements and introduced
specific lattice errors. Furthermore, various manufacturing and postprocessing contaminations
complicate the situation even more, as shown in the table for dNDs Table 1.1. In addition, many
foreign elements form optically active defects [35]. Contaminations in HPHT varies with the
manufacturer post-processing (e.g., grinding, milling, acid treatments) of micron-sized particles.
Since scientific consumption is marginal, purity and quality are batch- and vendor-dependent.
Thus, there is no ND standard. Commonly, HPHT contain a higher amount of nitrogen (100-300
ppm) and may contain catalyst metals (e.g. Ni, Co) [36] Higher purity and doping control are
achieved by MWCVD; for HFCVD, the heating wire is the main source of metal contamination
(Tu, Rh, Ta) [7].
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Controlled doping can be performed in situ or ex situ, which includes diffusion or ion
implantation (Section 1.1.4). CVD is an example of in situ doping, which is often used to
increase conductivity with boron (p-type) or phosphorus and nitrogen (n-type) [37]. Diamonds
become semiconductive, depending on the dopant, at lower concentrations (<10'? atoms cm™—3)
and subsequently conductive, with metal-like behaviour (>10% atoms cm=33) [24]. Due to
the small atomic radius of boron, a heavily doped diamond can be prepared by substitutional
insertion, with a near-zero activation energy for conductivity [38]. Such material is applicable
as an electrochemical electrode [39].

Table 1.1: Overview of elemental impurities for dNDs during production and post-processing. Adapted
from ref. [40].

Process Source Elemental impurities
Explosives Various
Detonatl‘on Construc.tlon material Fe, Ni, Cr, Mo, W, Si
synthesis of reaction chamber
Coolant (water, ice) Ca, Mg, Na
Detonator /initiator Pb, Ba, Sb, Al, Cu, Zn, Hg, As
Residues of oxidants and washing | Cr, Mn, S from oxidants and
Isolation reagents after wetchemical various impurities from
and oxidation of amorphous carbon washing reagents
purification Catalysts of oxidation Ag, Ce
Inhibitors of oxidation B
Sonication with sonotrode Ti, V, Al, Mo, W
Disaggregation Milling with microbeads Zr, Y, Hf, Si, Al, Mg

Disaggregation media (solid

salts, electrolytes, etc.) Na, K, Mg, Ca, Al, Cl, P, S

Processing Adsorption of impurities .
. Various
and from chemical reagents
storage Laboratory glassware Na, K, B, Si
Targfzted Various methods B, N, Si, Ni, and others
doping

1.1.4 Nitrogen vacancy (NV) centres

The NV centre, first described in 1976 [41], is a crystal lattice point defect comprised of the
pair — nitrogen and adjacent vacancy in the diamond lattice. The NV stands out among several
hundreds of optical defects in diamond because it is magnetic (non-zero spin), and luminiscence
intensity is coupled to the electronic states [42]. Furthermore, the unique properties of the
NV centre are photostability, bright single-photon source and sensitivity against optical and
magnetic changes. They form the basis for potential applications in the fields of quantum
computing, bioimaging, nanoscale quantum sensing, cell tracking and single-spin magnetometry
(Section 1.4) [32, 43, 44].

The NV centre shows a [111] crystal orientation (Figure 1.4) and a Cg,, point group symmetry.
The concentration of NV centres is negligible in natural diamond, and therefore they must be

prepared artificially. HPHT diamonds are suitable for the production of NV centres since they
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already contain nitrogen from manufacturing. The vacancies are then created in the diamond
lattice by high-energy irradiation. Afterwards, the material is annealed (600-900 °C) under an
inert atmosphere, thereby forming NV by vacancy migration and recombination with nitrogen
[46, 47]. The NV can be found in NDs down to the size of 4-5 nm [42]. Due to the small
size of dNDs, the concentrations of NV centres are considered low, and controlled formation
is challenging [48]. Also, high nitrogen concentration in dND (2000-3000 ppm) can lead to
formation of optically inactive complexes [14] Furthermore, NV centres can be found in CVD
diamonds [49, 50|, annealed after ion implantation in bulk diamond [51] or implanted into CVD
layer [52]. In addition, spacing and depth can also be controlled [53].

Created NV centres have two different charged states which differ in one electron — NV~ an
NV? centres. The neutral NVY has a zero phonon line (ZPL) at 575.5 nm (2.156 eV) and
NV~ 638 nm (1.945 eV). These electronic states of NV~ can be applied for quantum sensing, as
further discussed below. These NV centres also have key properties for biological applications
(Section 1.4) such as the position of fluorescence in a NIR optical window [54]. Furthermore,
NV~ neither photobleaches nor photoblinks [55, 56] and fluorescence lifetime is significantly
longer that cell autofluorescence (~ 15 ns for NDs, ~1-4 ns for fluorophores used in cell biology
[57, 58]). An exception in photoblinking was observed for small AND (< 5nm) with NV~ and
this phenomena might be dependent on surface chemistry [56]. However, NV~ fluorescence
intensity is lower than that of photobleachable fluorescent dyes, proteins and quantum dots.
Excellent reviews explaining spin manipulations and quantum properties of NV~ in detail have
been previously published [42, 43, 59].

1.1.5 Electronic states of NV~

The NV~ consists of six electrons. Two are provided by nitrogen, three from carbon atoms

surrounding the vacancy, and the last electron originates from the lattice [42]. The lattice can
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lose an electron, thus changing the charge state to NV°, which is magneto-optically inactive.
Shallow NV~ (~2-5 nm) undergo loss of charge through different mechanisms [56, 60]. The
stability of shallow NV~ improves, for example, with surface termination with fluorine or
oxygen and decreases with hydrogenation [61]. The stability of deeper NV~ are not significantly
affected by surface changes and do not bleach or blink. However, sensitivity to magnetic changes
significantly decreases with distance. Therefore, sensing applications require a balance between
particle size, number of active NV~ centres, thickness of surface functionalization and particle
stability. Figure 1.6 displays an energy diagram of NV~ with two unpaired electrons showed
within the diamond energy band gap (E; = 5.5 eV). The system consists of three main states —
a triplet ground state 3 Ag, from which an electron can be exited by an optical pulse (ZPL = 638
nm or 1.945 eV) to the excited state 3E. The optical transitions are strongly spin conserving
[62, 63]. Lastly, the relaxation pathway to the ground state is either direct or proceeds over

a metastable singlet state ' A; with long relaxation times.
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Figure 1.6: Energy levels of single NV~ for two unpaired electrons. Black wiggle lines are radiative
transition, black full/dashed denotes strong/weak transition. The main optical transition occurs between
triplet ground and exited states (42 and ®FE). The transition from the exited 3E state to the non-
fluorescet pathway ' A; is allowed. The optical emmision at 1042 nm is negligible. The organge box shows
splitting of magnetic sublevels mg = +1 and my = 0 with and without magnetic field, D is zero-field
splitting and 2B is Zeeman splitting, v is electron gyromagnetic ratio. Adapted from ref. [42].

Manipulation of the spin population can result in decrease of the fluorescence intensity. Both
the ground and excited states consist of tree sublevels with different magnetic spins mg = 0
and mg = £1, where the second one is double degenerated due to the axial symmetry of the
NV centre. Spin states in the absence of external magnetic field are separated by zero-field
splitting — D = 2.87 GHz and D = 1.42 GHz for the ground and excited states. In the presence
of a magnetic field, the degeneracy is removed, separating the states mg = +1. Furthermore,
the transition rate between mg; = 0 and my; = +1 depends on the spin-lattice relaxation time

T, which occurs in the millisecond range at room temperature [64].

A laser excitation (637 nm) from 345 (ms = 0) to 3E (mg = 0) is mainly followed by direct
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de-excitation to the ground state. However, excitation from Ay (ms = #+1) to 3E (mg = £1) is
also followed by intersystem crossing in the non-radiative pathway over 'A; and 'E with weak
infrared emission (1042 nm). By optical pumping, the mg = 0 ground state is populated, also
known as induced spin polarisation [65]. A laser excitation from mg = 0 followed by optical
readout results in a higher fluorescence than excitation from mys; = +1. Lastly, a resonant
microwave field (2.870 MHz) destroys the optically pumped polarisation of mgs = 0, which leads
to a decrease of fluorescence intensity. This is basis of a optically detected magnetic resonance
(ODMR) — resonance between spin sublevels detected by optical transitions [32]. In conclusion,
quantum applications of NV~ utilize the transition between spin sublevels and decrease in

observed fluorescence.

Optical measurement techniques using NV~

The luminescence of NV~ depends on the spin, which is used for electron paramagnetic
resonance (EPR). The cornerstone experiment is to measure a drop in luminescence in EPR
during a microwave sweep over a single NV~ see Figure 1.7 [55]. During resonance (2.87 MHz),
a transition from my; = 0 to mg = +1 occurs, followed by excitation and allowed intersystem
crossing to ' A; with non-fluorescent pathway (Figure 1.6). Repetition of the same measurement
in the presence of external magnetic field results in peak split since the degeneracy of spin
sublevel mg = 41 is lifted. These experimental setups are termed optically detected magnetic
resonance (ODMR).
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Figure 1.7: Variation of luminescence intensity as a function of EPR during a microwave sweep without
(left) and with (right) magnetic field for single NV~. Adapted from ref. [42].

The number of protocols using NV~ has significantly increased over the last decades, see
Figure 1.8 for a graphic overview. The protocols can be divided into a static/slowly varying
magnetic field (continuous wave and pulsed ODMR and Ramsey, Figure 1.9A,B) and oscillating
magnetic field (Hahn echo, dynamical decoupling, Rabi and T; relaxometry, Figure 1.9C). The
last mentioned, T relaxometry is relevant for sensing ultra-low concentrations of paramagnetic
species in the vicinity (< 20nm) of NV~ centre(s) in diamond layers or NDs. A detailed

explanation of other techniques can be found in elsewhere [66-69).
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Figure 1.8: Overview of measurement techniques using NV~ based on stable or alternating sample
field with increasing frequency. Doublehead arrows indicate varying parameters. Sequences of MW and
laser pulses and readout time are represented by filled rectangles. Adapted from ref. [67].

