>v/ Q;2M i2/ M MQ/B KQM/ b  /BQb2MbBIiBXx
M/ T?vbB+ H BMp2biB; iBQMb Q7 i?2 BMpQFt
J:/ H2M Em xvT

hQ +Bi2 i?Bb p2 ' bBQM,
J;/ H2M Em ' xvTX >v/'Q;2M i2/ M MQ/B KQM/ b /BQb2MbBiBx2", +?
iBQMb Q7 i?2 BMpQHp2/ K2+? MBbKbX Pi?2 X IMBp2 bBiGd S "Bb a +H
kyRda *GLyey X i2ZH@YyRd99R3j

> G A/, i2H@YRdA99R 3j
?2iiTbh,ffi2HX "+?Bp2b@Qmp2 i2bX7 fi2H@yRd9
am#KBii2/ QM kd J ~ kyR3

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X



Hydrogenated nanodiamond as
radiosensitizer: chemical and
physical investigations of the

Involved mechanisms

Thése de doctorat de I'Université Paris-6 DFOD\ SUpSDUpH j OfeF
Supérieure de Cachan (Ecole Normale Supérieure Paris-Saclay)

Ecole doctorale n°575:
Electrical, Optical, Bio-physics and Engineering (EOBE)
Spécialité de doctorat: Physique

Thése présentée et soutenue a Saclay, le 20 décembre 2017, par

Magdalena Kurzyp

Composition du Jury :

Anke KRUEGER Rapporteur
Professeure, Université de Wurtzbourg, Allemagne

Jean-Francois HOCHEPIED Rapporteur
Maitre de Recherche, MINES ParisTech

Jean-Louis MARIGNIER Examinateur
Chargé de Recherche, Université Paris-Saclay, LCP

Johan ALAUZUN Examinateur
Maitre de Conférences, Institut Charles Gerhardt Montpellier

Michel MERMOUX Président
Directeur de Recherche, Université Grenoble Alpes, CNRS

Jean-Charles ARNAULT Directeur de thése
Directeur de Recherche, CEA-LIST

Hugues A. GIRARD Encadrant
Ingénieur-Chercheur, CEA-LIST

Cécile SICARD-ROSELLI Invitée
Maitre de Conférences, Université Paris-Saclay, LCP



To my familyco-workers and friends without whom none of my success would be possible.
Thank you for all your support along the way.



Résumé

Résumé

Les nanodiamants (NDs) sont des caatfigpertinents envisagés pour plusieurs domaines

[ %0 %0 0] : B&$Joomposites a base de polymeres, les lubrifiants, les capteurs basés sur la
luminescence des centres colorés, la catalyse et les applications en biologie. En plus de leur
petite taille (5 nm) [1], les nanodiamants de détonation possedent des propriétés
intéressantes pour la nanomédecine avec des applications potentielles pour la thérapie
(delivrance de médicaments en utilisant la chimie de greffage du carbone [2]) ou le diagnostic
(centresphotoluminescents NV [3]).

Parmi les applications en biologie, il a été démontré tres récemment que le nanodiamant
pouvait agir comme une nanoparticule active avec un effet thérapeutique ajustable. En effet,
T. Petit et ses collegues du Laboratoire Capgd&iamant (CERRTLIST) ont mis en évidence
une activité radiosensibilisante des nanodiamants hydrogéndsik) en collaboration avec
des biologistes du laboratoire de Cancérologie Expérimeff@G2DSV]Z7 De €0¢X >[ S
invitroamontré que le$+E « %}uA ] v8§ P v E E <« E ] p&E o] E « o]]v
V & phe « E ]J}E ¢]*S vS e A %}e ¢ upuv JEE ] S]}v P uu X >[
mise en sénescence de ces cellules qui correspond a un état de vieillissement avec un arrét
de la prolifération cellulaire [5]. Avec cette propriété de surface, les nanodiamants
hydrogénés sont donc des agents radiosensibilisants potentiels pour le traitement de tumeurs
(]Jv [ pPuvs & o[ ((§ =« SE ]S u vSse E hpsdpatcited X >[usS]o
faible Z par une telle application contraste avec les approches actuellement utilisées qui
E %}e vS *pyE * u S E] PA u S o0]J<pu e (}ES X >[ (( S & ]}
a donné lieu a un brevet international [6].

Bien que ls effets biologiques aient été étudiés en détail, les mécanismes physiques et
ZJul<pg ¢ % Eu SS vS [ A%O0]<hu & Oo[}E]P]V -NDs (gsténtE [} v
SE ¢ %o V] }U%OGE]'X /o S 'H%o%o}' <H O %OGE} uéﬁ']:b}(\RO\S)'%o e @
était liée aux propriétés électroniques spécifiques deasbk et a leur capacité a émettre des
électrons sous irradiation. Cette interprétation est liée aux propriétés de la surface du
diamant massif hydrogéné qui possede une affinité électromionégative (NEA). Ceci
correspond a une structure €électronique particuliere pour laquelle le minimum de la bande
de conduction estsituéau eepe P VIA g p Al X W E }ve <p v3U o[ ule<]}
peut étre induite par une illumination corresponaaa la largeur de la bande interdite. Cette
bande interdite est de 5.5 eV pour le diamant, ce qui correspond a une énergie minimale dans
o }u]v o [ 1 o ®5M)o Lés €lectrons transférés de la bande de valence a la
bande de conduction peuwe ensuite facilement diffuser vers la surface sans barriere
v EP S]<pu X >[ A% }*]S]}v o[ & 0 *ME( ] uvs ZzC E}F
[uv  }v p 8]1A]S o1 CE ( SC% %o ~" o €0X

En 2014, X }ol E S o0 }vS u «u@Eonmie(dd ndsodiamangs hydrogéenés par
voie plasma en combinant la spectroscopie STS (Scanning Tunnelling Spectroscopy) et la
microscopie KFM (Kelvin Force Microscopy). lls ont montré que des NDs de tailles allant de 4
a 20 nm possedent une affinité éleotrique négative [8]. Ces études rejoignent celles
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effectuées par le groupe de R. Hamers @\adison USA) qui a démontré la possibilité
[uS]o]e & * (Joue ] uvs ZzC E&}P v ¢« }uu o sJUE = *}0] -

dans des liquides sous illumian UV [9]. Cette propriété ouvre la voie a des réductions

catalytiques comme celle de2ldn NHou de C@Qen CO. Une propriété comparable a été

mise en évidence pour des surfaces de diamant aminées (de termindi$th [10]. Trés

récemment (juin 2017),le méme groupe a aussi mis en évidence ces propriétés

photocatalytiques induites sous UV pour des particules de diamant hydrogénées de 125 nm

[11]. v E A v Z U o[ (( 8 V[ % ¢ 8§ } o EA %}uE =+ E - 33

pourrait étre expliqué pata densité élevée de défauts cristallins présents dans ces NDs ou

o[}A£C S]}v o *uCE( % E 0 *% * E |] o]JE& « Pv E -« ¢}

>[]vd EE}IP 3]}V % E]JV % 0 %o} ESW @ (05 T *|3PIveipoevES }
sous irradiationgamma par T. Petit et ses colléegues-ést 0] 0 % E} u S]}v [ o
solvatés comme ceci est décrit pour le diamant maasif

> § S]iv [pv SH-A] 3 e §}v S]}v ve o[ B 8 ]JvS]Ju u vsS 0]
E ]J]}oCe o[ UX W} k] oSCEE B BXv@dE o U o[]Jvs & S§]}v o &

A 0o + u}o pocendpitdlaformation de ROS dans le milieu biologique. Cet effet
observé pour leH-NDs pourrait étre associé a une interaction spécifique ayant lieu a
o[]vs CE( ant/] up % v vS Oo[]EE ] S]}vX W Eu] 0 <% = E :
o[ *%o 0 % ope S3]A }v p]e vs e Juu P ¢ J}O}P]<p ¢ Ju%o}E
radicaux hydroxyles (HDLa présence délO*est accompagnée principalement de celles

[ otrons solvatés (g*U [ V]}ve eu% fE}AS] p %KE}ALC [Z®). E}P v ~,

Il est donc essentiel de mettre au point des techniques permettant la détection des radicaux
HO%t leur quantification. Un protocole de référence a été mis au pointQaSicardRoselli

§ X Eupv o [ hv }8adBy §dndMgadE] ta capture de radicauxpé®la molécule

tuu E]Jv V % E °* Vv VV}% ES] po « [}E €i7X §§ ]vs§

formation de la thydroxycoumarine possédant des propgétde fluorescence qui est
proportionnelle a la concentration de H@yant réagi. La réalisation de ce protocole dans une
atmosphere différente permet de détecter et de quantifier les électrons solvatés produits
sous irradiation.

>[} i 3]( % E]v 1%E0A ]o S§Z -« *§ [SH] & o0+ u Vv]eu * %o.
Zlul<p ¢ AE%o0]<p vS o] (( § & ]NDy dp féthnatién.Pour cela, des

sU*% Vve]}lve }oo}b o - E e veo[ U E}VS %E % E « S |JEC
% Eu $S Eier |4 phptoactivité de ces NDs en incluant

o La quantification des radicaux HG8 0 % @&} p S]}v [ o SE}ve

o >[ (( s o Z]u] L ( ~}ECP v U 3C E}P Vv § § (
o >[ (( s o[ v EP] rdyors]A 1¥]3 keV et gamma: 1NgV)

o >[ (( s o *}uCE E o S}v S]}v

Avs [Sp] E 88 §]A]18 elpe JEE ] 8]}vU 0 % E u] E 3§ %o
différentes chimies de surface.
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LeChapitre 2présente les méthodes physiques permettant de modifier la chimie de surfac

de NDs de détonation provenant de plusieurs sources commerciaescuit thermique sous

air conduit & une oxydation de la surface, les traitements par plasma+jiero [ZC E}P v

et le recuit sous hydrogene favorisent la formation de liaisoftsala surface, le recuit sous

vide génére des reconstructions de type spla surface. Chacun de ces traitements a été
optimisé.

Les propriétés de ces NDs modifiés ont été comparées a celles des NDs initiaux en combinant
%oOpe] WEe* u $Z} « [ vao€iser¥ko}pE &

1. La qualité de la structure crystallinpar la microscopie électronique en transmission
(TEM) et la spectroscopie Raman

>[ S v d D u}jvSE& S}usS [ }E o0 %}0C ]*% E-]S e Vv vV} ]
fournis par la société PlasmaChem (e@men et 10 nm)> "p& ] u vS§ S 1 vs](] %

TEM en mesurant des distances inat&ticulaires qui correspondent a celle des plans (111) du
diamant.

Pour les NDs oxydés, les clichés TEM révélent une surface dépourvue de carbone amorphe ou
de carbone taphitique. Au contraire, une couche de carbone désordonné a été observée a la
%o E]% Z E] e E«ZC E}P v ¢ <p 00 <pu °*}]S 0 u §Z} [zC &)}

Enfin, pour les NDs recuites sous vide a 750 °C, cette couche périphérique est plus organisée
avec des domaines de carboné.sp

La spectroscopie Raman confirme la présence du diamant quelle que soit la modification de
surface effectuéd.e pic du diamant est élargi pour les NDs hydrogénés.

2. La composition chimiquepar la spectroscopie Infrarouge (R) et la spectroscopie
Raman qui constitue une méthode complémentaire moins sensible a la chimie de surface

> &d/zZ }v(]E&®u of ((] 18 H E H]S }pe |EGektdvodBer laju]v E c
(}&uU §]}v 0] Je}ve AKX > « puégenatiahZpnduisdri € ude }tres forte

réduction des liaisons C=0. La forme des structures liées aux vibrations des liaidifeseCH

e Oo}v o u 8§z} [ZC E}P v §]}vX WIUE o E pl]d <}pe A] U
changement majeur pour des températs de recuit inférieures a 850 °C.

3. > }v vSE $]}v []uétalliqiessetnon métalliques par IBFS (Inductively
coupled Plasma Mass Spectroscopy).

W}IuE o « E - S}v §]}v ~Wo eu Z ue psS]o]e - Ve-MSES §Z o
montrequeo <g VS]S [Ju%opnE S ¢ S A (}]e %oOoue (] O }u% E '8

Pour la majeure partie des modifications de surface appliquées a ces NDs, une réduction trés
«]PVv](] 3]A 0 }v Vv3E &3t vondtht€e-pud® 39 o %o E regénpfidd
thermique,- 10 9 % E ¢ 0o[ZC E}P v $25Wo0%pnee le recit sous viden
revanche, une contamination plus élevée a été mesurée pour les NDs recuits sous air.

> e E% E] Vv ¢ S vsS E o]c€hapitre\Beomnderng s @priétés colloidales
e E e vulo]l]pu <ppu&LE v (}v S]}v o HE Z]Ju] *HE( X >[} i
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0O°¢ % E usSE e« <p] P}UA Ev v8 0o 3 ]o]$8 }oo}lb o X d}us
préparation des suspensions a été optimisé en ajustantliéférents parametres impliqués.
Ensuite, une étude comparative a été menée se focalisant sur les interactions des molécules

[ B A o0 suCE( *+ E X > +3 ]o0]8 loo}b o JMES § Eu -
t 60 jours) a été étudiée pahacune des chimies de surface en utilisant la méme source de
NDs de détonation.

Les NDs oxydés sont extrémement stables en suspension. Aprés 40 jours, malgré une
diminution significative, le potential zeta reste égal4d mV.

Les suspensions de NDs hgdmes préparées par les deux méthodes (plasma, recuit)
présentent des propriétés colloidales proches pour des suspensions fraiches avec un potentiel
zeta positif. Une Iégere réoxydation de la surface hydrogénée a été observée au FTIR qui
( AYE]s ol deg MIDs. Ces suspensions présentent néanmoins une moins bonne
stabilité colloidale apres plusieurs dizaines de jours. Les NDs hydrogénés par plasma sont les
moins stables par rapport a ceux préparés par recuit. Une agrégation importanteNibs H

est constatée avec la formation de bulles a la surface des suspensions. Le réle joué par des
nanobulles dans le colloide est discuté.