T, spin-lattice relaxation time

When performing induced spin polarisation to mg = 0, a T; time is needed to establish
thermal equilibrium between my; = 0 and mg = +1. The time differs for NV~ in bulk diamond
or nanoparticles, but an average value can be determined. However, T shortens in the presence
of other paramagnetic events (stable radicals, paramagnetic particles Gd3T, Mn?* and Fe2+) as
shown in Figure 1.9C. The measurement is based on a changing readout time 7 after inducing
spin polarisation, and fitting measured 7 to determine T time for a given state of the system.
Increase in the concentration of paramagnetic species in the vicinity of NV ~shortens Ty, and if

properly calibrated, the concentration of paramagnetic species can be quantified [70].
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Figure 1.9: Trends in observed curves for magnetometry measurements: A) CW ODMR, broadening;:
microwave power, B) Rabi oscillation: amplitude of microwave frequency, C) T; relaxometry: change of
7 (T shortening) based on increasing (external) magnetic field. Adapted from ref. [67].
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1.2 Colloidal properties and particle characterisation

Colloidal stability of NDs is essential for any (bio)applications. Thanks to their high surface
and modifiability, nanoparticles are ideal for bioapplications such as targeting and drug delivery.
In general, NDs are more stable with decreasing size and higher surface charge. Their colloidal
stability depends on their size, mass, shape and concentration, in addition to solvent polarity,
ionic strength, particle surface charge and functional groups. Biologically relevant conditions
show high concentrations of ions in aqueous solutions. Consequently, unprotected NDs aggregate
easily. This aggregation poses the main challenge in surface engineering of NDs: to design
chemical interfaces stabilising particles in a physiological environment, which is relevant for

targeting applications.

To determine and compare the stability of NDs in solution, researchers commonly use dynamic
light scattering (DLS). Using DLS, zeta-potential and hydrodynamic diameter of particles can
be measured. Zeta-potential is an indirect measurement of a nanoparticle effective surface
charge based on their electrophoretic mobility. In other words, an electrostatic potential is
measured at the electrical double layer of ions bound to the charged surface and those freely
moving in solution (Figure 1.10). A zeta-potential value close to 0 means that electrostatic
repulsive forces between NDs will be low and NDs stabilised solely with charge will aggregate,
which is not case for sterically stabilised ND. Conversely, particles with absolute values over
30 mV will be electrostatically stabilised. Furthermore, DLS can be used for determination of

particle size, which includes the hydration sphere.

Alternatively, a more accurate particle size distribution is assessed by TEM, followed by
image analysis. Such an analysis provides information about the size of bare NDs; HRTEM
or cryo-TEM can be used for NDs covered with low-density layers, such as silica-coated NDs
(Section 1.3.4). Use of cryo-TEM is advantageous to determine thickness of hydrated polymer,
polymer drying leads to polymer contraction. Moreover, DLS can be used for the same NDs
under same measurement conditions to compare the relative change in size after polymer coating

or heating thermo-responsive polymer [71].

Researchers determine ND concentrations using a combination of indirect methods. DLS can
be used to pinpoint the concentration of particles in solution, but the results must be interpreted
cautiously, ideally using references under the same conditions (solvent, solvent viscosity, ionic
strength, temperature). Elemental analysis of NDs provide more reliable data than DLS, but
usually require several milligrams of material. A commonly used thermogravimetry (TGA)
monitors thermal decomposition by mass loss. The original weight concentration of both NDs
and non-diamond materials (e.g. water, polymer coating)can be calculated from the rate of
mass loss and residual mass. ICP-OES or ICP-MS can used for NDs contaminated with other
elements of a known concentration to determine the NDs concentration. This is particularly the
case for dNDs contaminated with rare earth metals, which are batch- and vendor-dependent [11].
Lastly, nanoparticle tracking analysis (NTA) is a relatively new technique, which analyses the

movement of individual particles [74], unlike DLS. The detection principle is based on recording
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Figure 1.10: Scheme of nanoparticle surface in Figure 1.11: Scheme of optical setup for NTA.
solvent covered with ions. Zeta-potential is the A laser beam scatters over nanoparticles, and
outer boundary of the charged species in which the resulting scattering is recorded by an optical
exchange is slower than in the solution. Adapted camera and processed by advanced image analysis.
from ref. [72]. Adapted from ref. [73].

the light scattering of individual NDs from a laser beam (Figure 1.11). The number of particles
of the original solution can be determined, requiring a negligible amount of a diluted sample.
Since scattering depends on particle size, the NTA provides reliable data for the narrow particle
size distribution. Thus, combining elemental analyses with NTA and DLS is appropriate for

determination of ND concentration in solution.

1.3 Surface modifications

The surface composition vary with diamonds synthesis, size and batch. Hence, differences and
similarities will be briefly explained. Reactivity decreases from dNDs to HPHT. Comparing the
reactivity of CVD layers with ND is complex, and depends on surface roughness and termination.
The differences in ND reactivity are attributed to their high surface-to-volume ratio, to the
higher surface strain on smaller nanoparticles and to changes in the thermodynamic equilibrium
of sp?/sp? in nanoscale [75, 76]. dNDs are the most inexpensive and well-studied NDs with
a highly reactive surface. They also contain the highest weight % content of non-diamond
carbon and non-carbon impurities from synthesis and post-processing (Table 1.1). HPHT usually
contain a higher concentration of nitrogen (hundreds of ppm) and residual impurities from
milling, whereas CVD have the highest purity and, depending on the growth conditions, can

have a negligible content of sp? carbon and other impurities.

ND reactivity will be further evaluated, usually in reference to the diamond type (CVD,
HPHT, dND). The transfer of procedures between different diamonds is often complicated, and
even common organic reactions can be challenging. Differences between materials are sometimes
overlooked in the literature in general and in field-specific reviews. A comparative study would

be beneficial, although probably time-consuming. Furthermore, the available surface analyses
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are limited and are not sensitive enough for monomolecular layers on diamond films. Thus,
caution is needed when planning new diamond functionalisation based on different starting

materials.

1.3.1 Differences between diamond types

The chemistry of dNDs is the most different from that of HPHT and CVD diamonds. dNDs
are created by “bottom-up” synthesis, growing in the explosion. In contrast, HPHT NDs are
synthesised using a “top-down” approach, mechanically milling polycrystalline microdiamonds
prepared by slow growth. While HPHT surface is contaminated with only a small amount of
sp? carbon. The detonation creates aggregates of dNDs, which are covered in soot. The soot is
present on both the surface and inside the aggregates, together with a significant amount of
a non-diamond carbon and residual metals [77]. The detonation soot is mechanically milled,
sonicated and extracted with liquid oxidants and acids (such as HNOg3, HoSO4 and HNOs,
K2Cry07 in HeSO4, KOH/KNOj3, NayOg, HNO3/H202, HC104 or HF /KNO3) to preferentially
remove non-diamond carbon and metal impurities [78-80]. Notably, some aggregates resist

ultrasonic treatment due to the strength of attractive electrostatic forces [77].
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Figure 1.12: Scheme of surface functionalisation starting from the carboxylic acid group (green).
Gas and high-temperature treatments are on the left side (red), whereas wet chemistry under room
temperature is on the right side (blue). Treatment with NH3 leads to various surface groups. Use
of Cl, gas forms acyl chlorides, whereas F, leads to C-F [81-83]. Hydrogen treatment or hydrogen
plasma reduces even C-H [84], and annealing without oxygen leads to graphitic carbon nanoonions [85].
Furthermore, wet chemistry treatments employ a wide range of functionalisations known from organic
syntheses, such as the preparation of reactive acyl chloride intermediates [86, 87]. Adapted from ref. [77].

Surface modifications are required for biocompatible and highly selective applications (Section

1.4). Thus, a chemist can combine highly diverse surface chemistry approaches, which can be
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divided into non-covalent and covalent or monolayers and multilayers. Generally, non-covalent
procedures are easily and swiftly performed and tend to lack long-term stability. Procedures for
covalent modification tend to be time-consuming and provide more stable conjugates. Monolayers
easily introduce universally reactive functional groups, albeit with only partial surface coverage.
Conversely, multilayers hide the nature of the diamond surface while increasing the distance
from the surface. The proximity is not important for some applications, such as CVD based
biosensors. Surface modification must primarily prevent non-specific protein absorption, whereas

the sensitivity range of NV~ centres is limited to tens of nanometres.

The processing methods used by manufacturers commonly lead to a heterogeneous mixture
of oxygen-containing groups or hydrogen-terminated surfaces before introducing another mod-
ification. The standard procedures include surface oxidation or reduction, graphitisation or
non-diamond carbon removal and conversion into one type of functional group, such as -OH,
-COOH, -COCl], -H and halogens. Surface oxidation is performed using liquid solutions, air or
air with ozone. Air-based methods are cost-effective and environmentally friendlier for mass
production [77, 88, 89]. A common feature of those operations is the formation of heterogenous
oxygen-containing surface chemistry such as hydroxyl, carboxyl groups, ketones, lactones and
anhydrides [90, 91].

Conversely, reaction with hydrogen gas at elevated temperatures or hydrogen plasma treat-
ment leads to hydrogen termination for both CVD and NDs [92]. High-yield of subsequent

functionalisation depends on quantitative and reproducible homogenisation of the surface.

1.3.2 Surface modifications with polymer

MY Y

Electrostatic Covalent Hydrophobic

Figure 1.13: Types of surface polymeric modifications used for stabilisation and functionalisation of
NDs. Higher surface density of polymer improves stability, loading capacity and reduces non-specific
interactions of biomolecules with the ND surface. Adapted from ref. [93].

Generally, the ND surface can be modified with three types of interactions — electrostatic,
covalent and hydrophobic (Figure 1.13). Charged polymers, such as amine-terminated PEI, can
be used for electrostatic modification and removed by aprotic polar solvents (DMSO, DMF).
The covalent modification introduces a stable connection with a small molecule, biomolecule or
polymer layer. The last modification is hydrophobic interaction, such as interactions between
non-polar moieties of lipids and H-terminated diamonds, thereby stabilising the particle in

aqueous solutions.

Further examples of mainly electrostatic interactions are NDs surface modifications with
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biomolecules, such as peptides [94], enzymes [95], antibodies, nucleic acids and charged polymers
[96, 97]. Gene delivery was also demonstrated. First, a polycationic polymer was bound to
the negatively charged surface of NDs, followed by a non-covalent attachment of a negatively
charged nucleic acid to the polymer [98, 99]. While non-covalent attachments are easy to
accomplish, they are limited by their low surface specificity and by exchanges with the solvent
or other biomolecules present in biological media. These challenges are addressed by covalent

modifications, which are discussed in following sections.

1.3.3 Surface unification and functionalisation

Direct attachment of molecules is a straightforward and simple approach, albeit limited by
diamond reactivity and by the heterogeneity of surface functional groups. Scientists commonly
use this approach for dNDs due to their high surface reactivity. New molecules should be
attached after the unification of the bare diamond surface. Enabling higher reproducibility
and yields of subsequent reactions. The functional groups primarily present on the surface of

oxidised dNDs and HPHT NDs are carboxylic, carbonyl and hydroxyl groups.

In oxidised diamonds, acidic treatments with HNO3/H2SO,4/HClO4 or piranha solution, for
example, remove impurities and hydrolyse anhydrides, as well sp® carbon [91]. Then, carboxylic
groups can be converted into acyl chlorides, amines and hydroxyl groups, as shown in Figure 1.12.
Researchers sometimes divide functionalisation into gas, high-temperature treatment or wet
chemistry without heating. For example, treatment of ND with lithium aluminium hydride
leads to a partial reduction of the surface [100], similarly to borane in THF [101]. Heating NDs
in Hy atmosphere reduces C=0 and, over time, C-OH to C-H as well. Such a surface can be
similar to the high purity of CVD diamond films. The growth conditions of CVD typically
include hydrogen gas, which continuously etches sp? carbons faster than sp® carbons and thus
the CVD surface is by default hydrogenated. However, hydrogenated surface deteriorates over

time when exposed to air or other oxidising conditions [87].

Functionalization strategies for hydrogenated surfaces usually rely on C-H bond formation.
Reactions on hydrogenated surfaces lead to the formation of hydroxyl groups under UV irradia-
tion with water vapour. Alkenes with variable length and termination or non-UV absorbing
functional groups have been UV-grafted [102-104], or diazonium-grafted [92, 105]. These
hydrogenated surfaces are commonly present in CVD materials, and specific procedures can be

found elsewhere [87].

In addition, a potential approach is to introduce highly reactive (bio)orthogonal groups, known
as “click” chemistry [106]. The advantage of this approach is the elimination of side reactions
with remaining groups on the surface, thereby enabling further high-yield functionalizations.
The introduction of these groups in the surface of NDs was reported for alkyne-azide, trans-

cyclooctene and indirectly for a polymer shell, as described in the following section [107-110].
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1.3.4 Covalent modifications with polymers

For advanced bioapplications, NDs must be colloidally stable, biocompatible and prepared
using a reproducible procedure. An important option for surface chemical functionalization
is coating of the surface with a polymeric shell. Covering NDs in polymers is a significant
approach, among others used for NDs, such as lipid bilayers [111], diamond graphitisation to
sp? carbon NDs and with gold shell either directly[112] in with intermediate layer of gold[113].
For sharp or irregular-shaped NDs, a thicker polymer softens the edges and reduces a potential

mechanical cytotoxicity [114].

The purpose of using organic polymers is to increase colloidal stability in an environment with
high ionic strength (physiological conditions, buffers) and to reduce non-specific interactions and
immune response. Furthermore, selected groups can be installed for further conjugation of small
molecules, fluorophores, proteins and enzymes, for example. Depending on the conditions of
polymerisation, a balance is sought between stability, loading capacity, hydrophilicity, synthetic
feasibility and reproducibility.

pancake mushroom brush

g TSP ﬁ_

Figure 1.14: Representation of polymer conformations on grafting density-related surfaces, known as
pancake, mushroom and brush. Adapted from ref. [115].

The polymer layer can form different structures on the surface — ranging from low density
coverage, such as pancake or mushroom configurations, to dense brushes (Figure 1.14). These
structures will vary as a function of the method of polymer attachment, which is divided into
grafting-to and grafting-from approaches, see Figure 1.15. In the former, polymer chains are
synthesized separately and then attached to particles. In the latter, the polymer grows from the

NDs surface.

Grafting-to is an experimentally straightforward approach, and the polymer chain is easily
modified before the attachment. However, it reaches a lower grafting density due to steric
hindrance during chain attachment to the surface. In addition, the attachment yield decreases
with the increase in molecular weight, which limits the maximal thickness of the polymer. In
conclusion, grafting-to provides lower colloidal stabilisation, polymer of known known thickness

and can limit the loading capacity for further ligand conjugation [115, 116].

Grafting-from is a bottom-up approach. Polymerisation is initialised on the surface, providing

higher control over the process. Therefore, it is referred to as surface-initiated controlled radical
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polymerization (SI-CRP) or surface-initiated ring-opening polymerization (SI-ROP) in case of
non-radical polymerisation. The selection of the monomer (Figure 1.15) makes it possible to
control the polymer architecture, molecular weight, composition and thickness. However, the

control over thickness or density is not precise nor straightforwardly determined.

Furthermore, copolymerisation with another monomer can be used for introduction of a
specific functional group. It can lead also to polymerisation termination. Due to small molecular
dimensions of monomers, grafting-from reaches higher grafting density, but optimisation can be
time-consuming. Some examples of polymers used in this approach are shown in right-hand
side of Figure 1.15 and a detailed lists of polymerisation strategies can be found in reviews on
this topic [115, 116].
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Figure 1.15: Upper: Grafting-to attaches already existing polymer while grafting-from starts poly-
merisation from the nanoparticle surface. Bottom: Commonly used polymers for grafting-to (left) and
grafting-from (right). Polymer names: poly(ethyleneimine) (PEI), poly(allylamine hydrochloride) (PAH),
poly(ethyleneglycol) (PEG), Zonyl is commercial polymer of DuPont company, poly(glycerol) (PG),
poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA), poly(N-isopropylacrylamide) (PNIPAM),
poly[N-(2-hydroxypropyl)methacrylamide] (PHPMA), poly(PEG methyl ether methacrylate) (PPEGMA).
Adapted from ref. [93, 115].

Controlled reversible-deactivation radical polymerisation® introduces radicals on the surface.
Propagation along the chain is unlikely to be terminated (thus “living”) differently then
by controlled deactivation. The the other category is called reversible-deactivation radical

polymerisation (also denoted as“non-living”). The polymerisation propagation depends on

*Also often denoted as living radical polymerisation, use of this term is not recommended by TUPAC.
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initiator presence, since the termination of chain polymerisation is likely to occur. Further,
the polymerisations are differentiated by polymerisation mechanism to atom transfer radical
polymerization (ATRP) and reversible addition-fragmentation chain transfer (RAFT) methods.
ATRP employs halogen-terminated NDs and metal halide catalysts. RAFT is metal-free, uses as
a radical source organic compounds such as azobis(isobutyronitrile) (AIBN). The third notable
method is nitroxide-mediated polymerization (NMP), which uses radical from nitroxide, such
as 2,2,6,6-tetramethylpiperidinyloxy (TEMPO), and has several limitations in controlling the
polymerisation speed [116, 117]. In ATRP, the removal of metals can be problematic; thus, the

RAFT approach is preferred for metal sensitive applications.

To conclude, the formation of polymer layer is usually an intermediate step before the final
functionalisation and application. Specific goals, such as sensing or targeting, are achieved using
additional small molecules or biomolecules which are later attached to the polymer. Covering
a polymer with small molecules can be advantageous due to their higher loading capacity than
that of biomolecules. In turn, for a non-polar molecule, the higher loading can lead to ND
destabilisation. Thus, the polymer should stabilise NDs with regard to the further surface
functionalisation and a target environment. Further analyses have been discussed in more
detailed reviews and book chapters [118, 119].

Polymer coated NDs

Several polymers can be compared to demonstrate the strong link between applications and
polymer tailoring. The grafting-from procedure enables further variation by copolymerisation,
by changing the polymer composition during growth or by incorporating a monomer terminating
the polymerisation. Grafting-to methods often use polymers, which are commercially available
with various end-modified groups such as poly(ethyleneimine) (PEI) and poly(ethyleneglycol)
(PEG). Usually, amide or ester bonds are used to bind the polymer to NDs, and the other end is
used for further conjugation, e.g., for targeting or drug delivery. Cationic polymers (PEI, PAH)
are suitable for gene delivery due to electrostatic binding of negatively charged nucleic acids
[96, 120, 121]. PNIPAM and PAH are pH- or thermo-responsive, with applications in sensing
(Section 1.4.1 [122, 123]. Various polymers have been used, such as modified PEG with CF,
groups, called Zonyl, was reported by Macron to be ND stable in PBS [124].

The PEG is widely used in biological studies due to its commercial availability (various
lengths and end-functionalisation), colloidal stabilisation and small non-specific binding. There
are several issues referred to as the “PEG dilemma”, such as enzymatic oxidation of terminal
hydroxyl groups to aldehydes, followed by reactions with biomolecules and immune response to
PEG-coated nanoparticles. Oxidation can be addressed by using methoxy derivatives of PEG
[125].

Alternatively, a layer of silica is used as a spacer between NDs and a polymer or a biomolecule
[101, 126, 127]. There are several reasons for this additional step before polymerisation. The

surface of NDs is normalised regardless of the synthetic origin of the diamond. It simplifies
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method transfer for different surfaces with different reactivity. Furthermore, a well-established
toolbox of silane chemistry is available, leaving free silanol groups on the surface [101, 118, 128].
Colloidally stable silica coated NDs have been created, subsequently covered with PHPMA
copolymerised with monomer containing an alkyne or azide groups. Thus, further bioorthogonal
reactions became available using Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC). These
particles showed minimal non-specific interactions and were stable in 1M NaCl [129]. However,
the silica layer can be completely hydrolysed in 0.1 M HCI [101].