Pour les NDs recuits sous vide, les suspensions aqueuses préparées juste apres le recuit ont
des propriétés colloidalesés similaires avec un potentiel zeta positif. En revanche, leur
vieillissement est tres différent. En effet, les NDs recuits a des températures supérieures a
Ol £ [ PE P vS S « E %] U VS SV ]e <pg 0°E e %E % E -
conservat une bonne stabilité colloidale avec un potentiel zeta destbmV.Le lien entre

la stabilité colloidale et la chimie de surface des NDs est discuté en détail.

LeChapitre4( ]S 0 <CVvSZ -« * }JUu%}ES u vSe ¢« E e u} J(] ¢ VvV *pe*%o
sous irradiation. La production de radicaux ¥d®@té mesurée sous rayons X et rayons gamma

pour les différentes chimies de surface (oxydée, hydrogénée et termirfeCatite détection

a été réalisée avec la coumarine (Cou) qui est sensible a la prédenealicaux HO En

paralléle, les électrons solvatés produits seront sondés en utilisant le méme protocole sous

une atmosphére d&>O/O,.

> ¢ E e }EC ¢ % E & H]S e}y JE VvV epe% ve]l}v ve o H V][]V |
de radicaux H®par rapp} € § MAE % E} U]Se % & o & ]J}oC- o[ H o
sous rayons X ou rayons gamma quelle que soit la concentration.

Au contraire, les NDs hydrogénés conduisent a une surproduction de radicbde +40 %

et +50% pour les NDs traitgmr plasma et par recuit sous hydrogene, respectivement. Cette
propriété a été observée pour trois sources différentes de NDs de détonation. Ceci démontre
gue le phénomene ne dépend pas de la source de NDs. Lorsque les suspensions sont irradiées
par des rgons gamma, la surproduction est plus élevé@)(%0). Cette production de radicaux

HOla été étudiée en fonction du temps. Les NDs recuites sous hydrogéne ont une meilleure
3 ]0]S %op]e<pu[pVv cHE % E} plde] 40 % €&t cdnservEe akired purs

tandis que celle induite par les NDs hydrogénés par plasma est trés fortement réduite a moins
de 10%. Le lien entre la surproduction de radicaux ét(a stabilité colloidale est discuté en

Vi
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détail. Des électrons solvatés produits sous irradiationété détectés pour les-NDs. La
surproduction est de + 8 et +100% sous rayons X et rayons gamma.

De facon surprenante, les NDs recuits sous vide a 750 °C conduisent aussi a une surproduction
de radicauHO %o E E % % }ES o E iEpbdbservé égdlenpexit pour des NDs
recuites a 850 °C. Cependant, le comportement differe en fonction de la concentration des
NDs. Pour atteindre une surproduction dB0+%, il faut utiliser une concentration trois fois

plus importante de NDs recuite880 °C.

Pour toutes les chimies de surface exceptée la surface oxydée sous air, une saturation de la
production de radicaux H@st observée pour des concentrations en NDs supériel26s a

pugmLtX > ¢ E% E] v ¢ E& o0]* ¢ % Eu $S vduenchigpoqed®a pv ((
fluorescence. Cette saturation est plutot liée a une recombinaison des rati@ipxoduits

a forte concentration de NDs et/ou a une interaction de ces radicaux avec la surface des NDs
conduisant a des modifications de leur chimiesddace.

>[}E]P]vV H U V]eu }v u]e vS§ §8S sUE%EB U [SPVvSE}E ]
solvatés sous irradiation (rayons X ou gamma) pour{8®klet les NDs recuites sous vide est

ensuite discutée> @E€0 i}d % E 0 *SEM SPE e Uuto pHO ¢ [ MU MUS]
particulier envisagé.
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List of Abbreviations

7-OH Cou 7-hydroxycoumarin chemical compound, also called umbelliferone
a-C: Amorphous carbon

AFM: Atomic Force Microscopy

AgNP(s) Silver nanoparticle(s)

AlLOs : Aluminum(IIl) oxie chemical compoundsocalled alumina or alumina crucible
Ar: Argon gas

ATRFTIR Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy
AuNP(s) Gold nanoparticle(s) also abbreviated@&€P(s)

BET: BrunauerfEmmettTeller method of tle specific surface are&$A analysis with gas
CNT(s) Carbon Nanotube(s)

CO: Carbon oxide gas

CQ: Carbon dioxide gas

Cou: Coumarin chemical compound

DLS Dynamic Light Scattering

DMSO: Dimethyl sulfoxide

DSC Differential Scanning Calorimetry

€aq . Solvateddr hydratedelectron (electron entrapped bihe water structure)

EPS Electron Paramagnetic Resonance

FLR Fullerenelike reconstruction

FTIR Fourier Transform Infrared Spectroscopy

H* Hydrogen atom

H,O? : Hydrogerperoxide

HB: Hydrogerbond

H-ND: Hydrogenated nanodiamond

HO!: Hydroxyl radical

HV: High Vacuum conditions (pressure Torr)

ICRMS: Inductively Coupled Plasma Mass Spectrometry
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lICI: Incoherent Interfacial Coulombic Interactions

KFM: Kelvin Force Microscopy

KPM: Kelvin Pobe Microscopy

MPCVD Microwave Plasma Chemical Vapor Deposition or plasma hydrogenation technique
NAA: Neutron Activation Analysis

NaCl: Sodium Chloride chemical compound, commonly named as salt
ND(s): Nanodiamond(s)

NH: Secondary amide

NH : Amidogen or amide chemical group

NP(s): Nanoparticle(s)

O *: Superoxide anion

OLC Onionlike carbon

OxND: Air annealed or air oxidized nanodiamond

PCA Photon Correlation Spectroscopy

poly-ND: polyfunctional nanodiamond

PRFE Pulse Repetition Frequency

ROS Reactive Oxygen Species

RS: Raman Spectroscopy

SAUD: Salt-assistedJltrasonicDeaggregation

SAXS Small Angle-Xay Scattering

SC. Qurface conductivity

SDND Sngle-digit nanodiamond or singleone primary sizetanodiamond particle
Sk : Sulfur hexafluoride gas

Si: Silicon (wafer)

sp?-ND: Vacuum annealed nanodiamond or surfagaphitised nanodiamond
SPT: Single Particle Tracking

SSA Specific surface area

STS Scanning Tunnelling Spectroscopy

TEM: Transmission Electron Microscopy
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UDD: Ultra-dispersed detonation diamond powder
UV :Ultra-violet wavelength

ZP: Zeta Potential

Xi
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Generalntroduction

Nanodiamonds (NDs) agertinent candidates fodifferent fields of applications: polymer
composites, lubricants, sensors, catalystsd bioapplications. More specifically, detonation
NDswith a primary diameter of 5 nnhave suitable assets faanomedicine applications
including their small siZe NDs are carbofvased materials possessingwade range of
properties with high potential for therapy (delivery via carbon surface chemnjsioy
diagnosis (stable luminescenttidgen-Vacancyt NVcerters?).

Among these welidentified bioapplications of nanodiamonds was recentlyshown that

NDs can also act as active nanoparticles, with a therapeutic effect which can be triggered.
Indeed,T. Petitandhiscolleaguedrom the Diamond Sensors Laboratory (GBRTLISThave
demonstrated a radiosensitizing activity of hydroggerminated NDs (FNDs) in
collaboration with biologiss from the Experimental Cancerology Laboratory ({DEA
IRRCM) Thein vitro investigation has demonstrated that-KIDscan generate free radicals
into radioresistant cancer cell lineghen exposed tgamma iradiationleading these cells to

a senescence state, i. an irreversible aging state with stopping of their proliferation
Consideringhis surfaceproperty, HHNDscould potentially act asadiosensitizingagentsto

treat resistant tumas byenhancing the effect ofadiotherapytreatment. The use of carbon
nanoparticles for such application is in contrast with the common radiosensitizing strategies
where mostly higkZ (e.g. metals) nanoparticles are currently used. This rare idea to use non
metallic H-NDsfor generating free radicals fohérapeutic purposes under radiaticsso
resulted inan internationalpatent inthe radiology field.

While thein vitro biological effects of HND radiosensitization have been investigated in
details the physical and chemical mechanisms behind the effect resnamt well
understood. Itwas suggested that the unusual activity toward the production of reactive
oxygen species (ROS) in cells was linked to specific electronic properties and irradiation
induced ability to emit electrons from the surface ofNDs. In other words, important
modifications of the electronic band structure may take place when the surface of detonation
NDs is terminated with hydrogen, in particular, after exposure to a microwave hydrogen
plasma.

The traditional interpretation found its source in the origin of detbaa NDs belonging to
the diamondbased family of nanomaterials. All the features observed for detonation NDs
were then linked to properties of the bulk diamond which when terminated with hydrogen
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possess unique electronic assets such as a negative aleatfinity (NEA). The NEA term
corresponds to a particular electronic structure where the position of the vacuum level lies
below the conduction band minimum. As a consequence of such band configuration, the
emission of electrons can be induced with a bgapl or even sulbandgap illumination (dap

= 5.5 eV) with minimum energy corresponding to the UV range (~225 nm). Electrons excited
from the valence band into conduction band can then easily diffuse to the sunfiticeut a
physical barrierMoreover, theair exposure of Herminated diamond can confer it gtype
surface conductivity (ST)

The connection with diamond properties was made explaining that origin of the ROS
production and the radiosensitization should be also assignedhéo NEA phenomena
occurring for HNDs. Later in 2014, the same hypothesis was experimentally confirmed for
the first time by the work of A. Bolker et’alUsing a combination ofc&nningTunnelling
Fectroscopy(STS) and Kelvin Forcdackbdscopy(KFM), the researchers probed electron
affinity of isolated detonation NDs previously expdd¢e microwave hydrogen plasma for 20
min. It was demonstrated that NDs of different primary size down to 4 nm exhibit NEA due to
band bending explicitly observed in the presence of hydrogen on the surface.

All these studies on4NDs related to the RQ&8oduction, radiosensitizing effect, SC and NEA
% E}% ESC A E o<} ]Jv o]l]v A]3Z §Z A} E MpdisdiXUSAI Tee[ PE} !
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interfaces resulted in severalisties dealing with electron ejection from diamond materials.
The pioneering work in that topic showed that phatluminated under UV diamond with-H
terminations can act as a solifate source of electrons in liquitlsThe paadigm of

] ulv [+ %Z}5} S]A]JSC } « EA Jv AS E A« 33E] us8 38} *% |
leading to NEA property and production of solvated electrons under illumirtatibhe
importance of Hdiamond as a solid source of solvated electrons resides in the possibility to
have access to highBnergetic electron®. This is due to the position of the conduction band
which lies above the conduction band of other semiconductors. This unique progdefty o
terminated surface may drive chemically and biologically important catalytic reductions (e.g.
reduction ofN2to NHsor CQ into CO) which are neaccessible by other materials.

Research activities were also driven toward other surface functionalitietjding amine
terminated (NH) diamond surface. The experiments involved LAttivation of amine
modified diamond followed by emission of electrons into vacuum and water. The results
revealed that protonated amide create stable NEA and are equally activeliasiténd under
illumination. The studies edmded toward photoemission measured in a gaseous
atmosphere (e.g. argon Ar, air andsulfur hexafluoride- Sk) instead of water. Up to this
point, the NEA and electron emission effect from theandthe aminoterminatedsurface of
diamondwas confirmed in 2016.

The most recent findings (2017), published by the same research group, demonstrated similar
U\-induced photocatalytic reduction properties of nalefective Hterminated diamond
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particles (125 nm) instead of planar structutfésHowever, the same effect was not
demonstrated for smaller detonation-NDs (diameter ~5 nm) which are more suitable for
any possible bioapplications due to their uksenall size.Lack of surfacactivity of
detonation HNDs was attributed to their lowerystallographic quality, the presence of
structural defects and the fast surfaoidation induced by reactive oxygen species under
U\-range.

The particularity of the studies condwct by T. Petit and eworkers relies on the activation

of the HND surface with high energy gamma rd¥s = 660 kel whereas experiments
performed by R. Hamers et al. involved illumination afielmond (bulk and nano) with UV (E

> 5.5 eV). Low absorptioof carbon in gamma rays compare to UV may strongly limit the
phenomenon of spontaneous oxidation seen for detonation NDs under UV. But, at the same
time and for the same reason, electron emission is naturally expected much lower in the MeV
range comparedd UV.

dZpueU Vv JuU%}ES vS < *S]tv ]e E ] W ]e38Z (( S$}( & ]} ve]s
by T. Petit and cavorkers somehow linked to the production of solvated electrons as
described on hydrogenated bulk materials? The current stétart did not consider

utilization of Xrays (keV) or Gammays (MeV), conventionally used for radiotherapy
treatment, to prove the same effect on NDs as seen fotdfninated planar diamond and

natural diamond particles of larger size.

Detection ofH-terminated activity of detonation ND# aqueous media is closely linked to
water radiolysis mechanism. In traditional radiotherapy, the interaction of ionizing radiation
with water molecules leads tthe production of ROS in bimedia. The effect previously
observal on HNDs should also be associated with specific interaction taking place on
diamond/water interface under irradiatios. Referring back to water radiolysis phenomenon,
the major and most invasivROS species responsible for biological damage to cells due to
oxidative destruction are hydroxyl radicals (H@Presence of H8s accompanied by the
production of solvated electron®4y), superoxide anions ¢ along with hydrogen/oxygen
atoms (HO 3, and hydrogen peroxide §&).

The importance of H&N photochemical damage or cellular dysfunctions resulted in many
studies dealing with their effective detection and quantificafi®!y. A reference protocol was
previously developed by C. Sicd&dselli and E. Brun from Paris Sud Univevgitich allows
scavengingdO'radical via coumarin (Cou) molecule in the presence of nanoparticles (e.g. gold
- Au)®. As a consequence, the probe is converted intoydroxycoumarin with fluorescence
properties proportional to H@concentration. Apart from H®adical, the same method can

be used 6r detection of solvated electrons undarspecific atmosphere (e.g.8/0,).