Glycidol polymerisation is a non-radical ring-opening reaction (SI-ROP). Growth begins from
the oxygen-containing groups on the surface of NDs. Due to the branched structure of monomer,
it creates a hyperbranched, dense poly(glycerol) (PG) layer [130, 131]. The NDs are colloidally
stable and compatible with CuAAC functionalisation, showing very low non-specific interactions.
Such polymer has a high potential when equipped with an additional targeting moiety, as shown

for targeting, gene delivery and magnetic resonance [99, 131, 132].

1.4 Nanodiamonds applications

Nanodiamonds (NDs) in general are used in industry and research. Many NDs applications
are mechanical (lubricants, abrasives, tribology and seeding for CVD) and utilize dNDs because
of their high availability, low price and insensitivity of these applications toward size distribution
and impurities [77]. Conversely, bioapplications, fluorescence and quantum-based applications
require high purity fNDs with NV~ with a narrow size distribution and with reproducible
and well-defined properties. fND is used as non-bleachable, biocompatible, stable fluorophore
emitting within a NIR imaging optical window (650 - 1350 nm). In this range, light penetration
peaks [54], with minimal background autofluorescence of the cell. In addition, the fluorescence
lifetime is longer than for the cells, which can be further filtered out [57]. Therefore, {ND
is suitable for long-term particle tracking, unlike organic dyes [57, 133]. Instead of listing
similar optical applications, the following overview focuses on the use of the unique properties
of NV~ centres.

1.4.1 ND with NV centres

Applications for ND with NV~ are emerging in fields of biology, medicine, physics, quantum
computing and nanoscale magnetometry. For optical detection, many of them are using standard
or modified optical microscopy setup. Sensing can be divided into single NV~ detection, ensemble

measurements (ND with multiple NV~) and bulk diamonds.

Optical diffraction resolution is limited to approximately half the wavelength of light, although
super-resolution microscopy has partly overcome this limitation. The spatial resolution of an
NV~ centre is limited by the magnetic field sensitivity and could reach levels bellow the optical

diffraction limit [134]. FNDs with NV~ can be used in nanoscale quantum sensing due to the

31



CHAPTER 1. INTRODUCTION

unique magneto-optical properties of NV~ centres [135]. This includes nanoscale temperature,
orientation sensing; spin detection (Section 3.3.2), magnetic field sensing, scanning magnetometry
[42, 136] and quantum diamond microscopy for imaging electric, magnetic, stress areas and even
nanoscale NMR and ESR spectrometry [67, 137, 138].

Bioapplications

Applications for a biological environment, cellular research or medicinal uses require biocom-
patibility (non-toxicity, no non-specific adsorption) and colloidal stability under physiological
conditions [93]. Torelli used fND to imagine tumour-targeted with functionalised fNDs [110].
DNA transfection with imaging and tracking was demonstrated by Petrakova when using
non-covalently attached DNA payload [139]. Chow demonstrated the delivery and therapeutic
effects of doxorubicin equipped NDs [140]. Further biomedical and in vivo applications are
described in reviews on this topic [32, 141-145].

A key goal, which remained only a fantasy for several decades, is to acquire detailed information
from living cells with high spatiotemporal resolution, that is, detecting some quantity (pH,
temperature, pressure or specific molecule) at room temperature in a specific part of the cell.
McGuinness demonstrated detection of single ND by tracking orientations and movements of
an unmodified ND inside living cells [146]. Furthermore, a proof-of-concept study has shown
nanoscale temperature sensing at first [147, 148], with microsecond time resolution subsequently

[149]. Balasubramanian showed nanoscale magnetometry at room temperature [150].

Considerable research efforts have been made to detect paramagnetic species (radicals, Mn?+
or Fe?T ions) inside the cell, potentially more sensitive than EPR and with a spatial resolution
unavailable by EPR or indirect fluorescent detection [151-153]. The limiting factor is the
functionalisation of fNDs which should selectively interact with their surrounding environment
and are stable inside cells. Grotz showed the feasibility of detecting a single spin (radical)
localised on the surface of ND [70]. Furthermore, sensitivity limits have been explored from
ultra-low concentrations of paramagnetic ions — to the tens of Gd*" ions [154] and also to
175 Mn?" ions or 10 ferritin proteins in water [155, 156]. Moreover, Sadzak has detected iron
oxide nanoparticles (10 nm diameter) [157]. More recently, polymer-coated fNDs equipped with
Gd3T were used to monitor changes in pH or redox potential [158] and Fujisaku developed a T}
pH-sensing procedure based on changes in the surface charge of fNDs [159]. Recently, Gorrini
reported fast detection (us) of Gd** mixed with ND in diluted deoxygenated blood sample
[160].

In conclusion, selective sensing of processes inside living cells, such as radical sensing to
explain the free radical processes related to cellular ageing, seems to be reachable [161]. Further
improvements in selectivity and stability of fNDs are needed to obtain such valuable data for

research in life sciences.
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1.5 CVD diamond applications

The unique properties of diamond materials drive the development of their applications —
hardness, physical and chemical stability and low absorption in several spectral regions. The
CVD technique with seeding makes it possible to grow diamond with diverse surface and shapes.
Furthermore, the high versatility of material properties (thickness, doping, substrate) broadens
the range of applications. Diamond layers are used not only as components of DSSC, which
will be further discussed below, but also in high-end applications such as surface acoustic wave
(SAW) devices, biosensors [162], electrochemical electrodes [163], radiation detectors, X-ray or
IR transmission windows [7, 164], tribology [27], conductive AFM tips [165, 166] and inject for
corrosive liquids [167]. The general limitation of CVD diamond technique is the limited speed

of growth, thickness and scalability to larger uneven surfaces.

1.5.1 Light conversion to energy

Energy production is crucial to support human life on Earth. The use of non-renewable
energy sources is no longer sustainable, and harvesting light is one of the renewable sources with
potential. The overall contribution of renewable sources to electricity production is 22 %, and
photovoltaics account for less than 1 % [168], despite the widening use and improved efficiency

of commercial solar cells.

Current mass-produced photovoltaic devices are based mainly on silicon, and high-efficiency
cells often contain environmental toxic metals (Ga, As, Cd, Te [169]). Silicon-based devices
are energy, resources and costly (high- thickness, high-purity silicon) and must be sealed under
vacuum to work, which lowers the device lifetime. In turn, a thin semiconductor layer is cheaper
to manufacture and less mechanically sensitive. One approach is to manufacture only a thin

silicon layer, albeit with significantly lower conversion.

The operation principle is based on light absorption and charge separation in silicon by an
internal electric field (p-n junction) [170]. The alternative approach is use of dye sensitized solar
cells (DSSC). The sensitisation concept was developed by O’Regan and Grétzel, who prepared
dye-sensitised TiO2 photoanode (n-type [171]). It employs a thin, transparent electrode layer,
which is covered with absorbing dye. Thus, this type of device can generate a photocurrent
without affecting the ability to reuse the photo-converting layer multiple times. The theoretical
efficiency of a single junction device is described by the Shockley-Queisser limit to 33 % at AM
1.5 solar spectrum® [172]. This limit can be surpassed by multi-junction or tandem cells (two

p-n junctions), with a theoretical limit of 68 % and 43 % [173], respectively.

The diamond-based electrode doped with boron is suitable for electrode development thanks
to high optical transparency, stability and conductivity as a photocathode (p-type) or as a part

of tandem solar cells (n, p-type).

*The AM (air mass) is the sunlight spectrum after passing the Earth’s atmosphere. The coefficient 1.5
represents lower light intensity relevant for significant human habitats in temperature latitudes.
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1.5.2 DCCS solar cells

The DSSCs is an attractive alternative to silicon photovoltaics due to a less demanding
manufacturing process and potentially lower production costs. Furthermore, the different
operation mechanism enables the use of transparent materials and good performance under
low-light conditions. Thus, it is possible to integrate such devices into other existing materials

such as the windows or walls of a building [174]

Unlike silicon photovoltaics, in DSSC, charge separation and light absorption are performed
by different parts — electrode/electrolyte and dye sensitiser. They can be separately tuned or,

due to transparency, arranged in several layers [175, 176].

Harvesting photons on both electrodes (n,p-junction) in one device should ideally lead to the
sum of photocurrent generation. Currently, the photoanodes (n-junction) are well optimised
and achieve significantly higher photocurrents (13.0 % and 14.7 % power conversion efficiency
[175, 177]) compared to p-type photocathodes [169]. Thus, there is a gap in p-type cathodes

before tandem cell will overcome the efficiency of single-junction n-type DSSC.

1.5.3 Comparison of n- and p-type devices

The field of n-DSSC solar cells was popularised by work of O’Regan and Gréatzel based on
the TiO2 anode [171]. The basic operation of the n-type device is the following: the photon
excites sensitiser (dye), and the electron transfers from the dye to the conduction band of the
anode. In p-type devices, the exited dye transfers the electron to the electrolyte, and a separate

hole is injected into the cathode valence band, see Figure 1.16.

The first p-DSSC was remade as an n-type cell [179]. The TiO2 anode sensitised with
ruthenium complex was exchanged for a NiO cathode with erythrosine B, observing and smaller
photocurrent than that of the n-type cell. Although the device functions similarly, the p-type
must overcome several challenges. The energy level cascade for electron/hole transfer must be
changed. The levels of valence, a conductive band of the electrode, must be tuned and matched
to a dye and electrolyte solution. Furthermore, the p-type efficiency is lowered by fast charge

recombination of an electron-hole pair.

1.5.4 P-type devices

The electrode for the p-type device should be a stable, transparent p-type semiconductor
with a wide bandgap [180]. The BDD is a suitable candidate due to high chemical stability
and transparency. To design photoconverting device, following components need to be consider:
surface porosity, optically or electrochemically active impurities, electrolyte selection, dye

selection its attachment to the surface.

The higher the electrode porosity is, the higher dye loading and thus efficiency will be. The
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Figure 1.16: Scheme of dye sensitised solar cells of n-type (left) and p-type (right). The operation
of cells is the same, based on photoexication of dye (sensitiser), followed by electron injection into the
photoanode or electrolyte solution (mediator) Adapted from ref. [178].

surface-to-volume ratio can be generally increased using top-down or bottom-up approaches.
A typical top-down approach is the CVD technique, which can precisely control surface thickness
and crystallinity. Unsurprisingly, the surface area is significantly lower than the deposition of
nanoparticles such as NiO or TiO. Furthermore, the amount of sp? impurities needs to be
controlled during CVD deposition. This pose an issue since a non-diamond carbon is often
light-absorbing and electrochemically active. The effect of these impurities can be mitigated by
selective annealing or etching, as performed for NDs. Such an approach often requires time-
consuming experimental optimisation of conditions. Higher precision is achieved by inductively
coupled plasma etching [181] or focused ion beam (FIB). ICP etching removes a significant
portion of the material using oxygen or hydrogen plasma. FIB is time-consuming, suitable for

precise surface patterning, but not for scale-up of surface alterations.

A bottom-up approach suitable for DSSC applications is growing diamond on highly porous
substrate. A surface was covered with multiple layers of SiO4 spheres, and spheres are seeded
with NDs. Spheres are used as a template, growing by MWCVD and controlling thickness by
deposition time, similar procedure can be done with SiO, fibers [182]. Lastly, the SiO4 template
is removed by HF acid etching and high surface is available for dye sensitisation [183, 184].

An electrolyte is responsible for dye regeneration to the ground state and electron transport
to the anode. Although the triiodide/iodide (I; / I") redox couple is often used, an intrinsic
drawback is strong light absorption. Moreover, open-circuit voltage is limited in combination
with NiO cathode. Many alternatives are pursued, most commonly based on inorganic redox

couples (Co, Fe, Cu) or organic redox couples based on thiolates or quaternary ammonium
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compound [180, 185]. Since optimisation is performed for each p-type device, the comparison of

the most promising materials is not straightforward.
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Figure 1.17: Scheme of push-pull design demonstrated on P1 dye. Carboxylic group is used as an
anchor, triphenylamine as a donor and two dicyanovinyl as electron acceptors. Adapted from ref. [180].

Selection and design of an organic dye for dye sensitized solar cells (DSSC) depends on the
type of solar cell (p- or n-type), electrode material and electrolyte. General requirements for dye
are photon absorption in visible-NIR region, high absorption coefficient, anchor to the surface,
suitable position of HOMO and LUMO levels, photo- and electrochemical stability.

For p-DSSC, the dye HOMO needs to be more positive than valence band of cathode and
LUMO needs to be more negative than the electrolyte redox potential, see Figure 1.16 [186].
Further, dye should delay charge recombination of an electron-hole pair. This is often done
by donor-m-acceptor (D-m-A), where the charge separation is promoted on the far-end of dye —
away from the surface, Figure 1.17 [180]. An excellent results were obtained for p-DSSC for
P1 dye on NiO by Qin in 2008 [187]. Based on this design, many modifications were tried
to improve efficiency of p-DSSC with various surface and electrolytes [180, 188] Strategies for
design and selection of dyes for p-type devices can found in elsewhere [174, 189, 190].

In conclusion, improving the efficiency of the solar cell is an essential part of efforts for
sustainable energy production. The DSSC is in a perspective approach for cheaper and energy
less demanding manufacturing process. Efficiency and lifetime challenges for DSSC, where

a BDD is an excellent candidate for extending the stability of devices.
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2 | Scope of the thesis

The objective of this thesis was to develop new chemical interfaces on diamond surfaces
and to demonstrate the use of diamonds for applications such as photovoltaics, sensing and

ultrasensitive detectors.

For such purposes, we selected two diamond forms differing in surface-to-volume ratio. The
first form was a microcrystalline diamond films. The second material consisted of nanodiamond
particles (NDs) with a high surface-to-volume ratio. NDs are particularly challenging in terms

of balancing chemical functionalization with colloidal stability.

The aims of this thesis were, therefore, divided into two parts:

Microcrystalline diamond films
1. To develop a reactive interface on the surface of boron-doped-diamond (BDD) and to
attach a photocurrent-generating dye to the surface.

2. To prepare and characterise a semi-conductive BDD surface with a dye tailored to improve

stability, photon absorption and photoconversion.

3. To facilitate systematic study of changes in photocurrent based on differences in conduc-

tivity for a BDD and a silicon substrate.

Nanodiamond particles
4. To assess and quantify the chemical processes on BDD surface by use of NDs with similar
chemical properties.

5. To develop a small molecule for quantification of available functional groups on the surface

of biocompatible polymer coated NDs.

6. To create a ND based system for ultrasensitive detection of paramagnetic species based

on previous findings and practical know-how.
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This proposed system must meet the following criteria:

e To attach a small molecule capable of reversibly forming stable radicals to the NDs

surface.

e To prepare NDs with nitrogen vacancy (NV) centres and stable radicals within tens

of nanometers from NV centres.

e To validate the system using an independent method for detecting and quantifying

paramagnetic species in the system.

e To prepare colloidally stable particles in water and aqueous buffers to meet basic

requirements for bioapplications.

e To verify presence and number of stable radicals in the system after radical de-

activation.
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3 | Results & discussion

3.1 Microcrystalline diamond films

This section explores the possibilities and limitations of diamond-based photocathodes for
sustainable energy production. Currently, dye-sensitized solar cells (DSSC, DSC or Grétzel
cell) are mostly based on n-type photoanodes, which provide higher photocurrents than p-type
photocathodes. The aim was to improve generated photocurrents for BDD cathodes sensitised
with a dye. The following section focuses on surface modifications on silicon substrates 5x10 mm

with a 0.5 pm layer of a microcrystalline diamond.

Thin diamond layers are promising materials considering their high stability, photo- and
electrochemical properties and high optical transparency. In addition, boron doping introduces
electric conductivity and enables their use as p-type cathodes. Optically transparent electrodes
are essential for tandem devices (p,n-DSSC) to harvest more light. In turn, multi-junction
devices can surpass the thermodynamic limitations of single-junction devices, Section 1.5.1
[180]. Currently, low photocurrents were reported for diamond based cathodes. Main reason are
challenging chemical modification and tuning the energy band levels between the individual
components of the solar cell. Therefore, we focused on developing and improving the following
parameters: stably attaching the photosensitizer (dye), increasing dye loading, preparing

a custom-made dye, and alternating the conductivity properties of the substrates.

3.1.1 Surface modification of boron-doped-diamond electrodes by covalent
bonding P1 dye* (A)

We set out to develop a procedure for covalently modifying microcrystalline boron-doped-
diamond (BDD) with P1 dye (Figure 3.1, Figure 1.17) to generate a photocurrent. Diamond was
selected because of its high electrochemical stability towards reactive electrolytes. High-purify mi-
crodiamond is an insulator, but boron-doping makes possible to control p-type (semi)conductivity.
A photocurrent is generated by an additionally attached chromophore. BDD itself absorbs

a little in visible-NIR region, yet residual sp? carbon impurities create unintended absorption

“Published as: Krysova, H.; Barton, J.; Petrak, V.; Jurok, R.; Kuchar, M.; Cigler, P.; Kavan, L.;
Efficiency and stability of spectral sensitization of boron-doped-diamond electrodes through covalent anchoring of
a donor-m-acceptor organic chromophore (P1).
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without generating photocurrent. Thus, we used a commercially available dye P1 to facilitate

direct comparisons and to enhance the reproducibility of our work.

Energy is transferred between dye and cathode based on proximity. To ensure short and
reproducible distances, we covalently attached the dye to the surface. We have previously tried
non-covalent attachment of poly(ethyleneimine) (PEI) with P1 dye to BDD. Although that
procedure bypassed more complex multi-step surface modification, dye loading was low, and the

dye desorbed over time [183].

The following premises were used for developing the described procedure: The reactivity
is low for the CVD diamond surface, and conversion should be as quantitative and clean as
possible. Further, degradation of reagent or surface was not preferred. The requirement was
met by forming C-C bonds under UV-light in which the resulting adduct is chemically stable
during and after UV-photografting [103]. This excluded direct attachment of dye and non-UV
degradable linker was selected. Furthermore, the length of the linker was also considered because
we suspected that the larger distance contributed to the lower photocurrents in a non-covalent
attachment [183]. In addition, the efficiency of hole-injection depends on the distance between

dye and surface; thus, we selected a short four carbon linker.

The commercial dye P1 from Dyenamo AB(Figure 3.1) was selected as a photon absorbing
material [191]. P1 has a high extinction coefficient (58 000 M~*ecm~!) and it is used for
a p-DSSC. Its function has been demonstrated on NiO cathode [187, 192]. The P1 dye consists
of three parts: an electron acceptor (malononitrile), a conjugated chain (malononitrile) and an
electron-donating triphenylamine part terminated with a carboxylic group, Figure 1.17. The

amino-terminated linker dye was used to the anchor a dye at a defined distance from the surface.

Photosensitised plates were prepared in the following sequence. First, the silicon wafer
(9%9 cm) was nucleated with dNDs. From then, a 0.5-pm-thick microcrystalline diamond film
doped with 4000 ppm of boron was grown by microwave plasma enhanced chemical vapor
deposition (MW-PECV). The resulting surface of BDD can contain various functional groups
(Section 1.3.1). Modifying only one type of functional group would decrease dye loading, and
loading capacity is limited by the sterical hindrance of the dye itself. Thus, the microdiamond
surface was treated using hydrogen plasma to terminate the diamond surface with hydrogen.

The modified silicon wafer was cut to smaller plates of 0.5x1 c¢m for linker and dye attachment.