Thus, following the previous work of T. Petit et al. and the current st&sat, the aim of this
PhD. work is to investigate the pkisical and chemical effect behintthe radiosensitization
of detonation H-NDsin aqueous mediaCoumarin probe will be used to study photoactivity
of NDs including:
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guantificationof HO*and electron production

effect of the surface chemistry (oxygen, hydrogen andtepminated)
effect ofthe activation energy (Xay: 17.5 keV and gammazl¥.MeV)
effect of the source of detonation NDs

o O O O

However, before undertaking any experiments related to photochemical activity-NDs]
the focus will be on production of modified NDs toward homogous surface chemistry.

Chapter 2 will deal with physical methods used to obtain various surface terminations of
commercially produced detonation NDs. Thermal annealing under air, plasma and thermal
hydrogenation, and annealing under vacuum will be perfed under optimized and
controlled conditions.

Following the physical surface activation, properties of such modified NDs with respect to
native material will be probed and characterized by various complementary techniques
allowing to assess:

4. The qualityof crystallographic structureia Transmissioilectron Microscopy (TEM) and
Raman Spectroscopy

5. The chemical composition via Fourier Transform Infrared Spectroscopy (FTIR)

6. The level of metallic and nemetallic impurities probed by Inductivefoupled Plama
Mass Spectroscopy (IDRS).

Hence the experiments with NDs will be conducted in watdrapter 3will investigate the
colloidal properties of NDs with respect to their surface chemistrydetermine which
parameters are geerning the colloidal stabilityOptimization of the hydrosol preparation
parameters and characterization protoclowedto conduct a comparative study focusing
on the specific interaction of water molecules with the surface of NDs. $éort (< 24 h)
and longterm (50 t 90 days) cadbidal stability of such stabilizéree ND suspensions will be
investigated.

Chapter 4will present results related to the behavior of modified NDs under irradiation. The
production of HO*radicak will be measuredinder X-rays and Gammaays with respecto
their surface chemistryoxidized, hydrogenated and 3@ terminated) The detection of HO
radicalswill be realized in the presee ofthe chemical probet Cousensitive to the presence

of HOadicals. In parallel, solvated electrons will be probgdhe mean of a gaseous mixture

t NoO/O; acting as electrogscavengers.

10
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Chapter 2 Characterization of nanodiamonds

2.1 Introduction

The following chapter provides information about various types of modifications used to
change the physicochemical composition of NDs under-eggitrolled and reproducible
conditions. The detailed description tife apparatus used for thermal annealing under air,
plasma and hydrogen annealing, and vacuum annealing of detonation NDs is presented and
discussed. The parameters applied were carefully chosen based on literature available in the
diamond field including lonterm expertise and experimental experience shared among
researchers fronthe Diamond Sensors Laboratory.

Secondly, the physicochemical properties and purity efeaeived and surfacenodified NDs

with respect to different sources of detonation NDs arecdssed. Complementary
techniques will be used to probe the core and the surface of NDs while assuring optimized
experimental parameters. Bearing in mind the nanometric size of [dOspbability of
inducing critical, structural damage through characteiimats higher as compared to larger
scale materials and needs to be eliminated. To avoid such effects, shf@smission
Electron Microscopy (TEM) and Raman Spectroscopy conditions will be applied. Finally, the
interaction between detonation NDs and theexternal environment (e.g. water, air
atmosphere) are probed with respect to their surface chemistry.

Inductively Coupled Plasma Mass Sectrometry (ICRMS) will be used to estimate the
contamination of samples, Raman Spectros¢cognyd Transmission Electron Microscopy
(TEM) will probe structural properties and hybridization of carbon. Surface chemistry of NDs
will be analyzed via Fourier Transform Infrared Spectroscopy (FTIR).

2.2 Surface modifications of detonation nhanodiamonds

The imhomogeneous surface chemistry of-gxeived detonation NDs limits their possible
bioapplications e.g. as nanocarri&rsadiosensitizersor imaging agents Asreceived NDs

are mostly covered by amorphous carbon, graphite shedlad various oxygeoontaining
groups such as ethers, ketones, hydroxyls, and carboxyli®atidsr initial surface chemistry

is highly dependent on the purification steps which differ from one source to another. The
different reactivity d surface functional groups limits the possibility of direct functionalization
due to uncontrolled surface chemistry. The homogation of the surface terminations helps

to overcome these limitations while opening doors toward functionalization of NDgrund
more controlled conditions which may also limit their toxieityDifferent pathways have
been explored by the scientists to bettenderstand and control the complex chemistry of
the raw ND& Herein, the physical surface modifications via plasma and annealing conditions
used during this Ph.D. work are presented.

15



2.2 Surface modifications of detonatioranodiamonds

2.2.1Materials

PlasmaChem GmbH company was chosen as the main supplier of the detonation NDs.
Germanybased brand provides extjaure NDs (grade G2, purity > 99 %) and low ash
content (< 0.1 %). According to the quality certificate given by the producer, the NDs have an
average size between #6 nm with a specific surface area (SSA) > 35@mas measured by

BET, and density: ca. 3.18 g:trfAppendixsectionA.1)

Figure 2.1t TEM micrograph of PlasmaChem detonation NDs. (source: PlasmaChem GmbH)

The second type of detonation NDs was kindly provided by Olga Shenderova from Adamas
Nanotechnologies (USA). Particles (RuD150) had an average diametemof and were
oxidizedbecause opostsynthesis purifications. These NDs were not commerciallyadolai

The last type of uncommercial source of NDs was given by Eiji Osawa from Nanocarbon
Research Institute Co. in Japan. The typical primary size of NDs was wimm3range with
well-defined diamond core and amorphous sRelfhe same source of detonation NDs was
previously used by the former Ph.D. student from the labDratory- Tristan Petit who also
worked on surface modifications of NBs

2.2.2Thermal annealing under air

Annealing of NDs under controlled temperaturetlie air atmosphere was performed. Such
treatment reduces the influencef the outer shell by removing amorphous and sprbon
from the surface while promotintipe formation of COOH groups among other oxygelated
functiong1121314,

Technically, NDs provd by PlasmaChem and Adamas Nanotechnologies {160 mg)
were manually milled with mortar and pestle primrthe oxidative treatment. NDs were then
placed in a long alumina crucible {&d, maximum working temperature = 1200 °C). Tubular
furnace Carbdte Gero, equipped with silicon carbide heating elements, was used. Thermal
annealing of NDs was carried out foh130 min by introducing and removing the crucible
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Chapter 2 Characterization of nanodiamonds

when the oven isetat 550°C. The temperature and duration of the treatment were cargfull
chosen after several tests, as the treatment has to be strong enough to oxidize the surface
without etching completely thenaterial15. We also paid attention to parameters like the
amount of NDs in the crilde and the thickness of the NDs layer. At the end of the process,
the crucible containing NDs was removed from the oven and left to cool down. Typically,
introducing 150 mg of NDs in the oven, we collected 30 mg at the end of the process. Modified
NDs wee then transferred into a glass vial, tightly closed and storecannambient
temperature The dry powder was used for further experiments.

Figure 2.2t Picture of Carbolite Gero tube furnace used for thermal annealing of NDs under
air atmosphere.

The a oxidized NDs will be used as a reference type of material for colloidal properties and
irradiation experiments presented in Chapter 3 and 4, respectively.

2.2.3Microwave plasma hydrogenation

The homogenization of the NDs surface with hydrogen terminatiamues microwave plasma

has beerstudied for a long time in the laboratory, with the first published work in 20Tfis
approach is based on a honmneade chemical vapor deposition (MPCVD:get°. Such a
treatment reduces all oxygenated surface terminations while promatiregcreation of GH
groupsat the NDs surface, as confirmed by the FTIR study (section 2.3). NDs provided by
PlasmaChem, Adamas Nanotechnologies and Nanocarbon Research Institute Co., were
hydrogenated using the same method.

Manually milled NDs powder (4060 mg) was placed in augrtz tube and transferred into

the microwave waveguide cavity connected to a microwave generator working at 2.45 GHz
produced by Sairem (model: GMP G3, 2 kW) industry. The quartz tube (HSQ300) used is
transparent to microwaves and resistant to very higimperatures without degradatian

After closing the tube, pumping of the system was carried out for 1 h (down to 2 maar).
Highquality hydrogen gas (6.0, purity >=99.9999 %), with a flow of 10 sccm, was then injected
into the tube. The pressure meaed by the automatic controller was stabilized at 12 mbar

and the microwave alimentation was turned on. The microwave power of 250 W was applied
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2.2 Surface modifications of detonation nanodiamonds

to decompose the FHgas into highlyeactive atomic hydrogen under plasma conditions.
When the plasma conditits were stable (no changes in visual appearance, temperature,
density or electric field), hydrogenation of NDs was continued for 20 min followed by 10 min
of exposure to hydrogen flow. Peptasma hydrogen treatment helps to saturate the
dangling bonds atthe surface of NDs with hydrogen while reducing the possible
recombination with oxygen after exposure to air. After the MPCVD treatment, the quartz tube
was removed from the microwave cavity and modified NDs were placed in a glass vial, closed
and storedm ambient conditions. The same conditions were applied to all types of detonation
NDs presented in the manuscript.

Figure 2.3t Scheme (left) and picture (right) of the MPCVD experimentaisased for
plasma hydrogenation of detonation NDs.

2.2.4Thermal anealing under hydrogen

The thermal annealing under hydrogen constitutes an alternative to MPCVD to reduce oxygen
groups present at NDs surfd€é’18 This technique is also used by colleagues ftbe
Tritium Labelling Laboratory (CEA Saclay), who aim to label NDs with hydrogen isotopes like
deuterium and tritiund®. While hydrogen annealing is usually performed under flow
conditions, they developed an alternative approach to realize the same treatment in a closed
system for safety reasons. Hydrogen annealed NDs used in this manuscript were thu
provided by Emilie Nehlig from the Tritium Labelling Laboratory. Here is a short description
of the system:

Detonation NDs supplied by PlasmaChem and Adamas Technologies were manually milled
and used for the thermal hydrogenation. 3@5 mg of dry NDsqwder were treated each

time and placed in a quartz flaskhe \acuum was achieved for 3 h of dynamic pumping (1 x
10° mbar) and then loaded with +Has(200- 250 mbar) (Figure 3.- left). Annealing was
performed for 1 h at 550t 560 °C. During the tretnent, the system is connected to a cold

trap to condense the vapors. After hydrogenation, the quartz flaskolesgd and the tubular

oven was removed. The NDs were placed in a glass vial and st@medrabient temperature.
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Chapter 2 Characterization of nanodiamonds

Figure 2.4t Scheme (left) and picture (right) of the experimentaligetised for thermal
hydrogenation ofletonationNDs.

2.2.5Vacuum annealing

The last type of modification was performed via annealing under secondary vacuum aiming

to induce sp reconstruction on the surface of detonation NDs. PlasmaChem NDst (1310

mg) were manually milled and placed in a small alumina crucible. The crucible was covered

and transferredinto a furnace equipped with a turbomolecular vacuum pump used for
vacuumannealing (< 1®mbar) ofadiamond. The vacuum chamber heats up due to a heating
element (brand: Ceramisis) in size of 2 inches made of graphite covered with a ceramic. The
heating element temperature is measured by a thermocouple (rang20f °C to +350 °C)

AZ & + 3Z + U%0 [* 8§ U% E SUE Je u spE ]Jv |EradddC C v ]
Impac, model: IGA 140) which operates between 250 °C to 1350 °C.

The crucible with NDs was placed on the heating plate next to the piece of silicon which allow
the pyrometer to measure the temperature. The NDs were treated via annealing under
vacuum (1.0 x 1®mbar) at various temperatures and time conditions: A#50°C, 2 i 750
°C, 1 i 850°C and 2 i1 850°C. Similar studies were previously performed.CD laboratory
by T. Petit and cavorkers (2011) investigating early stages of surface graphitization of

S}v §]}v E X "u Z }v ]8]}ve eepCE }Ju%}e]S1}tv }( }AELCP vr }vSs
groups which decompose at 3a®00 °C and 7001150 °C,espectivelyP.

After vacuumannealing, the chamber was brought back to ambient pressure, the NDs sample
was cooled down and the crucible was transported into the fume cupboard. The dry powder
was placed in a glassavand storel at ambient temperature.
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2.2 Surface modifications of detonation nanodiamonds

Figure 2.5t Scheme (left) of the chamber and picture (right) of the experimentalseased
for thermal annealingf detonationNDs under secondary vacuum.

2.2.6Summary

Three sources of detonation NDs were modified towawiface chemical homogenization:
PlasmaChem GmbH (commercial), Adamas Nanotechnologies and Nanocarbon Research
Institute Co. (norcommercial). Air annealing, plasma and thermal hydrogenations, and
vacuum annealing treatment were applied using specific @t listed in the table below.

Surface Mass Time | Temperature | Power| Pressure Hz
modification (mg) (min) (°C) (W) | (mbar) | flow/pressure
~150 mg
Air annealing introduced 90 550 n/a n/a n/a
30 mg
collected
Plasma | 40,50 | 20 |estimated800| 250 | 12 10 scem
hydrogenation
Thermal |35 35 | 60 | 550-560 | nia |200250| static
hydrogenation
60 750
Vacuum 120 750
annealing 140- 150 50 850 nfa | 1x10° n/a
120 850

Table 2.1t Summary of treatment conditions used for surface modifications of detonation
NDs (various sources).

! Fiberoptic temperature measurement

20



Chapter 2 Characterization of nanodiamonds

2.3 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (fFTaRvides information about the surface
chemistry of the investigad NDs. Their diamond core is transparenintivared but their rich
external chemistry ensures sensitivity to various functional groups (mostly oxygen and
hydrogen related), exalted by their high surface area (> 350 t2\ith our chosen
experimental @proach (transmission through KBr pellet), FTIR technique will only be used
gualitatively. However, the technique itself is simple, fast and accurate, thereby allowing
monitoring of changes in surface chemical compositions after several different chemdtal
physical modifications.