Two types of protected allylamine were UV-photografted to the hydrogen-terminated surface
(Figure 3.1). The protecting group was cleaved from allylamine. Then, the amine-terminated
surface was covered overnight with the freshly prepared P1-Cl in dark, dry inert atmosphere
and thoroughly washed with solvent mixtures for several days. The washing and sonication

procedure varied on the degree of dye adsorption to the surface of a particular plate.

The low sensitivity of analytical methods precluded any accurate comparison of yield of

photografting, deprotection or dye attachment. Thus, only the final photocurrents could be
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Figure 3.1: Scheme of surface modifications on BDD. A short protected allylamines were pho-
tografted to the surface, differing in the protecting group. 1 — N-allyltrifluoroacetamide and 2 —
N-allyltrifluoromethanesulfonamide. The allylamines were deprotected and the P1-Cl was attached to
amine for 3 days, and an excess of dye was washed out. Adapted from Appendiz A.

compared by adding all reaction yields and other variables. Thus, multiple approaches were

used to compare and indirectly evaluate the best approach.

The dye sensitised plates were characterised by XPS and Raman spectroscopies. The Raman
spectra together with XPS supported each chemical modification step. However, we were unable

to quantify reaction yields in detail due to the low signal-to-noise ratio of XPS data, Figure 3.2.

We compared resulting photocurrents on plates photografted with linker 1 (N-allyltrifluoro-
acetamide) and 2 (N-allyltrifluoromethanesulfonamide). We anticipated that the trifluoromethyl-
sulfonamide protecting group as an electron acceptor would improve the grafting yield, which was
not the case. We reason that harsher deprotection conditions (overnight at 105 °C with sodium
bis(2-methoxyethoxy)aluminium hydride) did not lead to quantitative deprotection or changed
properties of the surface, compared to the a methanolic solution of tetramethylammonium

hydroxide.

We characterised the electrochemical properties, long-term stability under and determined
IPCE. The unmodified BDD electrode showed a negligible response of ca. 20 nA cm? of dark
current, which was attributed to sp? impurities or states related to boron in diamond lattice
[193]. Modified P1 sensitised BDD electrode showed a response of approximately 0.9 pA cm?.
Over a period of 45 h, the response ranged from 1 pA cm? to 1.5 pA cm?, which afterwards
dropped to ca. 0.6 pA cm?. We assigned an increase followed by a decrease to changes followed

by partical decomposition of the dye attached to the surface.

To conclude, we measured a maximum of 1.5 pA cm? (simulated illumination AM 1.5 solar
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Figure 3.2: XPS spectra, from top: BDD, Figure 3.3: Electrochemical characterisation: BDD
BDD with linker 1, BDD with deprotected electrode (top) and P1 on BDD after 5 min (fresh) and
linker 1, P1 sensitised BDD with linker 1, or 45 h (aged). Bare BDD showed negligible photocur-
2. Curves are offset for clarity, the intensity rent response, while P1 sensitised BDD (red) showed
scale is the same for all spectra. Adapted 0.9 pA cm? which decreased over 45 h. Adapted from
from Appendiz A. Appendiz A.

light), which is ca. 4-times larger than the previously reported best result with non-covalent
anchoring the P1 to BDD. The reported value was similar to or better than other results on
BDD electrodes [194-196]. Although the measured values of photocurrent were smaller than
those of sensitized p-NiO, which are reported in order of mA cm?, the covalent attachment
significantly improved the photocurrents. We thus decided to design new dye and focus on

optimisation of the substrate in our next studies.

3.1.2 Diamond photocathodes sensitised with a bis(perylenemonoimide-di-
thiophene) donor-acceptor dye* (B)

The second study aimed at designing a new donor-m-acceptor dye to tune the dye energy
levels for BDD electrode. Furthermore, we intended to avoid metal based dyes due to their
environmental toxicity and lower observed photocurrents for p-type cathodes [180]. The proposed
dye was based on the electron push-pull concept (Section 1.5.4). Secondary aims were to improve
dye attachment to the surface and to reach stronger photoconversion in the visible-NIR, spectral
region.

The dye DpA was designed for a p-type cathode (Figure 3.4), reflecting the donor-m-acceptor
(D-m-A) concepts from P1 dye (Section 1.5.4) [187]. Two carboxylic groups at the triphenylamine
moiety were introduced to the structure for improving the anchoring to the amine-terminated
surface of BDD. The triphenylamine moiety serves as an electron donor. The main absorption
band of DpA is red-shifted by bithiophene which is conjugated to ensure electron flow to

an electron acceptor part. Lastly, the perylenemonoimide units can accept the electrons and

*Manuscript in preparation: Bartova, K.; Jurok, R.; Barton, J.; Krysova, H.; Kuchar, M.; Mortet, V.;
Taylor, A.; Cigler, P.; Kavan, L.; Diamond photocathodes sensitised with a bis(perylenemonoimide-dithiophene)
donor-acceptor dye.
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Figure 3.4: Structure and particular functions of donor-m-acceptor (D-m-A) dye DpA designed for
attachment to BDD surface for preparation of p-DSSC. Adapted from Appendixz B.
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facilitate the formation of an electron-hole pair. The electron flow continues to the electrolyte

solution (dimethylviologen) and hole can jumps to the valence band of BDD.

The complex synthesis of D-m-A dye DpA yielded 12 mg over 17 reactions steps in a convergent
synthesis which was performed in the laboratory of Dr. Martin Kuchar. DpA dye has two
absorption maxima, and we determined its molar absorption coefficient in dichloromethane
at Amaz = 347 nm to be € = 21500 M~! cm™!. However, the value of the molar absorption
coefficient might be slightly underestimated due to residual impurities contained in the final
product. The product was low soluble in most of solvents. Despite the repeated chromatography

purifications, some impurities thus might not be removed, see bellow.

The plates were covered with dye DpA using an improved procedure of previously described
(Section 3.1.1), and the substrate B-doping was lowered to 250 ppm boron (Section 3.2.1). To
anchor the dye in close proximity to microdiamond surface, we used linker 1 (Figure 3.1). The
dye was converted into acyl chloride and deposited on a BDD plate for 4 days under strictly
dark and inert conditions. Compared to P1-Cl dye, we extended the reaction time to maximise
the anchoring yield due to the higher molecular weight of the dye DpA. We did not observe
any unintended polymerisation of the dye on the sample surface, as was the case for the P1
dye. The finalised sensitised plates were characterised by XPS (Figure 3.6). In comparison
with P1 dye, the surface coverage DpA of dye was lower, which can be attributed to slower
reaction kinetics. In detailed XPS measurements of a blank BDD plate, we found no elements
on the surface other than C (97.2 %) and O (2.7 %), which was expected. On the surface of dye
sensitised plate, we found a higher content of N, S and O, and in addition signals of B, Cl, Zn
and Si (Tab. bellow Figure 3.6). The elements found by XPS clearly originate in reagents used
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CHAPTER 3. RESULTS & DISCUSSION

in dye synthesis, which we attribute to poor dye solubility and uneasy purification.

Based on measured photocurrents and on XPS analysis, we deduced that a monomolecular
layer of dye was attached to surface. However, we were unable to precisely determine the
surface coverage, and further analyses were limited by the finite amount of the newly prepared
dye. Notwithstanding, we performed an electrochemical characterisation of dye sensitised
microdiamond thin film and the measured photocurrent was approximately 0.5 pA cm? under
the illumination of 0.2 Sun. The response was improved in comparison to the non-covalent
attachment of P1 dye, albeit without outperforming the covalently bound P1 on the same
BDD microdiamond cathode.

In conclusion, a complex, multi-step synthetic approach was used to prepare a custom-designed
donor-m-acceptor dye, which was successfully attached to a diamond surface and characterised.
Electrochemical characterisation showed photocurrents slightly improved compared to the results
from non-covalent attachment, yet only comparable to the previous covalent attachment of
P1. We assume that the photocurrent response was hindered by the presence of unwanted
elements on the surface of the diamond. Based on the limited amount of dye and on the roughly
similar photocurrents, we decided to proceed on a systematic study investigating variation in

conductivity of BDD layer and the underlying silicon wafer.
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Figure 3.5: Comparison between the absorption spec- Figure 3.6: XPS spectra of BDD and
tra of a commercially available P1 dye and DpA dye. BDD with P1 dye. In detailed measure-
Adapted from Appendix B. ments, we observed weak signals other
residual elements from synthesis (N, S,
Zn, B, Cl, Si). Adapted from Appendiz B.
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3.2. TRANSITION FROM A MICROCRYSTALLINE DIAMOND FILM TO
NANODIAMOND PARTICLES

3.2 Transition from a microcrystalline diamond film to nano-
diamond particles

3.2.1 Systematic study of diamond surface properties and substrate conduc-
tivity* (C)

The third study on BDD diamond surface modifications assessed the effect of substrate con-
ductivity on photocurrents. More specifically, this study aimed to determine which combination
of BDD doping and silicon substrate conductivity would decrease the recombination rate of
the electron-hole pair, and improve thus the photocurrents. The second objective was to use
ND for quantification of reaction yields on the surface. Reasons for this were low sensitivity of
techniques available for analysis of monoatomic layers and the long experimental cycle, which

generally took 3-4 months.

To enable a straightforward comparison, the basic modification method of BDD plates was
similar to previously described one (Section 3.1.1). The BDD layers were deposited on low- or
high-conductive silicon. The B/C ratio of the newly prepared BDD was 250, 500, 1000, 2000 and
4000 ppm. Furthermore, we improved the photochemical irradiation setup for the attachment
of the N-allyltrifluoroacetamide linker. We used three UV lamps positioned in a close proximity
to a quartz tube in a polished hexagonal steel tube reflector. Thus, more light reached the
sample, and the use of an efficient UV source prevented overheating of the sample and the
volatile reagent. The P1 dye was attached to the sample, and the samples were characterised

by available surface analyses, Figure 3.7 - 2D surfaces.

3.2.2 Hydrogenated NDs: a model material mimicking the reactivity of
BDD

We used NDs to understand processes occurring on the BDD surfaces. Reaction progress
on NDs was determined for protected linker and for the deprotected amine. Furthermore, we
analysed the number of reactive amino groups available on the surface of the NDs and correlated

these data with zeta-potential analysis, as shown in Table 3.1.

To evaluate the reaction conversion, we mimicked the chemical modifications using high
pressure and high temperature (HPHT) NDs. The oxidised NDs were treated with hydrogen
plasma. All reaction times were extended, since ND with a 50 nm diameter have a significantly
higher surface-to-volume ratio and the surface is less available for reaction, especially UV-
irradiation. Then, the linker was photografted in the same apparatus described for BDD; only
the quartz tube was rotated slowly to irradiate the whole volume of the sample. The samples
were washed and deprotected. Then, we analysed each reaction step using relevant analytical

methods, as shown in Figure 3.7 and Table 3.1.

“Published as: Barton, J.; Krysova, H.; Janda, P.; Tarabkova, H.; Ashcheulov, P.; Mortet, V.; Taylor,
A.; Vavra, J.; Cigler, P.; Kavan, L.; Chemical modification of diamond surface by a donor-acceptor organic
chromophore (P1): Optimization of diamond surface chemistry and electronic properties.
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Figure 3.7: Scheme of modifications and analysis of diamond layer and NDs. Adapted from Appendiz C.

The fluorine context was determined by burning the NDin oxygen followed by ion-exchange
chromatography. Analysis confirmed a reasonable photografting conversion (surface coverage
ca. 10-15 %) and almost quantitative deprotection. In a quantitative Kaiser test, we estimated
a surface coverage of amino groups of approximately 26 %, while samples with the protective
group were below the detection limit of the method. We attributed the discrepancy to the
fluorine analysis, which likely underestimated fluorine content. In turn, the Kaiser test reports
only reactive and sterically accessible amino groups. The zeta-potential corresponds to the
surface charge of particles; hence, samples without charge or with deprotonated amino groups
showed slightly negative to negative values. The samples with protonated amino groups shifted

to positive values with the pH increase, which is in line with other analyses.

3.2.3 Analyses of thin diamond layers

For flat diamond samples, the B/C doping ratio was verified by Raman spectroscopy and Hall

measurements. The attachment of the P1 dye was confirmed by XPS analysis. Furthermore,
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3.3. NANODIAMOND PARTICLES

Table 3.1: Newly prepared NDs were characterised by overall fluorine content after combustion of NDs,
content of accessible amino groups on surface (Kaiser test), and variation of zeta-potential as a function
of pH.

ND type CF3 content NH, content (Kaiser test) Zeta-potential
surface surface pH
[mmol/e] coverage (7] [mmol/g] coverage (%] 3.6 5.6 10.2
ND-H 0.01 0.61 - - - -
ND-CFj3 0.20 13.4 - - -7 -17 4l
ND-NH» 0.04 2.7 0.38 + 0.07  25.7 £ 4.8 21 4 -45

when measuring the surface morphology with AFM, we observed a change from a smooth
surface to nanograin-covered surface after the attachment of the P1 dye, as shown in Figure 3.8.
No observable differences in surface morphology were found by SEM analysis on the surface
modified by P1 or in diamond surfaces with various doping levels. The ATR-FTIR analysis of
modified BDD samples showed identical results, confirming the low sensitivity of the technique

for a monomolecular layer.

TEM analysis of NDs showed no changes in the morphology of the particles. IR measurements
confirmed each step of the chemical modification. The combination of indirect analyses on both
flat diamond surfaces and NDs was in agreement with the proposed chemistry modifications

designed for the diamond surface.

The photo- and electrochemical behaviour was similar to that of our previous observations
(Section 3.1.1). With the decrease in boron doping, the photocurrents improved. The high
conductive Si-substrate showed doubled photocurrents compared to those of the low-conductive
substrate for 250 ppm B-doping. This difference decreased with the increase in B-doping.
The observed behaviour can be explained by electron-hole recombination in which the holes
are trapped in BDD layer. This is supported by the lowest photocurrents that are observed
for the low-conductive substrate with low-conductive BDD. Increasing the conductivity of
either substrate or BDD layer reduced the difference. However, we did not observe the highest

photocurrents for the highest B-doping on the conductive substrate.

In conclusion, we performed a systematic study of conductivity variation of sensitised BDD
cathode and Si-substrate. The improvements in photografting procedure combined with con-
ductivity optimisation, led to increase of photocurrents to 6.6 A cm?. Obtained value was
three times higher than the photocurrent recorded in our previous study. Furthermore, to our

knowledge, this was also the best value ever reported for a flat BDD electrode.

3.3 Nanodiamond particles

In the second part of thesis, I will describe two different applications of ca. 50 nm nanodiamond
(ND)s. The first shows directed motion of ND in pH gradient. The second uses ND with

NV~ centres to detect and quantify tens of nitroxide radicals present on the surface of polymer
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Figure 3.8: AFM images of BDD surface A) as deposited, B) modified with P1. Topography/height
displayed as 2D view (top) and 3D (bottom). Adapted from Appendiz C.

coated ND particle in aqueous solutions.

3.3.1 Proton-gradient-driven oriented motion of nanodiamonds grafted to
graphene by dynamic covalent bonds* (D)

Moving nano-objects in a specific direction by external activation is one of the fundamental
skills for nanoscience. For instance, particle can be attached to the surface and achieve a
rolling motion by formation-termination of bonds to the underlying surface. However, designing,
preparing, and verifying such nanosystems is quite challenging. Furthermore, monitoring such
movements in real-time with sufficient resolution under ambient conditions is a demanding task.
Here, surface-functionalized NDs were prepared, its surface functionalisation was verified and

pH directed motion was observed.

For such purposes, the following concepts have been combined — dynamic covalent chemistry
(DCC), surface modification of graphene and ND and real-time tracking of nanoparticles by
epifluorescence. DCC is based on reversible bond formation. A stable link between nanoparticle
and surface is kept to prevent particle detachment from the surface [197, 198]. Here, an imine
formation from primary amine and aldehyde was selected. It proceeds under mild conditions
which are compatible with functionalized ND and with the biological environment. Further, it
is synthetically available and chemically stable. The movement mechanism is driven by imine

formation on the high end of the pH gradient, while imine hydrolysis accelerates in lower pH.

We used HPHT fND with NV~ centres, which were processed in our laboratory [83]. To

stabilise them in water but also in a buffered solution, we coated particles with PHPMA.

*Published as: Kovaricek, P.; Cebecauer, M.; Neburkova, J.; Barton, J.; Fridrichova, M.; Drogowska,
K. A.; Cigler, P.; Lehn, J.-M.; Kalbac, M. Proton-gradient-driven oriented motion of nanodiamonds grafted to
graphene by dynamic covalent bonds. ACS Nano 2018, 12 (7), 7141-7147.
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Figure 3.9: Scheme of rolling motion of modified NDs attached to graphene surface in a pH gradient.
Adapted from Appendix D.

The optimisation of polymerisation increased the stability of NDs in a buffered solution and
minimised non-specific absorption to graphene surface and aggregation. NDs were functionalized
with HPMA copolymerised to contain azide groups. 2-hydroxy-4-propargyloxybenzaldehyde was
conjugated to the azido groups using the CuAAC reaction, Figure 3.10. The polymer surface
contained aldehyde groups, although part of them was sterically unavailable. Also, the sequence

of steps needed to be verified.

Before proceeding, we verified the functionalisation of the surface. We assessed spectrophoto-
metrically the number of available aldehyde groups on the surface to be ca. 2500 per particle.
For this purpose, we synthesised a water-soluble fluorescent BODIPY dye containing aminooxy

groups for detection and sulfonate groups for solubility (Figure 3.10).

A graphene monolayer was selected as a supporting surface for the reaction. The graphene can
be used as a thin transparent layer suitable for fluorescence spectroscopy and can be chemically
functionalized. In this study, amine functionalisation was introduced to the surface using two
different approaches. The functionalization was confirmed by Raman spectroscopy, XPS and

surface-enhanced Raman spectroscopy.

ND with NV~ centres provide stable fluorescence under laser illumination for hours [199], thus
making possible to track fluorescence for longer time periods, unlike organic fluorescent dyes

which rapidly photobleach. In addition, epifluorescence microscopy allows real-time detection of
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Figure 3.10: Scheme of modifications of polymer coated NDs. Adapted from Appendixz D.

nano-sized fluorescent objects with high spatio-temporal resolution. This was used to observe

pH directed motion of NDs on the functionalized graphene surface.

In conclusion, our results showed directed motion of aldehyde equipped fNDs in the pH
gradient on the amine-terminated graphene surface. The functionalized, polymer-coated fND
created a stable interface necessary for the application of NDs and independent verification
method was developed. Fluorescent spectroscopy made possible to observe particle motion in
real-time, thus demonstrating the proposed mechanism of motion control for NDs. In pKa
of amine-aldehyde system a Brownian motion of particles was observed. The pH cycle was
repeated several times until the gradually increasing ionic strength caused particle adsorption
on the graphene surface. A promising tool for the manipulation of nanosized objects in 2D

space was developed in this study.

3.3.2 Nanoscale dynamic readout of a chemical redox process using radicals
coupled with NV~ centers in nanodiamonds* (F)

Cellular communication, oxidative stress and immune response are facilitated by free radicals
and paramagnetic ions [200]. Yet, the extent or dynamics of those processes are difficult to
study due to lack of suitable methods. The analysis of cellular processes requires using methods
with high sensitivity, selectivity and spatiotemporal resolution. The ND with NV centres are
suitable candidates for such a task since their fluorescence behaviour of NV centre is highly
dependent on the magnetic field around the ND. The aim of this project was to determine the
sensitivity of fND to the presence of stabilised organic radicals and to utilise this interaction to
detect biologically relevant ascorbate anion. The development of a biocompatible, functionalized

nanosensor is described in the following paragraphs and summarised in Figure 3.11.