The FTIR spectra were measured in transmission mode using a ThermoNicolet 8700
spectrometer. KBr pellets-150 mg) were prepared with ca. 2 wt.% of NDs, dried or not within
the spectrometer byhe N> flow (for technical detailsee Appendixsection A.h

2.3.1Asreceived detonation nanodiamonds

Three sources of detonation NDs were characterized via FTIR spectroscopy at room
temperature such as PlasmaChem, Adamas Nanotechnolpgies NanoCarbon Research
Institute.

Figure 2.6t Absorbance spectra of native PlasmaChem (black), Adamas Nanotechnologies
(red) and NanoCarbon Research Institute (blue) NDs taken immediately after pellet
preparation, without any drying. Spectra were backgrogodected.
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2.3 Fourier Transform Infrared Spectroscopy

To begin withas the samples were not dried, the signature of adsorbed water on the NDs or
in the KBr is clearly visible on all samples with the two contributions of OH stretching and
bending modes at 1635 chrand around 3400 crh respectively. The effect of dryinglhbe
presented in the next paragraph.

Apart from waterrelated bands, some differences betweearioussources can be observed.
Concerning the fingerprint area between 800 and 1400'cmwhich correspond to the
superposition of structural defects amliverse contributions including-O related groups like
ethers (around 1100 cr) or alcohols (12001300 cm'), the NDs provided by Adamas differ
slightly compared to the two other sources.

More important is the area above 1635 giwith the contributiors related to C=0 stretching
modes, associated with ketones, carboxylic acids or anhydrides functionalities. Downshifted
to 1720 cmt and of weak intensity for particles provided by NanoCarbon Research Institute,
this band is clearly visible and of the sam&ensity at 1750 cm for particles provided by
PlasmaChem and Adamas Nanotechnologies.

The region between 2800 3000 cm' with multiple-bands appears for PlasmaChem and
NanoCarbon Res. Inst. but seems not to be present for Adamas paffiblesebandscome
from GHystretching mode%-?? of GH; and GHz and can be attributed to alkyl functionalities

at the surface of the Ns, or surface contamination with amorphous carbon. Note that the
presence of water in the sample and the related OH stretching modes around 3400 cm
partially hides this part of the spectrum

To sum up, all sources of detonation NDs have oxygenaining groups on the surface, in
different proportion, which can be seen either in the fingerprint area or around 1758 bm
addition to that, the PlasmaChem and NanoCarbon Research Institute exttibfe&tures
which are not observed faiDparticlesfrom Adamas Nanotechnologies

2.3.1.1Effect of sample drying

FTIR spectra of NDs often haadigh content of water which is quickly adsorbed on the
surface when particles are exposed to air atmosph&® The high content of adsorbed
water on the surface can easily disturb or mask the signal coming from other surface
functional groups not related to4@. Even though the affinity towasdater molecules of NDs

is high, adsorbed water layer can be progressively reduced via drying procedure which leads
to its desorption. A very simple method of drying of the FTIR samples is to keep them at room
temperature under a flow of an inert dry gas.q. nitroger®) for a few days. If water is not
completely desorbed by this meaaspectrum is still ameliorated. Note that a more effective
method will be to expose the KBr pellatsitu at elevated temperature (above 28 up to 80

°C) and under vacuuimHowever, using this tecloue, some modification of the surface
chemistry is suspected and for this reasabhandoned

To show the effect of a simple drying on FTIR spectrumregasived PlasmaChem sample
which was presented in the previous paragraphs left under nitrogen flovior 48 h at room
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Chapter 2 Chaacterization of nanodiamonds

temperature. The resulting spectrum is plotted together with the one obtained prior to the
drying step.

Figure 2.7 t Absorbance FTIR spectra of native PlasmaChem NDs taken immediately after
pellet preparation (black) followed by dryingder nitrogen flow (red). Normalizatiorf the
fingerprint area has been applied. Spectra were also backgroamécted.

It can benoticed that after 48 h there has been a reduction in the signal related to tihe O
stretch at 3400 cm and the HO bendingmode at 1630 cm. As a consequence, features
around 1730 1750 cm* (C=0 stretching) and 280000 cm' (GHy vibrations) are more
pronounced. The drying does not affect the fingerprint area (single bonds around1%00
cnt!) which are specific foeach type of NDs (the peak around 2230-ciw due to the
vibration of CQ)%S.

For the following experiments, all samples were dried for at least 24 h under nitrogen flow at
room temperature.

2.3.2Air annealed nanodiamonds

The first modification of detonation Dk involved air annealing, performed on PlasmaChem
and Adamas Nanotech. The pellets were left for drying inside FTIR spectrometer for 24 h
under nitrogen flow.
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2.3 Fourier Transform Infrared Spectroscopy

Figure 2.8 t Absorbance FTIR spectra of air annealed PlasmaChem (black) and Adamas
Nanotechnabgies (red) detonation NDs. Spectra were backgrarorcected.

At the first glance, it can be seen that the spectrum of the NDs produced by Adamas
Nanotechnologies did not evolve strongly after oxidatireatment (Figure 2.8) The native
particles alreadypossess a high content of C=0O groups (178050 cmt), as shown in the

first part of the FTIR characterization. The same features as described for the native,sample
are still present on the surface of NDs, only the fingerprint area evolves slightiyma of
PlasmaChem NDs, the suppression of thé @brations region (28003000 cm') is observed

after thermal oxidation.

After further dryingof PlasmaChem particld§igure 2), the C=0 stretching band (peak
around 1730- 1750 cm?) is enhanced asompared to the water signature (OH bending at
1630 cm?b). Notably, some weak-8 vibrations (2800 3000 cmt) cannow be observed, but
much less intense than for native PlasmaChem NDs. THest@etching bands at 3400 cm
and 1630 crt are present dudo the use of an incomplete drying method. However, the O
H stretch at 3400 crhcould also come from the COOH content. The mukyiteation in the
fingerprint region 900 1500 cm' are observed whereas the peak at 1100%ran be related
to single oxgen bond (€D) present in C¥DH groups.
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Chapter 2 Characterization of nanodiamonds

Figure 2.9t Absorbance FTIR spectrum of dried (48 h) air annealed PlasmaChem NDs.
Spectrum was backgrourmbrrected.

To sum up, air annealing of NDs reduces thé €ntent originally present on the native NDs.
Normalized to the fingerprint area, the amount of C=0 does not seem to significantly increase.
Thermal annealing does not modify the broad absorbance in the region- 9800 cmt
associated with the fingerpmt (wavenumber < 1500 ctrepresenting bending vibrations
characteristic for the NDs).-B groups are detected on the surface coming either from
adsorbed water and hydroxylic groups@Ei).

2.3.3Plasma hydrogenated nanodiamonds

Plasma treatment of NDs was carried out for 20 min under hydrogen flow of 10 sccm and
microwave generator power of 250 W (at 2.45 GHz). The detonation NDs provided by
PlasmaChem, Adamas Nanotechnologies, and NanoCarbon Research Institute were modified
under the same hydrogenation conditions. KBr pellets were prepared immediately after the
modificationand dried under nitrogen flow prior the FTIR analysis.
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2.3 Fourier Transform Infrared Spectroscopy

Figure 2.10t Absorbance FTIR spectra of plasma hydrogenated: PlasmaChem (black), Adamas
Nanotechnolgies (red)and NanoCarbon Research Institute (blue) detonation NDs. Spectra
were talenafter drying for 24 h under nitrogen flowand backgroundorrected.

At first glance, a few differences between detonation Misclearlynoticeable(Figure 2.1Q)
TheC=0 content (17301750 cm') is reduced for all samples. However, the Adamas samples
still have the highest remaining amount of C=0 groups present on the surface.-Athe C
features are observed for all samples, but they are partially masked by the adserbed

on the surfacewhich is still present after 24 of drying.

The PlasmaChem sample was left for further drying under nitrogen flow (Figi)e lddeed,

the high content of adsorbed water may partially mask the effect of plasma modification
where the hydrogenation is mainly evidenced by the loss of C=0 groups (1790anoh
exaltation of GHy stretching bands (280000 cmt)??. Further drying enhances the presence
of GHy groups and progressively reduces théH®ands (3300 and 1050 djn However, the
conditions used wer@ot sufficient to completely remove the water conterfihese bands
may also be related to the presence of hydroxylic groups on the séfface

Looking at the spectrum oflgisma HNDs (PlasmaChem), two other features can be observed
(Figure 211). Firstly, the OH band at 1630 2ras a small shoulder around 1718 -twhich
have been previously observed on polyfunctional NDs anbtiD#8. This band has been
attributed to remaining carbonyl or lactone gro#$p#. Thesecond thing worth noticing is
the shape of the €k band.Two local maxima are seen: 2879tand 2931 cmwhich have
already been observed on other plasmaNB$. Notably, the feature at 2931 chkis more
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Chapter 2 Characterization of nanodiamonds

distinctive than the one at 2879 chwhich is also in agreement with the previous study
focused on plasma hydrogenation mecharntsm

Figure 2.11t Absorbance FTIR spectrum of dried (72 h) plasma hydrogenated PlasmaChem
NDs. The main bands of interest (oxygen and hydrogen related) are indicated on the spectrum.

In conclusion, plasma hydrogenation texts the C=0 content, whatever the initial source of
detonation NDs. The same conditions of MPCVD treatment seem to be insufficient in terms
of strongly oxidied Adamas particles (small amount of C=0 arolifi@0- 1750 cmt is still
present). The dying pioocedure reduces the adsorbed water content whereas the plasma
treatment exalts the & stretching bands. The-Bx band after plasma treatment has a
unique shape with two local maxima.

2.3.4Hydrogen annealed nanodiamonds

The asreceived PlasmaChem and Adamas Nanotechnologies NDs underwent another
hydrogenation treatment via thermal annealing under hydrogen (1 h, 550hRéNDpowder
wasmixed with KBand left to dry for 48 hrsprior to the FTIRacquisition
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2.3 Fourier Transform Infrared Spectroscopy

Figure 212 t Absorbance FTIR spectra of hydrogen annealed PlasmaChem (black) and
Adamas Technologies (red) NDs. Samples were dried for 48 h under nitrogen flow and spectra
were recorded at room temperature.

The main confirmation of successful modification is theast complete reduction of C=0
groups (1730 1750 cmt) and the enhancement of-Bx (GH, GH,, GHs) bands (2800 3000
cm1)t8 (Figure 2.12)Moreover, the GHcbands exhibit two distinctive peaks: around 2879 cm
Land 2925 cm, which have also been observed on plasridb$. They have previously been
associated with C(111) and C(100) surfaces, respectively. However, the shifted positions
(2870 cmt and 2940 cm) may aso come from size domain effect and polydispersity of
detonation ND%. Another interesting observation can be made by looking at the shape of
the peak in the region between 1500750 cm* with 4 local maxima: 1579 ctn 1630 crt,
1660 cmt, and 1695 cm. The ldter can be attributed toremaining carbonyl or lactone
groupgt??, aspreviouslyseenfor plasma treated sample3he peak located at 1630 chis
attributed to the OH bending modes of water, while the feature around 1588 oray be
associated with some C=C bo#ftls

In conclusion, the thermal hydrogenation of detonation NDs results in the reduction of oxygen
content (C=0O peak) and the modification/increase eflands. However, no obvious
differences in chemical composition of PlasmaChem/Aufaimas particles can be seen.

2.3.5Vacuum annealed nanodiamonds

The last surface treatment involves a thermal annealing of PlasmaChem NDs under vacuum.
Various annealing conditions were applied, such hg I50°C, 2h/ 750°C, 1 i 850°C and
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2 h/ 850°C. Immediately after modification, thdry powder was mixed with KBr (2 wt.%) and
left for drying prior the FTIR analysis.

Figure 2.13t Absorbance FTIR spectra of vacuum annealed PlasmaChem NDs for 1 h at 750
°C (black), 2 h at 75T (red), 1 h at 858C (blue)and 2 h at 850C (green). Samples were
dried for 48 h under nitrogen flopectra were backgrourzbrrected and normalized to the
fingerprint area.

Looking at the FTIR spectra obtained, the chemical surface chemistry on NDs treated under
vacuum remains similar for all samplésigure 2.13)The features previously described on the
native PlasmaChem NDs are still observed wih €ontributions between 800 and 1300
cm!, GHy features between 2800 3000 cm!, and C=O signature around 1730 ‘tm
Neverthelesssmall modificatios can be detectedby looking at the intensity of the C=0
related peak (normalized to the fingerprint), with a slight decrease according to the strength
of the treatment Smooth exaltation of the -8 related bands is also noeable after
treatmentin the harshest conditions.

In the literature, it is welkestablished that graphitization of detonation Mpesulting in OLC
structure takes place only when the temperature of thermal annealing under vacuum exceeds
1000 °CL In our case, the temperature remains below 9@ at whichsurface graphitic
reconstructionshave been reported to affecbnly the outer sheft> while preserving the
diamond core Moreover, the highest temperature used (85C) was also insufficient to
completely desorb the C=0 gnos, whichcan beeasily seen from the FTIR spexty, thereby
supporting the previous statement. The FTIR method is not sufficient to give an answer about
exact surface graphitic reconstruction occurring during each annealing condition
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2.3.6 Summary

X NativedetonationNDs have similar surface chemistry

x Sample drying under nitrogen flow reduces the water adsorbed on the surface of NDs

x Air annealing reduces thel& groups and slightly increases the surface coverage with
C=Q as seetfor PlasmaChem and AdamabB#§

X Hydrogenation reduces significantly the C=0O content. However, some small amount
can still be detected when hydrogenation is performed at the same conditions on
different sources of detonation NDs

X The shape of €l bands is different for plasma and theatly hydrogenated samples

x Vacuum annealing below a temperature of 88D does not drastically change the
surface chemistry of native PlasmaChem NDs

X The findings presented in this paof the chapterare consistent with previously
published works orthermally OxNDs, plasma and thermally-WDs as well the
vacuum annealed NB&3134,

2.4 Raman Spectroscopy

The Raman Spectroscopy is a complementary technique to FTIR providing information about
the carbon phase composition &pp’ content), the crystalline structure, and the
homogeneity of carbomaterial$®, e.g. nanodiamond& Surface modifications of NDs
toward homogenization change the composition of the aad functional groups and can

lead to softshell reconstructions (change in the’sgp’ ratio)®. The experimental conditions

used for Raman analysis, which minimalizes any possible-ifehered effects (e.g. local
sample heating and modification/damage due to higbwer density) of NDs, have been
shown to be essential when monitogrthe surface treatment of detonation ND$lowever,

this technique is not ful sensitive to surfacéunctional groups of NDs and exact
interpretation of Raman peaks is not always straightforward after modificatfons

2.4.1Surfacemodified nanodiamonds

Raman spectra of agceived, air annealed (1 h 30 min, 5%8), plasma hydrogenated (250
W, 12 mbar, 20 min) and hyalgen annealed (1 h, 55C) PlasmaChem (ultaure, grade G
02) NDs were recorded at room temperatutdtra-violet (UV) laser excitation (325 nm, HeCd
0+ E« AlS3Z 0}A %}A E  wepEGployeddi avoidtheating of NDs. Raman
analysis was doneybMichel Mermoux at LEPMI (Grenoble).

The main features on Raman spectra are located at 1328 d®40 cmt and 1750 cri
(Figure 2.14)The first band (1328 c#) is associated with the first order diamond Raman
peak (GC bonds in a tetrahedral structuod the diamond lattice¥f. However, for detonation
NDs,which exhibit size smaller than 10 nm, this diamond Raman peak is relatively weak,
broad and downshifted compared to the pure diamond structure. Broadening and
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defected lattice structure. This has begreviouslyexplained by a phonon confinement
effect’. Weak diamond peak intensity in NDs is attributedte interaction of the diamond
core (sp-C) with the sofishell (e.g. spC, aC¥®° presenton the surface of NDs

Figure 2.14t Raman spectra of PlasmaCherraseived (black), air annealed (blue), plasma
(red) and thermally (green) hydrogenated NDs. Ramtansity was normalized on intensity
with the main features (dashed lines) indicated. Measurements were performed at room
temperature.

Features around 1640 chcorrespond to G band as an analogy té-spntaining Gased
materials (Figure 24). Howeverthe band is very broadh all samples. In previous Raman
study on detonation NDs, the G band has been demonstrated to represents a superposition
of 3 peaks: shC band (1600 crf), OH bending vibrations (1660 chhand C=0 stretching
vibrations (1750 cm)3"38°, The podgion and the width of the G band seen oANDs (plasma

and thermal)are much larger compared to agceived and ORDs. Moreover, the band
maximum is downshifted, especially forNDs, which can be associated with changes in the
structure or surface chemat composition (partial surface graphitization induced either by
the laser beam or hydrogen plasma treatmérif) The C=0 vibrations can only be observed
on asreceived and air annealed NDs, whereas the band vanishes after plasma and thermal
hydrogenation due to the reduction of oxygeontaining groups. The detection of C=0
groups by Raman can be achieved if thateat of oxygencontaining groups is between 12

t 14 % of the total surface atorfisThe reduction of C=0 is also in agreement with the FTIR
spectra of HNDs (plasma, thermalynfortunately, Raman spectra of vacuum annealed NDs
were not obtained due to time constrainshe Raman study performed is in agreement with
the literature®393437,
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In conclusion, we find that whatever the treatment, the diamond peak at 1328 remain
unchanged which confirms that the core of the particle is not affected. This statement is
important, as in this study we aim to probe only the effect of surface modification and not of
the entire particle. On the other hand, the broadening and ttevnshift of the G band
confirm that plasma or thermal annealing induces a strong modification of the surface, with
some carbon reconstruction expected into2dpybridization. The presence of @ was
evidenced by the TEM stuay surfacemodified NDs (s&tion 2.6).

2.4.2Summary

X Raman can be used to characterize effects of surface treatment on detonation NDs
X Spectra of aseceived, air annealed, and hydrogenated NDs (plasma, thermal) have
similar features and are similar in shape

The first order diamond peak still present after surfacmodifications

Peak broadening of the G band is observed after both hydrogenation methods

Pure D band of ggC is not observed on any sample characterized

Surface functional groups such as C&®4, and C=C are present on sdimples

The C=0 band (1750 djnis only observed on agceived and air annealed NDs.

X X X X X

2.5 Inductively Coupled Plasma Mapse@rometry

The detonation synthesis produces soot containing NDs surrounded by a soft shell-of non
diamond carbon (spC,a-0*° saturated with functional groug8 and noncarbon impurities
(metal and noAmetal elements)*2. These impurities mostly come from the production
method and depend on the nature of detonation explosives, the material from the walls of
the production chamber, and the detonat@r Metals (Si, Al, Fe, Ti, Cr, etc.) and-nwtal
elements (B, P,,®tc.) contents in detonation NDs may come up to 8 W&.%amount and

type of impurities can be partially reduced by pasbductive purification steps which aim to
isolate and clean the NDs from the synthetic detonation $odflethods of purification vary
between the vendors but mostly involve wet chemistry (acid treatmardichromatesulfuric

acid mixture or superficial nitric acklnd/or oxidative treatment (with gaseous ozder
heating in air atmosphere) which may also introduan additional contaminatiof?.
Information about the purity of detonation NDsoften neglected by the vendors and is rarely
found in commercial qualitgertificates. However, the impurity content can be accurately
measured by various analytical methodsnong many techniques (e.g. Neutron Activation
Analysist NAA) higkresolution Inductively Coupled Plasma Mass SpectrometryMIEfvas
chosen as it prades a fast and an excellent ion detection sensitivity (range frothdb@vn

to < 10'! wt.% depending on elementsThe technique detectsip to 71 elements in low
concentration water suspension (0.6®.10 mg.mf)*2. Taking into account that impurities

are mostly located in the outer sh&ll a high concentration of metélnon-metal elements

can be the main source of contamination and could even confer toxicity to NDs. Impurities
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can reduce the NDs qualityhile affecting the final product of various surface modifications
toward homogeneous surface chemist’.

2.5.1Asreceived nanodiamonds

ICRMS analysis was performed on native detonation NDs purchased from PlasmaChem
GmbH (Germany). As a comparison, ftommercialdetonationNDs kindly provided by I9a
Shenderova were also used. TREs were suspended in water priaio the experiment and
analyzed toward 19 elements (Al, Mn, Fe, Ni, Cu, Zn, Ag, In, Pb, Pd, Sn, Sb, Hf, B,,Ti, Zr, Mo

Ta, W.

PlasmaChem GmbH, gradéd@ | Adamas Nanotechnologies, RuD1]

Element 1 1

(H9.9Y) (H9.9")
Al 50.4 363.4
Mn 3.6 33.1
Fe 34.6 2324.5
Ni 2.3 104.8
Cu 5.6 472.8
Zn 368.7 50.6
Ag 1.0 no data
In 0.1 no data
Pb 0.8 4.3
Pd no data no data
Sn 11.7 no data
Sb 0.3 no data
Hf no data no data
B 243.1 318.1
Ti 25.8 48.5
Zr 1.0 1.2
Mo 1.3 1.8
Ta no data no data
W 7.0 1.7
Total 744 3725

Table 2.2t Comparison of major elemental impurities in native NDs from PlasmaChem GmbH
(grade G02) and norcommercial NDs from Adamas Nanotechnologies (RuDT&@)total
sum excludes elements with a missing value (no data).

At first glance (Table 2.2), differences in impurity levels can be observed between the two
analyzed sources of detonation NDs. PlasmaChem NDs has apurrgrade (G02) with a
purity > ® % according to the data quality certificate (Appendix, section A.1). The total
content of minor elements is ca-tbnes lower compared to RuD150 NDs which are not
commercialized byhe Adamas company.
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Varying the source of NDs reveals how impurities,espkcially metallic content, can change.

For instance, the total content of the main metallic elements such as Al, Mn, Fe, Ni, Cu is ca.
34 times higher in RuD than in PlasmaChem G02. Such metal elements may come from the
detonation synthesis as aub-product of the explosive method done inside the metal
chamber. In contrast, the content of zinc (Zn) is eBld higher in PlasmaChem, atigé main

source of Zn is the detonator/initiator (other types: Mg, Fe, Cu, Al, Pb, Hg, As) used to catalyze
the carbon detonation reaction during the synthesis pro¢éss

A relatively low content of Ag, In, Pb, Sb, Zr, Mo (< 2iigsgpbserved for both PlasmaChem
and RuD150 NDs (except Ag, In, Sb where no data avelpd). The amount of tungsten (W)

is ca. 4times higher in PlasmaChem and the main source of this material is the construction
material of the detonation chambét. Lastly, ca. 1-®ld higher content of boror(B) was
detected in RuD150. Boron impurity can come from inhibitors used during thetigsolnd
purification step but also from the laboratory glassware used for starage

2.5.2 Surface modified nanodiamonds

Physical and chemical surface modifications of detonation NDs aim to homogenize the surface
termination while reducing the amount of nesiamond carbon and impurities. Native
PlasmaChem, described in the previous part, were modified by means of thermal and plasma
treatments. Thermal annealing under air (15%0°C), plasma (250 W, 12 mbar, 20 min) and
thermal (1h, 550°C) hydrogenations aneacuum annealing (1, W50°C) were performed on
manually milled NDs powdewith similar conditions as for the native particles, the-NI®
analysis was repeated for the modified NDs.

Element| Asreceived| Airannealed | Plasma kil | Thermal B | Vacuum annealec
(ug.gh) (ug.g") (ug.gh) (ug.gh) (ug.gh)
Al 50.4 471.18 47.89 87.06 16
Mn 3.6 18.77 1.75 2.99 0.55
Fe 34.6 448.77 26.25 48.25 29.42
Ni 2.3 29.8 1.68 3.47 1.59
Cu 5.6 17.07 1.56 2.33 1.21
Zn 368.7 6.67 4.79 no data 5.21
Ag 1.0 8.29 0.06 0.56 0.26
In 0.1 no data no data no data no data
Pb 0.8 no data no data no data no data
Pd no data 0.17 0.12 0.03 0.05
Sn 11.7 129.19 11.44 21.88 2.45
Sb 0.3 3.54 0.24 0.52 0.37
Hf no data 0.13 0.52 0.01 0.02
B 243.1 1608.79 141.02 298.7 119.37
Ti 25.8 no data no data no data no data
Zr 1.0 6.95 0.61 1.2 1.82
Mo 1.3 12.78 2.37 2.26 0.99
Ta no data 0.09 0.03 0.04 0.04
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W 7.0 66.12 4.89 10.68 4.8
Total 731 2828 245 487 184

Table 2.3t Comparison of major elemental impurities after various surfacéifications of
detonation NDs (PlasmaChem GmbH, grae@2}5The total sum excludes elements with a
missing value (no data) apart from Zn contamination.

Looking afTable 2.3, it can be sedhat the impurity content dependon the type of surface
treatment applied. To better highlight the effect of surface modifications, the total amount
of impuritiesis normalizedwith respect to the reference amount of incombustible impurities
detected in PlasmaChem3Z ug.gY). The total values presented in the table are generally
lower than the reference one, showing a reduction of métabn-metal content. The lowest
impurity level is observed for vacuum annealed (18#g') and plasma hydrogenated NDs
(245ug.g%), which corresponds tareduction of impurities by-75 % and-67 %, respectively.

The thermal hydrogenation also reduces the total amount of impurities3#26.\We notice

that the true value for thermally hydrogenated NDs is higher, since the Zn contamination has
been neglected. However, comparing the sources of ND and itheurity level before and

after surface modificationit is expected to be less than 1@.g%, which corresponds to a
maximum increase ol % in the true value of total contamation. On the contrary, air
annealing introduces large amounts of Al (coming from alumina crucible used for the thermal
treatment) and B (storage glassware) whichulesin a~287 % othe increase.

On the whole, the amount of major elemental impurities present after surface treatment can
be put in order according to the totabntaminationmass reduction:

Air annealing > thermal4$ plasma H> Vacuum annealing

Figure 2.15 t Normalized impurity content after different surface modifications of
PlasmaChem NDs with respecthe reference samplegdw powder) provided bthe German
diamond industry.
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To conclude, it has been shown that surfawedifications such as plasma and thermal
treatments (except air annealing) significantly reduce the impurity content whereas air
annealing raises the contamination level. However, the presence of aggregatesmalyd
possible reduction efficiency due to metals and other elements being trapped within tight
NDs[agglomeration¥.

2.5.3Summary

x Ultra-pure PlasmaChem NDs have iBh@s lower impurity content than the nen
commercial particles kindly providday Olga Shenderovidt appears that the main
source of NDs contamination comes from the detonation synthesis, namely from the
construction material of the chamber (e.g. Fe, N), We detonator material (e.g. Cu,

Pb, Al, Zn) used to initiate the explosion or the oxidative residues applied in isolation
and the purification steps (e.g. Mn, Ag¥B)

x Surface modifications of NDs (PlasmaChem) reduce significantly the elemental
composition of the sofshells depending on the treatment conditions. The impurity
level is the lowest after vacuum annealing at 720625 %), plasma H~33 %) and
thermal B (~66 %). The air annealing oxidative treatment surprisingly raises the total
impurity level by 287 % affected mostly thne presence of a high content of Al, Fe, Sn,

B, and W.

Table 2.16t Elemental impurities in native NDs from PlasmaChem Grbladk (Utra-pure,
grade G02) and norcommercial RuD15@rm Adamas Nanotechnologiesed.
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2.6 Transmission Electron Microscopy

The transmission electron microscopy (TEM) technique allows probing of the crystallographic
structure of detonation NDshowinginformation about their size distribution and their
morphology. According to higlesolution micrographs, ordered %€, nondiamond
structures (e.g. &, sp-C), and other structural defects can be identified.