The preparation of fND itself was developed in our lab, among others, by Havlik [47]. HPHT
NDs of approximately 50 nm in diameter were irradiated in a cyclotron, annealed to form NV
centres and oxidised. Then, we covered the diamond surface with a thin, biocompatible layer,
which could be further chemically functionalized without affecting the colloidal stability. For

this purpose, several different types of polymer were grown on the fND surface, notably PHPMA

*Manuscript under revision as: Barton, J.; Gulka, M.; Tarabek, J.; Mindarava, Y.; Wang, Z.; Schimer,
J.; Raabova, H.; Bednar, J.; Plenio, M.; Jelezko, F.; Nesladek, M.; Cigler, P.; Nanoscale dynamic readout of a
chemical redox process using radicals coupled with NV~ centers in nanodiamonds.
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Figure 3.11: Scheme of ND nanosensor and its use for optical relaxometric sensing: A) NDs with
NV~ centres coated with polymer containing nitroxide radicals, which can be turned on/off. B) Schematic
structure of poly(glycerol) (PG) with attached TEMPO-based nitroxide spin probe. The PG has a
dendritic structure with many branching points. C) Radical deactivation by reaction with L-ascorbate
provided a diamagnetic cyclic hydroxylamine. D) Cryo-TEM of polymer coated NDs — irregular dark
shapes are NDs, surrounded by a grey polymer shell. E) Change in EPR signal after removing the
nitroxide radicals. F) Quantifiable increase in T; of NV~ after removal of stable radicals from the
polymer layer.

and PG. From the start or during growth, an additional copolymer was added, which contained
alkyne group. This group was further used to attach a small molecule 3 (Figure 3.12) through a
CuAAC reaction. This spin probe is capable of repeated formation of stable nitroxide radicals.
The used small molecule is a derivative of the stable radical molecule known as TEMPO or

(2,2,6,6-tetramethylpiperidin-1-yl)oxyl.

The fND were reacted with different concentrations of the small molecule. We optimised the
ratio between stability and loading of the radical trapping molecule for both polymers. However,
the small molecule attached to the PHPMA did not respond to radical activation and was thus
dismissed. In contrast, PG on fNDs responded to activation by sonication. Furthermore, we
observed a five-fold increase in radical generation during sonication with air in comparison to
an argon-secured solution. This provided a robust and reliable method for repeatedly activating
the whole system without its destruction since the final fNDs would be damaged under the
commonly used harsh activation conditions. Lastly, the conjugated nitroxide radical responded

to sodium ascorbate addition with complete reduction to cyclic hydroxylamine.

To independently verify the total number of paramagnetic species in fND, we used a combi-
nation of EPR, TGA, NTA, DLS and cryo-TEM spectroscopy. EPR spectra contain a triplet
corresponding to the nitroxide radical and a smaller signal of paramagnetic impurities present

in fNDs (Figure 3.11E). We determined a polymer thickness of 17.0 &+ 8.8 nm from information
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Figure 3.12: Scheme of surface modification of fNDs. Dendritic PG was grown on fND surface. The
polymerisation was terminated by addition of glycidyl propargyl ether. The radical trapping molecule
was attached to the alkyne using a CuAAC (“click”) reaction. The attached cyclic hydroxylamine was
repeatedly activated to nitroxide radical by ultrasound treatment (with/without O, and deactivated by
sodium ascorbate addition). Adapted from Appendiz E.

on the fNDs and polymer mass from (TGA) and hydrated polymer thickness from cryo-TEM).
Furthermore, we combined measurements of particle concentration from NTA and from concen-
trations of nitroxide radical and fND paramagnetic impurities from EPR, and corrected them
with the size distribution of bare particles from TEM. From those measurements, we calculated
and independently verified the presence and concentration of radicals in the polymeric shell
for the aqueous colloidal solution of the sample. This was the cornerstone for determining the

validity and sensitivity of the proposed method for quantum sensing.

This quantum sensing method is based on the change of Ty which increases with the decrease
in paramagnetic concentration in the effective sensing radius of the NV~ centre (<20nm),
Figure 3.11F. Average T, is calculated from the fluorescence readout collected from single
particle measurements in aqueous solution at room temperature. Thus, a controlled increase in

the concentration of nitroxide radical covalently bound to the polymer should shorten the T; and
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Figure 3.13: A) Two representative determinations of T; of single ND1 and ND5 particles. The used
pulse sequence is shown in the inset. Consecutive laser pulses are used for spin-initialisation and readout,
while increasing the waiting time 7. The spin-contrast signal is detected optically at the beginning of the
laser pulses (S) and is referenced to the polarised state signal (REF) at the end of the laser pulses. B)
The graph shows the variation of the average T relaxation time as a function of the concentration of
stable nitroxide radicals in the polymer. C) The histogram shows the variation of T as a function of
nitroxyl radical concentration. The sample ND1 is without nitroxyl radicals, and the ND5 contained 134
radicals per particle on average. The bars represent the T; measured for a single particle, and the
dashed lines represent theoretical simulations. Adapted from Appendiz E.

other way round. To further prove the feasibility of the proposed technique, we performed the

experiment in aqueous solution at room temperature.

After verifying the radical concentration, we performed the T; time measurements. We
observed that the T; time decreased with the increase in the concentration of nitroxide radical,
Figure 3.13C. Theoretical simulations agree with the measured T; time distribution of fND with
(ND5) and without (ND1) radicals (Figure 3.13C). Furthermore, addition of sodium ascorbate
led to the conversion of nitroxide radicals into diamagnetic hydroxylamine. Conversion progress

was observed by lengthening of Ty time, which fully recovered (Figure 3.13 B).

In conclusion, we demonstrated that the sensitivity of the method was ~10 nitroxide radical
covalently bound to the fND particle, which corresponds to a localised readout of ~10723 mol
radicals. Such a nanosensor could be utilised to determine, for example, the intracellular

concentrations of ascorbate stable under physiological conditions.
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4 | Conclusion

The research presented here aimed to develop interfaces for diamond applications, either for
CVD layer or for NDs particles. In the introduction, we identified major challenges to overcome
when designing surface modifications for novel diamond applications. Such applications include
modifications of BDD thin layers as electrodes for photoconversion and NDs as biocompatible,

colloidally stable nanosensors.

The modification of the CVD layer was presented in three studies (A-C). The third study
also employed nanodiamond particles. The photosensitisation of BDD surfaces was developed in
the author’s previous work (F) with non-covalent attachment of a P1 dye close to the diamond
surface. Since then, we have developed a procedure for covalent surface photosensitisation.
A short linker was photografted, followed by a covalent attachment of a P1 dye. This surface
photosensitisation led to a four-fold improvement in photocurrents (A) compared to previous

non-covalent modifications.

Encouraged by these results, we developed a specifically tailored donor-m-acceptor (D-m-A) dye
DpA. The structure was derived from the P1 dye, while strengthening the spectral absorption,
electron-accepting and donating part of the molecule. The multi-step synthesis yielded the
designed dye, which was covalently attached to a BDD surface. However, the photocurrents of
the newly designed dye were similar to those reached in our previous efforts. We suspect that
residual impurities remaining after complex dye purification negatively affected electrochemical

properties of the resulting system (B).

Based on previous results, we conducted a thorough analysis of surface reactions and conduc-
tivity of the BDD diamond and underlying silicon wafer in the third study (C). The sensitivity
of applicable surface analyses was too low to analyse individual reactions for monolayer function-
alization on microcrystalline diamond films. Therefore, we decided to use hydrogenated NDs as
a model with similar chemical properties, albeit with a significantly higher surface-to-volume
ratio. The nanoparticle model made it possible to evaluate the reaction conversion by subsequent
analyses of residual fluorine or by reaction with surface available amines and therefore to improve
the experimental procedures. Furthermore, the systematic study of different conductivities of
a silicon wafer and boron doping resulted in yet another improvement in photocurrents for
the sensitised BDD cathode. In conclusion, we reached the best ever reported value, to our

knowledge, of 6.6 uA cm? for a flat surface sensitised BDD electrode.
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In the second part of my doctoral work, biocompatible polymer-coated NDs were prepared.

The fourth study (D) focused on the hypothesis that fNDs could be rolled in the direction
of a pH gradient. Colloidally stable fNDs were prepared, and surface functionalisation with
aldehydes was verified using a tailored fluorescent dye. Furthermore, an amine-functionalized
graphene layer was prepared so that fluorescent microscopy could track the movement of non-
bleachable fNDs in real time and for extended periods of time. The rolling motion of fNDs in
the pH gradient was observed and could be repeated until the ionic strength destabilised fNDs
in the solution. In summary, we prepared a colloidally stable system of fNDs and observed their
directed motion in the pH gradient. Thus, bond formation on a molecular level enables us to

move larger objects, such as 50 nm nanodiamonds in a given direction.

In the fifth, main work (E), we developed a quantum-based ultrasensitive nanosensor for
dynamic readout of redox processes in aqueous solution at room temperature. We prepared
colloidally stable, polymer-coated fNDs and equipped them with switchable, nitroxyl radical
molecules. Furthermore, we independently assessed the quantum sensing of fND with NV~ cen-
tres. To determine the absolute concentration of nitroxyl radicals on the polymer coating for
a single fND particle, we developed an independent method for combining all feasible analytical

methods to validate the proposed quantum sensing experiment.

Then, we measured the T; time, which is highly dependent on changes in the magnetic field
in an effective sensing radius of NV~ centres (<20nm). From these measurements, we were able
not only to quantify the number of stable radicals present on single f{ND but also to determine
the precision of the sensing method, which was ~10 single radical spins per one fND particle.
This value corresponds to the localised readout of approximately 10723 mol of radicals (E).
On the example of nitroxide radical reduction by sodium L-ascorbate, we demonstrated the
possibility of monitoring redox reactions in real-time and on a minute-scale in aqueous solution

with a spatial resolution of confocal microscopy.

Future perspectives

Based on the current state of the art, sensing using NV~ in fNDs holds very promising
applications. The detection or tracking of specific paramagnetic species inside living cells may
be achieved during this decade. An additional study based on the same detection principle but
applied to different paramagnetic species is currently in progress. Our understanding of the
free radical theory of cellular ageing and oxidative stress will most likely advance in the coming

years thanks to the development of these tools.
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NV~ centers in nanodiamonds
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