TEM images were obtained in collaboration with M. Sennour from Mines Paris Tech (Centre
des Matériaux) using a JERD10 instrument equipped with gun fieldemission microscope
(TECNAI F20 ST) operating at 200 kVparssessing a lattice resolution of 18 The TEM
studies focused on the PlasmaChem detonation NDs {plira, grade &2) which wee
mainly used in this PB. work. Both native and surfaemodified NDs were dispersed in ulira

pure water (18.2 M) and deposited on a copper mesh grid (type: S364oley Carbon
Film300) at a concentration of 0.1 mg-hily simple dipping foafew minutes.

In this part, a qualitative comparison of TEM micrographs is provided between the different
NDs before and after surface modifications, e.g. air annealing, hydrogen plasma treatment,
annealing under hydrogen, and vacuum annealing. The deposit NDs on the copper grid
induced agbpmeration of the NDs and the images were acquired on isolated NDs. The size
measurements were performed using ImageJ faeeess software.

2.6.1Asreceived nanodiamonds

The asreceived detonation NDs provided by Plasth@m were characterized prior to any
surfacemodification. The TEM micrographs of native NDs are presented below.
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Figure 2.17t HRTEM images of asceived PlasmaChem NDs for different sizhe topleft
micrograph shows crystallographic structuref NDs (A) whereas other images represent
particles according to the size (Ba@dD).

The asreceived product contains quaspherical NDs of different siz¢Bigure 2.17)The
diameters(d) of the particles were measured and revealed sizes spanning3ram up to 10
nm. This range of size indicatepalydispersity of the native materialhich suggest thathe
size population given by the produceray lack precisian Thesmallest particlesd ~3 nm)
exhibit a clearonion-like carbon (OLC)irhageB) structure witha ring-like organization of
carbon atomsAtthe same time, the larger NDs haaerell-defined diamond core surrounded
by a softshell made of nosdiamond carbonifnageA). Disordered carbon structures (e.g. a
C) can balsoobserved.

Sp-C patches areeenon NDs witha diameter of 8 nm (C) and the thickness of the shell is
higher compared to larger particles (D). The biggest NDs measure up to 10 nm and have the
purest diamond structur@bservedso far withavery thin layer of structural defecfgesent

on the outer shell. Notably, fraction of amorphous C is aisibleamong NDs.

In conclusionthe asreceived NDs are polydisperse in size anéséell fraction varies
depending on the initial size of ND$ieTsmallest particles (3 nm) exhibit a clear OLC structure
whereas larger particles havewell-defined diamond core with disordered carbpnesent
only at the surface. The polydispersity of NDs suggbsit their reactivity toward surface
modifications nay be different depending on the primary siziethe particles
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2.6.2 Air annealed nanodiamonds

The PlasmaChem NDs were air annealed at650r 1h 30 min.TheTEM micrographs were
taken from NDs dispersed in suspensemd thendeposited bya dipping methodon the
copper grids.

Figure 2.18t HRTEM images of air annealed PlasmaChem NDs.

Compared to aseceived NDs, the crystallographic structure of air annealed NDs apizear

be clean of spand OLC carbon at the surfa@ggure 2.18)This observation iglated to the
etching of NDs which occurs during the annealing undéé®irMoreover, the level of
aggregation after oxidative treatment is reducasicompared to the native NDs. Some small
fraction of aC can still be observed. Howevapure diamond structure seems to dominate

The larger NDs (8 nhC, and 11 nm D) appear asleandiamond particles with only very

thin patches of nordiamond structures seen at the bigger NDs. Contrary soeaeived
particles, OLC of 3 nm are not observed anymore after air annealing whereas the smallest
NDs have mostlg diameter of 5 nm. Such small particles have been most probably etched
away during the annealing

2.6.3Plasma hydrogenated nanodiamonds

Microwawe plasma treatment was carried out on manuatiylled PlasmaChemDs (250 W,
20 min, 12 mbar)TheTEM micrographs of poshodified particlesare presented below, still
from NDs dispersed wvater suspension.
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Figure 2.19t HRTEM images of plasrhgdrogenated NDs.

According tdahe TEM imagesgFigure 2.19)the size distribution of plasmaMNDs ranges from
3 to 8 nm The distance between crystallographic plamdsch wasmeasured in the coref
the NDswell corresponds to the diamond (111) one (24)3The snallest particles exhibit an
OLC structure whilthe bigger NDs are surrounded by?smd/or amorphouscarbon shells.

2.6.4Hydrogen annealed nanodiamonds

The PlasmaChem NDs thermally annealed under hydrogen (1 AChB@&re also imaged by
TEM ashown below:
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Chapter 2 Characterization of nanodiamonds

Figure 2.20t HRTEM images of hydrogen annealed NDs.

The size distribution diydrogenannealed HNDs ranges from 3 to 10 nfRigure 2.2Q)TEM
observations are very similar to plasmaN®s with the presence of small OLC particles and
biggerNDs surrounded by $gCand/or aC shells.

2.6.5Vacuum annealed nanodiamonds

The TEM image were takenof vacuum annealed particles at 75C for 1 h(source:
PlasmaChem)rhe NDs represent the lowest conditions of vacuum annealing tested.

The NDs treatednder vacuum have a highdegree ofaggregaion compared toair oxidized

NDs Figure 2.21jmage A). The smallest particles-(B nm), which appear as OLC e

native material, are still present afténe vacuumtreatment without significant modificatin.

Larger NDs (€6 nm and D 9 nm) are surrounded by a seghell layer. The pure diamond

core is still observed for the largest NDs whereas the 6 nm NDs have higher level of disorders
on the outer shell witha cloudike appearance. The diamond cogeléss visible due tthe

thicker layer of sofshell being present on the surfackloreover, the §>-C patches are
clearly observed. Vacuum annealing affette crystallographic structure of NDbkowever,

the effect is sizelependent.
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2.6 Transmission Electron Microscopy

Figure 2.21t HRTEM images of vacuum annealed NDs.

2.6.6 Summary

X Native NDs from PlasmaChem are highly polydispers&@@31m)

X Oxidative treatment cleans the NDs surface from+aieimond species and redusthe
thickness othe soft-shell layer

x Plasma andhermally hydrogerated NDs exhibita very similar structureSmall OLC
(3 nm) and larger NDs surrounded by kp-Cshellare observed

x Vacuum annealing of NDs increasige level of disorganization of carbon structures
on the surface fothe comparable size of NDs.
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3.1Introduction

3.1 Introduction

Chapter 3 presents colloidal properties of nanodiamonds (NDs). As sunfasiied NDs will

be investigated in the next chapter in terms of reactive @wygpecies (ROS) production in
water, hence it requires studying their colloidal properties and stability in aqueous
suspension.The aim of this chapter is thuso investigate the behavior of the surface
modified ND powders, prepared and characterizedtive previous chapterafter dispersion

in ultra-pure water. The studies involves characterization of the NDs colloids immediately
after hydrosol preparation, but also over time.

Surfacemodified NDs come in a form aftightlyaggregated powder which cdre put into
suspension using sonication and centrifugation methods. The sonication irelpksthe ND
aggregates via ultrasound power and the centrifugation creates a centrifugal body force
which separates the NDs according to their siZehe detailsregarding the experimental
protocol are given in the first technical part of this chapter.

Iv 8Z (}oo0}A]JvP % ES3 }(cdldidal ArajsetiedLidh Bs mydrodynamic diameter
and surface chargare studied usinghe Dynamic Light Scattering (Dit&)hnique.To begin

with, a commercial NDs suspensibas been useds a model of welllispersed particles to
optimize the characterization protocol, such as the concentration measurement methods as
A oo ¢ >" % E u s E+ ~ XPX E «fheeasusitg cévstie) Tieagical} (
presentation of the results and the way to analyze the datastu@vnand discussed.

Key parameters affecting sonication and centrifugation steps are identified and tested using
plasma hydrogenated NDs {#Ds) as anexample of the surfacenodified NDs. The
hydrodynamic diameter and Zeta Potential (ZP) of walispersed FNDs are presented and
compared for various sonication and centrifugation conditions leading to final hydrosol
preparation conditions.

After applying the same preparation protocol, colloidal properties of air oxidized,
hydrogenated (via plasma or thermal annealing) and vacuum annealed NDs freshly suspended
in water are presented. Relations between their specific surface chemistry and behavior in
water are shown and discussed according to the literature. Monitoring of the colloidal
stability after 24 h and 50 days in water suspension are studied revealing differences between
their short and longerm colloidal properties.

Finally, FouriefTransform Infrared Soectroscopy (FTIR) characterization of modified NDs
cle%o V Jlv A E Ju% E 8§} 3Z Z E] [}v e Aloo % E * V3
surface chemistry of NDs and specific interaction with water molecules is discussed.
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Chapter 3 Colloidal properties of nanodiamonds

3.2 Bibliography review
3.2.1Colladal properties of nanodiamonds

The ageceived NDs comes infarm of aggregategowder made of a pure diamond core

and an outer shell, so oo Ze»Z2(60[U }vS Jv]vP u S oo0] JldiZmendE]S] -
carbons (e.g. amorphous carbon, grapHitee cabon). These NDs havnited ability toward

water dispersioh, however, the ater shell of NDs is highly reactive allowing modify the
surface structure whereas the diamond core is considerdoetghemically inert and stalfle

Figure 3.1t A model of core aggregate which resembles the wddhown grapeshaped
Z PPE P § .sf@Behargded tyfpe oblackcarbort.

In the literature, several factors are claimed to be responsible for the aggregationf N

X Attractive forces such as interfacial interactions (Incoherent Interfacial Coulombic
Interactions- IICIs}

X Presence of a softhell surrounding the diamond core made of graphitic carbon
structures (sp-C) and / or amorphous carbon-G¥f

X Surface terminations responsible for hydrophobic / hydrophilic ssdibent
interactions.

The majority of the workias to produce stable colloidal solutions made of sirdjtgt NDs

(in case of detonation NDs with prany diameterof 5 nm)-67. However, raw NDs powder
usually present multipland rather uncontrolledunctions on their surfacsuch asthers,
hydroxyls, carboxylic groups and ketones, amorphous carbon, alkyl functitwisSeveral
studies performed directly on commaal raw NDs suspended in water has led to rather
versatile, norcoherent conclusions and a lack of possibility to compare results making the
study sourcedependent. The reasobehind that comes from the polyfunctional surface
chemistry of the aseceivedNDs affecting affinity toward liquid molecules (hydrophobic or
hydrophilic nature). The type of such interactions is a key factor responsible for the colloidal
properties and stability of the NDs suspensidfor this reason, an important work in the
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literature is focused on the improvement of the colloidal properties of NDs, playirigedn
surface chemistry, suspension protocol agde of asolvent-5’,

For instance, behavior and sieeduction of commercial NDSNéw Technologies, Co.,
Chelyabinsk, Regn Federation, size = 4 hafter purification anda solvent dispersion have
been studiedn 2010 by O. Shenderova andworkers The authors showed the influence of
the liquid medium as well as the sonication and centrifugation steps on the hydrodynamic
diameter measured via photon correlation spectroscopy (PCS) equipped with Bed¢kman
Coulter N5 submicron particle size analy2er

Size of polydispers NDs size in wt.% of NDs in
Solvent
NDs (nm) supernatant (im) supernatant
HO 183 25 0.25
DMSO 170 30 0.50
Methanol 185 40 0.05
Bhanol 210 45 0.10

Table 3.1- Comparison of the particle sizes of detonation NDs (Chelyabinsk, Russia) in different
solvents (watert H.O, dimethyl sulfoxide DMSOmethanol| and ethanol) as well as size and
yield in a supernatant after centrifugation of 1 wt.% ND at the saoralitions®.

The authorsconcluded that ggregation decreases with increased sonication or milling time
and can be even further reduced via centrifugation. Another factor affecting the final size
distribution is the dispersing solvent. However, the authors do not provide any specific details
regarding sonication and centrifugation parameters whereas full deaggregation is not
presented (Table 3.1}

Similar experiments have been performed on the surfacified NDs in 2009 by N. Gibson

et al., showing significant reduction of the NDs size after physical (atmospheric plasma in
oxygen or nitrogen gas) or chemical (Na@pgtment. More importantly, such a surface
modified NDs showed better colloidal stability after dispersion in water compared to the
native NDs for the hydrodynamic diameter < 100 nm. The authors also used centrifugation to
fraction the NDs suspension wiees the persistence toward aggregation / sedimentation has
been attributed to the presence of surface functionalities, mostly oxygen and hydrogen
groups?

Another study conducted by I. Larionova at al. in @@@vestigated properties of fractions
according to the centrifugal force. The smallest fraction measured with average size of 30 nm
corresponds to the NDs yield of 20 wt®awhich is comparable to the previous results
presented by O. Shenderova et‘alSimilar results were also obtained in 2017 showing that
the combination of sonication and ceifugation procedure led to the hydrodynamic
diameter of 36nm depended on the surface chemistry of NBJS.

In 2014, A. Shakun et al., published work presenting aggregation of NDs caused by the
presence of the sofshell around the aseceived NDs (Figure 3.2). Surface functionalisation
may significantly reduce the aggregation stafdNDs but a chemicalteraction between the
surface functionalities may also induce the formation of larger agglomerates via bfidging
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Figure 3.2t Softshellaggregation(a) and chemical bond between the surfdaactional
groups (b).

Most recently, A. T. Dideikin and-emrkers (2017) reported on the influence of the’sp?
rehybridization of the carbon atoms on the detonation ND facets (Figure 3.3). Multiple
techniques (TEM, AFM, XPS, Ranx&)and DLS) led to a complete model explaining the
reason behind theagglomeration and possible deagglomeratimethod toward individual
NDs According to the authors, the contacting surface betweenabgregatess very small
includinghypothesisthat only softshell (sp-C fraction with metallic impuritiespresent on

the surface is responsible for the aggregation stathe sp t sp? transformation can be
progressively initiated via annealing under higdcuum(abv.HV, ~101° Torr) at a controlled
temperature (min. temperature required is 45Q) leading to an increase of the’$maction
present in the corners while weakening the hardness of its primagfyregate¥’.

Figure 3.3t Model of singledigit NDs hydrosol preparation proposed by A.T. Didéikin

Aggregatiorof the detonation NDs dispersed in a liquid m&ui seems to be a rather complex

problem. Commercial NDs suspension with diameter of the partetiésss than 50 nm is
considered to be resistant tagglomeration’ sedimentationfor at least one yeaf. However,

E [ }oo}] o0 ¢S ]Jo]SC ]* u}*SoC S CEul]v C SZ pCE( Z uje:
NDs. Chemical composition of the surface is the key factor affecting behavior of the NDs in
contact with solvent¥. In the literature, no specific datés given in terms of possible
hydrodynamic size evolution over tincencluding that high ZP and relatively small size (< 100
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nm) of NDs in suspension guarantee good colla@tiility’>. Z vP Jv epe% ve]}v[e %, U
also improve colloidal stability as reported by S. Kashyap et al., if®2014

3.2.2Deaggegationstrategiefor nanodiamond hydrosol preparation

The preparation of the NDs hydrosol mostly involiresutilization of the ultrasonic sountb

break aggegated NDsleading to significantly smaller hydrodynamic diameter and better
dispersion in a liquid medium (e.g. water, ethanol). Sonication by a sonotrode immersed
inside the suspension with supplying power of 400 W and frequency of 24 kia specific

time ranging from minutes up to hours is a standard method used for NDs hydrosol
preparationt.

An alternative way to disperse NDs involves combination of mechanical ball milling with
ceramic microbeads (Zs@r SiQ) and ultrasound sonication. Tmeechanical milling allows
weakening the strength of thBIDs aggregates allowing the ultrasound to be more effective
and reducing the production time. The main disadvantage of this method is the
contamination of the final NDs suspension with traces of thacdmaterial and higher $C
content®1%, However, the dispersion with only ultrasound seems to be effective even without
the milling step leading to 85 wt.% thfe NDs present in a liquid medidfn

The most novel techniques substitute the ceramic microbeads with wsikible salt or
sugar crystals to avoid possible contamination. In 2010, A. Pentecost et al., studied salt or
sugarassisted millingSalt-AssistedUltrasonicDeaggregation SAUD) technique which is an
efficient, an inexpensive and contaminatifree method compared to the mechanical milling
with metallic bead¥2.,

The sizeaeduction effect can be also obtained by combining sonication and centrifugation
technigues allowing to fractionate the NDs according to their size and molecular ##éfght
Centrifugation step with ultrdnigh rotation speed (5000 to 15000 rpm) may lead to significant
reduction of the hydrodynamic size but also removal of high mass fraction resulting in low
concentration of NDS. Optimization in the degree of sonication and centrifugation may be
needed to meet the applicatiedependent requirementgegardingthe NDs[size andthe
NDs[hydrosol concentration

3.2.3Colloidal stability of nanodiamonds versus their surface chemistry

The colloidal stability of the NDs hydrosol is an asset allowing to exipendumber of
possibleapplications. The detonatioNDs undergo purification steps (e.g. acid treatments)
leading to norhomogeneous surface chemistfy The aseceived NDs powder when
dispersed in water usually exhibit low colloidal stability with tendencyatgregate /
agglomerate(medium size up to hundreds of nanometers) and floccoiatfter several
months®. Surface modificationsf NDs toward homogenous surface chemjige.g. oxidation,
hydrogenation and hydroxylation) have been shown to be effective in the control of colloidal
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properties and the stability of the NDs hydrog6f82’. ND particlesin contact withan
agueous environment create a specific surface chaméhe solidliquid interface which can
be indirectly assessed waeZeta Potential (ZP) measurement (electrophoretic mobility of the
particles in the applied fielé.

Until now, the surface of the bulk diamond exposed to water has been used as a model of
interfacial sdid-liquid interactiong®. Oxygererminated diamond surface is known to be
hydrophilic On the other handhydrogenated ones are considered to be hydrophobic with a
negative ZP at neutral or basic $f. At the nanoscale, interactions with water molecules
and detonation NDs are different compared ttee bulk diamond due to the specific water
structure created around the surface, which has been recently probedeapthined by T.
Petit and ceworkers (2017 Hydrogen microwave plasrfaor thermal annealing under
hydroger?? at temperature range of 400500°C resulsin hydrogenterminated NDs surface
with a positive Zeta Potential (> 40 mV)asered in watef*. In contrast, the air annealing at
temperature < 600C leads to surface terminations with oxygemntaining groups (mostly
carboxylic groups COOH) exhibiting negative ZP at neutral pH

The negative ZP has been associated witlpdeonation of the surface carbglic groups in
water. Such a mechanism has been reported by many groups and is widely accepted in the
diamond community>. The scheme below (Figure 3.4) illustrates thepdsonation
mechanism of the carboxylated NDs surface

Figure 3.4t Schematic representation of tlie-protonation of oxidied NDs surface resulting
in negative arface chargeDeprotonation of carboxylic groups in water is reversible.

The positive ZP of hydrogen terminated NDs is more controversiahasttiggered many
studies investigating the origin behind it. As a consequence, several models explaining
phenomenon of positive surface charge ofNBs have been proposed but none of them
received wide acceptance so far.

The conductivity of the bulk diamonsurface covered with bounded hydrogewas first
studiedin 1989 by MLandstrass and K. V. RévAt first, the source of such peculiar behavior

of diamond after air exposure was unexpected and suvelglear since the diamond layer
was undoped. flese observations resulted in further investigations where the accumulation
of the positive charge carriers (holesgre probed near the diamond surfaceoticeable
exclusively in the presence of hydrogen terminations. One possible explanation, given 10
yeas after by R. S. Gi et al., claimed that electrons are transferred into the water layer
adsorbed on the diamond surface

A more thorough study was done in 2007 by Chakrapani et al., who proposed redox couple
mechanism as a source of the positive surface chargétefminated diamond surfacé%
The experimental part includeahonitoring of oxygen level and pH changes after addition of
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natural diamond particless{ze range0.5 t 1.0 um) into water. Results have shoven
systematic charge exchange between the surface and water redox couple leading to either
formation or consumpbn of Q via the following mechanism

16 E v*” E VA? \ t*gl

According to the authors, charge exchanges resuth@formation ofa water layer around

the diamond surface with specific contact argfigpical for the hydrophobic materialSuch

a charge transfemechanismhas been considered to enhance and stabilize electrostatic
adhesion of water around the hydrophobic surfacghakrapani and cworkers also
speculated that similar behavior can be expected when the hydrogenated diamortsusf
exposed to humid air. However, similag @duction inan aqueous environment may also
take place in the presence of metallic impurities present in the diamond lattice. The same
statement related to unusual surface conductivity of diamond and narsdaline diamond
powder induced by the hydrogen coverage has been also reported by others {72000
Photoelectron yield spectroscopy study verified the existence of the superficial conductive
layer (SCL) on the diamondater interface with lower electron emission threshold dueato
property called negative electron affinity (NEA) induced by hydrogenafitve NEA is
commonly associated witlihe specific electronic structure of hydrogenated diamond
sufaceswhere the vacuum level (&) is located below the minimum of the conduction band
(&). As a consequence, an eased electron extraction may take place due to external
stimulation®®3°,

A similar study performed in 2013 by T. Petit et al., has shown that a suréatserdoping
mechanism is also observed on detonation NEbsm)hydrogenated by microwave plasifa

The dispersion of NDs in wategsulted in a positive charge (holes) accumulation on the
diamondwater interface leading to changestime electronic structure with the apparition of

a band bending. It has been suggested that the position of the Fermi Level can change
accordingtothe pupo 8§ Z}o ¢ }vSE}oo C §Z ZC E}e}o[* %o,X
via a HCl titration that the highly positive ZP (> 40 mV) is only observed for pH < 9 varereas
increase in the basicity leads to a decrease of the ZP down to 0 mV (isoelectricl g&intAt
pH~12, no electronic band bending occurs duehe water-surface equilibrium resulting in

rapid agglomeratiorof the HNDs (Figure 3.5)

Figure 3.5 t Surface transfer doping mechanism of plasmalbks before and after water
dispersion. Thelectron density in and around theNDs is illustrated in blue color. Positive
ZP results in band bending and charge accumulation on the stwiaeg interface'™.
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The combination of DLS, XPS, and SEM studies have also shown that carboxylated NDs, which
do not exhibit any surface conductivity in water, does not possess any sdréacser doping
activity (no charge accumulatiabserved).

The origin of the positive surface charge of vacuum annealed detonation NDs reswdteshin
more speculations thmH-NDs. Petit and cavorkers associated it with oxygen hole doping
mechanism probed via XPS and FTIR. The chemisorptionneblé€cules may result in the
formation of endoperoxide groups which can be easily protonated explaining the pH
dependent evolution of the ZP A similar hypothesis of endoperoxide formation has been
postulated in 2003 by G. Dukovic etfal carbon nanotube®. Briefly, the graphitic structures
present on the surface are made of basal planes whichaclorb @ molecules creating
endoperoxide groups. The instability of endoperoxides for pH < 7 results in protonation and
transformation of such chemical compounds into hydroperoxide carbocatia®.t€) and

the formation of delocalized holes located @&tonjugated planes. The positive ZP should be
associated with the behavior of other graphiike nanocarbons (onichke carbonst OLCs,
fullerenelike reconstructionst FLRs or carbon nanotubé€NTS) considering that increasing
the number of graphitidayers may screen any surface charge of the*fiDs

The most recent model published by L. Gines eina2017 stated that the positive surface
charge seen on vacuum annealed or hydrogenated NDs comes from the graphite layer
present on the outer shell of NBfs Authors performed Transmission Electron Microscopy
(TEM) and Raman study on 50 nm kmybssurehightemperature (HPHT) diamond powder.
The results showed that the pdisie charge is only exhibited in the presence gf€structure

on the surface whereas clean,’dpee hydrogen annealed NDs have a negative ZP similar to
the bulk hydrogenated diamond surface. The positive charge is created when the basal
graphitic plans are protonated with D" and Hions leaving oxygefree Lewis sites (filled
molecular orbitals with a pair of electrons not involved in chemical bonding) promoting the
suppression of acidic functional groufsee belovy.

Figure 3.6t Model of the positive surface charge of the HPHT NDs created in contact with
water ions. Blue color indicates graphitic planes atshdaec*.

However, a similar study has not been done on the detomatids.The HPHT diamond
particles have been chosdar their welldefined crystallographic structure and bigger size.
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The nondiamond content was removed from the HPHT surface via air annehliogntrast

to, the detonation NDs come with a high conterit sp*-C present on the outer shell difficult

to eliminate by any method. In addition to that, it has been evidenced by XPS, Ramgan

XAS that vacuum annealing at 4%D may already graphitize the surface of detonation NDs
due to the presence of metallicnpurities in the softshell and the high reactivity of 5 nm
particles’. The same origin of the positive ZP has been also suggested by N. Gibson and co
workers in 200%.

3.2.4Interaction of nanodiamonds with solvents

The interfacial solidiquid interactions of NDs have attracted research interest. The reactivity
of the liquiddispersed NDs and their possilfleure applications, e.g. in medicine or other
bio-related fields, strongly depersbn such interactions. Surface properties of nanometric
particles particularlydifferent compared to larger in size NEdse to their high surfacdo-
volume ratiq are the key determining fators affecting the reactivity with surrounding
molecules (e.g. water, ethanol, buffers).

In 1998, Ji, S. et al. noticed thdltra-dispersedDetonation Diamond powder (UDD) easily
adsorbs atmospheric watét TheFTIRstudy showed an OH stretching vibration spectral band
appearing shortly afteair exposure. Moreover, the amount ofdaorbed water has been
controlled in the presence of various gases (air, hydrogen, or nitrogen).

The study of water adsorption on UDD surfaces triggered more experiments and resulted in
the proposal of several models for interfacial interactions. In 2007, Korobov et al. suggested
the creation of the nanophase water around the detonation ND surfa@ar(elier ca. 5 nm)
using theDifferential ScanningCalorimetry (DSC) technique. However, the authors did not
take into account the initial surface chemistry of the tested #Ds

More recently, Petit et al. in 2015 showed that the organisation of water molecules around
the water-dispersed detonation NDs is assated with the initial surface chemistty
Transmission soft-kKay Absorption Soectroscopy (XAS) evidenced a laagge ordering of
water molecules with a particular structure on the first solvation shell. The differences in such
a water structure have been observed in the presence of NDs with either positive or negative
ZP. In pdicular, oxygererminated surfaces with negative ZP break the hydrogen bonds (HB)
of water (surface wetting related to the hydrophilic surface properties) whereas the positive
ones maintairHBof the interfacial water (surface repellence due to hydropiegtroperties)

Such results are also complementary to the study conducted by Stehlik et al. who investigated
water content present on thermally oxidized @®s) and hydrogenated {NDs)
nanodiamond surfacé® The combination of the thermal analysteg Fourier Transform
Infrared Spectroscopy (FTIR), and the Kelvin Probe Microscopy (K€tv)ques revealed

that OxNDs with negative ZP adsorb less water than the positively ch&tgéds[surface
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Figure 3.7t Model of interfacial interaction between hydrogenateddgidized (b) detonation
NDs and water molecules. Blue color indicatager content®®,

Stehlik, Set al. have concluded that water content is directly tethto the configuration of
the water molecules present in proximity of the NDs surface resulting either in a strong (Ox
NDs) or weak (#IDs) interfacial electrostatic absorpti¢Rigure 3.7¥.

The development of a versatile physical and chemical modification technique resulted in a
more extensive study of interfacial water interaction bewwn different types of surface
terminated NDs. Similar to the previous study, the specific surface chemistry responsible for
the charge of the watedispersed NDs has been considered as the main factor responsible
for the interaction with water moleculesrothe waternanodiamond interface.

The most recent study of Petit et al. has comparedHiiBmetwork of water molecules created
around hydroxylated -OH), hydrogenated-ii), carboxylated-COOH) and polyfunctional
(non-homogenous) NDs surfadeThe FTIR, XA@nd Raman anatgs performedin situin
agueous environmerthave shown different water structures around positively charged H
NDs surface compared to other surface chemistries. Particularly, no evidende 6B
creation has been presented. However, the laagge interruption ofthe water network
around the HNDs surface has been observed. The authors explained it as being due to the
hydrophobic nature of the HNDs as well asthe electron accumulation at the

v vl ] u}v >A § & PvIhénioderecently proposed by Petiand coworkersis
shownbelow.

Figure 3.8t Model of hydrogen bonding between positively charged®$ surface and water
molecules in double HB acceptor (AA) and donor (DD) configur&a.color indicates
interfacial accmulation of electrons with weak HBs marked with dotted fines
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The authors have concluded thdie accumulation of electrons on the interfa@dlows to
disperse the HNDs in waters wellasstabiliz the NDwater structure(Figure 3.8). Until now,

no more evidence of another possible HB structure has been presented. More surprisingly,
the same behavior as for-NDs has not been observed on another positively charged poly
functional NDs sdiace. This has been explained by the presence of OH groups on the NDs
surface forming strong HB with water molecules. A remaining question is whether the same
electron accumulation mechanism and the lack of HB can be also expected on positively
charged NDsvith homogenous surface chemistry, e.g. vacuum annealed NDs. Assuming the
positive answer, watedispersion and illuminatioinduced electron emission properties
should be possible.

Finally,in 2016, G. A. Inel and -eworkers studiedn situinteractionsbetween the oxidised
NDs after dispersion in another polar solvent such as ethanol by sdakitenuated Total
Reflectance Fourier Transform Infrared Spectroscopy AIMR). Spectral results showed a
specific orientation and an ordering of ethanol mole=iaround the NDs surface, 60 min
after dispersion. The creation of several layers of ethanol and the possibititye cfeation

of HB via hydrophilicOH ethanol bond have been suggestadthe authors. The model of
singlelayer arrangement of ethanoldsorbens proposed is presented beldw

Figure 3.9t Model of interaction between air oxidised NDs and ethanol proposed by G. A. Inel
et al., in 2016 Hydrophilic tOH groups are indicated by open circles; black sticks represent
hydrophobictGHs groups.

3.2.5Summary

X Mechanical milling or ultrasound sonication reduce the hydrodynamic size of the NDs
aggegateswhereas the centrifugation allows to progressively fractionate the sample
according to the size and the molar weight. Only a combination of different treatments
leads to weldispersed NDs hydrosol

x Surface modifications improvi#eaggregationyater-dispersity and colloidal stability
of NDs

x Size of NDs in the colloid depends on hydrosol preparation parameters (sonication,
milling, andcentrifugation)

x Surfacemodified NDs exhibit either positive or negative ZP in water depending on the
surface termination
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X Hydrogenated surface results the electron accumulation and specific water
structure in the NDsvater interface with no clear evidence of the HB

X Reorganisatiorof solvent molecules around the NDs surface has been evidetoced
be dependent on their surface chemistry.

3.3Nanodiamond hydrosol preparation

Independentof the source and the initial surface chemistry, NDs come in a form of strongly
aggregated powder. Athis PhD. work relies almost exclusively on NDs suspensions, we
decided to discuss idetail the general concept and the main factors affecting each step of
the preparation protocol of NDs suspensidiven if some experimental points will appear
rather obvious, we noticed all along the work that simple details can drastically affect the
properties of the colloidal suspensiancluding results ofany further experiments.For
instance, the way to measure the concentration which is finally poorly described in the
literature while essential for any comparative work, the effect of the initial concentration and
volume before sonication, the way we can perform the DLS anadfsis-or these reasons,
here will be thoroughly detailed the experimental part of the work done during thBPh

The preparation of a wellispersed and stable NDs hydrosol requires following a specific
protocol based on 4 steps presentbdlow onFigure3.10

Figure 3.10t Schematic illustration of the preparation protocol of hanodiamonds aqueous
suspension. Nanodiamonds powder (A) is dispersed inputawater (B), sonicated (C) and
centrifuged (C) followed by supernatant separation @jgregatedNDs remaining in the
pellet (D*) can be either nanmaste disposed or rsuspended by repeating the protocol steps.

Briefly, NDs are placed in a falcon followedts addition of ultrapure water (steps A and

B). Watermixed NDs are then sonicated for a certain duration of time (step C) to break the
agglomeratedaggregates followed by a siseparation bya centrifugation method (step D).
Asa consequence, smaller ancelivdispersed NDs remain in water suspension in a form of a
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supernatant (D) whereas the larger one forms a pellet madmggfomerated\Ds (D*). Only
the supernatant is kept and used for further experiments.

The quality of the NDs water suspensionfeémms of colloidal properties, concentration or
stability over time, are dependent on the specific parameters used during the sample
preparation protocol.

3.3.1Preparation of colloids: general concept of sonication and centrifugation
3.3.1.1Sonication

In the first sep, waterdispersed NDs are sonicated using an ultrasonic power of 400 W
generated by an ultrasonic processor (Hielsher UP400S). The sonication power is transferred
into the suspension via a sonotrode (H3 type) made of titanium with a tip diameter of 3 mm
submerged properly inside the NDs suspension. In order to have comparable results, we
decided at the beginning of the work to use an initial concentration always ranging between
4.5 mg.mttand 5.5 mg.mt. In the same way, we always used a glass vial.(vtdme = 12

ml) filled with 4 ml of suspension during the sonication step, an amplitude set at 80 % (max.
sonication power amplitude is 400 W) and a short pulse of 0.5 cycle per second. Effect of the
duration of the sonication will be discussed latethe chapter.

3.3.1.2Centrifugation

Aslargeaggregates remain after sonication, further fractionation of the NDs is required via a
centrifugation step. The centrifugation is an effective laboratory and industrial method
allowing to increase the rate of sedimetion of larger nanoparticles by exploiting the

VEE](nLP o (J&E } $ ]v C E}S 8]}vX W ESE] o [ ]I v Ve
separation in NDs suspension since it is governed by a force balance between the before
mentioned centrifugal force ah the drag on the particle. For spherically shaped
nanoparticles, this drag is simply given as the Stokes drag (Equation 3.1). For particles of
similar density, the particles of larger size sediment quadratically faster as compared to the
smaller particles

‘éFé ; HC
aL @ a4
szJ

Equation 3.1

Where ais the sedimentation rate (cm or velocity of a spherelis the diameter of the NP
sphere (cm),éand &, are the particle and medium densities (g-@mrespectivelyp is the

u Juul[e Cv u] A]e }ds$Cand Peepresents the acceleration due to gravity
(980.7 cm.®). The radial force durinthe fastspinning of the rotor can be expressed as a
relative centrifugal force: ;or shortly the iC B K NiTAe iCivalue relates to the speed of
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rotation (Q) defined as revolutions per minuté’ « ;but also depends on the distance (r, in
cm) from the sample to the rotation axis (which may vary between different rotor types).

3 6
4% (L ss@ HNHI—
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Equation 3.2

Note that the centrifugation system automatically calculates the RCF value for the selected
type of the rotor according to the adjustable speed of the spinning rotation.

In this work, we studied the effect of the duration as well as the effect of thetivela
centrifugal force, which will be presentddter in the chapterAll other parameters were
remained constant, as the volume of suspension centrifuged, the vesselarseéthe initial
concentration of NDs

3.3.1.3Parameters influencing the quality of th@spension

When preparing the colloidal suspension by successive sonication and centrifugation steps
the following parameters should be considered:

(i) Sonication step
o initial volume of the sample (ml)
0 initial sample concentration (mg.mf)
0 sonication time(min)
0 sonotrode frequency (kHz)

o sonotrode power amplitude (%) and pulse repetition frequency (number of
cycles per saind)

(i) Centrifugation step
o centrifugation time (min)
o0 rotation speed (rpm) as a factor responsible for the centrifugal force (RCF)
o final con@ntration (mg.mi?) of the NDs suspension

The main factors such as sonication and centrifugation times, initial and final concentrations
have been selected as key parameters responsible forEhe ¢olloidal propertiesncluding

the sample qualityin general However, before the actual effect of sonication and
centrifugation parameters is investigated, the method to measure a concentration of NDs in
water needs to be established. The concentration measurement is a key parameter allowing
to comparethe colloidal properties of different NDs suspensions.
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3.3.2Suspendedolid concentration measurement

The centrifugation step results in a partial loss of mass of NDs due to a separation of the
supernatant and the pellet. Consequently, the concentration of shipernatant is lower
comparedwith the initial sample. The problem of accurate suspendetid concentrations
related to the NDs has been encountered by nfdnypto-date, spectroscopy techniques
such as spectrophotometry and thermal lens spectromgtigve been widely studied. Both
techniques have detection limits fro 60 ng.mtup $} T ...'R depending on the NDs type

but are not drawbackree®. The high complexity of the experimental gt and the
calibration procedure are required whereas the results are affected by the presence of a
background and a convective noiseThese techniques are also quite sensitive to the level of
agdomeratespresent in the suspension, which is difficult to control precisely especially when
playing with the surface chemistry. Furthermore, the NDs suspension preparation protocol in
a routine way requires simplicity. In the next section, two alternative and|simgthods for

the concentration estimation are presented and discussed

3.3.2.1First methodt weight scale balance

Presumably, the simplest way to estimate the concentration of NDs is to measure the mass
of the dry powder before and after making the suspengigmgan analytical weight scale
(brand: Mettler Toledo, model: Quantos QBTo start with the mass of the dry NDd ()
placed inside a falcon, of known weightnieasured (Figure 3.11 A). Hereafter, the NDs
suspension is sonicated and centrifugeaalldwed by the supernatant separation step (Figure
3.11tB, Cand C¥*).

Figure 3.11t Schematic illustration of the first method of concentration estimation.
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The remaining water suspension containing rsuspended NDs is left for drying overnight.
The btal mass of the dry pellet and the falcoh § is measured once again (Figure 3.1)
and subtracted from the initial mass of the dry powdér,). Assuming a conservation of the
ND mass, the difference betweeh , and | 5 will give the mass of NDs present in the
supernatant.

l g L1 4F1¢
Equation 3.3

Finally, the mass concentratior?4) of the NDs suspension is equal to the mass difference
(1 ¢ divided by the volume § of the supernatant separated using the high precision
micropipette with adjustable volume (BiosigmagdRevolume range: 1001000ul):

| ,F 1 ¢
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Equation 3.4

The error of such concentration estimation can be calculated as:
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Equation 3.5

Where the volume error is the squaseim of the random error§ § g axad r& ™ L rérx;
and the systematic error & =cgpaced ~ L rart) according to the micropipette
producer.

The main limitation of this tehnique is related to having two measurements of the mass; the
initial mass ( ,) of the NDs powder and the final mask d) of the pellet. Errors are thus
doubled due to the subtraction involved in the calculation of the final massirn, both the

final mass and the error are comparable causing a large relative émraddition to that, NDs

are highly electrostatic and as they are placed inside the falcon, it causes loss of mass thus
adding an additional error to this technique. Addition of water riggs the falcon to be
reopened after masd ,measurement resulting in asupplementarytoss of NDs. During the
measurement of the final mas$ 5 the high hydrophilicity of the NDs causes also mass
variation. This happens even wheerforminga long drying (e.g. 24 h) procedure. Despite
careful sample handling during these experiments, this method exhibited a very low
reproducibility. That the uncertainties are coupled to the unstable measurement procedure,
rather than the sample preparation, is cobmrated through the observation that the initial
suspensions had similar colors indicating similar NDs environments. As an example, Table 3.2
reports final concentrations measured for suspensions prepared with the same protocol and
which appeared visuallyery similar.
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|_{mg) | {mg) 8(ml) % (mg.mi?)
23.860+0.005 20.345+0.005 4.0+0.8 % 0.879+0.008
22.255+0.005 17.0550.005 4.0+0.8 % 1.300+0.011
21.040+0.005 9.285+0.005 4.0+0.8 % 2.939+0.021

Table 3.2 t Mass measurements of plasma-NDs dry powder and resulting final
concentration obtained using the analytical weighing scale. The same conditions for the
colloidal suspension preparation were applied.

This method was rapidly abandoned in the preparapootocol. A better approach would be

a direct measurement of the NDs mask ¢ present in the supernatant, since this would
remove the largest contributions to the uncertainty. The new strategy is dependent on having
access t@more precise microbalance.

3.3.2.2Second method microbalance

This method aims to measure directly the mass of the NDs dispersed in the supernatant using
a microbalance (Mettler Toledo, XS microbalance) and a silicon (Si) wafer. Both microbalance
and Si wafers are stored in a clean roaith humidity control to avoid additional water
adsorption on the Si pieces during the experiment. Firstly, the mass of a small piece of Si wafer
is measured: | 4;followed by deposition of two droplets (10 pL each) of the NDs suspension
using a regularly calibrated micropipette (Rainin Classic Pipette-1BR with microliter
precision (Figure 3.12A and B). After evaporation of water, the NDs are firmly attached to
the Si surface allowing to measure their mass as a difference between the initial nihss of

Si wafer and after the drying step (Figure 3:12).

Figure 3.12t Sketch of the NDs concentration measurement method using silicon wafer.

The final concentration is a function of the mass difference and the deposited vol@na
the droplet. Notethat all mass measurements are repeated three tinbgsemoving and
redepositing the sample on the balance each time.

lsF |4
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Equation 3.6

This methodwasfirst tested using commercial NDs suspension (Adamas Nanotechnologies,
ND-H205P, 5 nm, 1 wt.% slurry in DI water) where the concentration of NDs is already given
by the producer. Aseceived and diluted NDs suspensions have been used for the
experiment.For a startthree Si wafers wereisedto check the initial concentration of the
NDs suspension (10 mg:fu Two drops of 10 pl of NDs were deposited with a micropipette

68



Chapter 3 Colloidal properties of nanodiamonds

on each piece of Si wafer and let for drying over 5 h in ambient conditiasl@n roomin

order to avoid any possible contamination. Note that the minimum drying time has been
verified, and after 3 h, no difference is seen on the final mass measurenibah, the
commercial NDs suspension was diluted by a factor of 10 (100 pl ofrmispplus900 pl of
ultra-pure water) using the same micropipette and tested in the same way as the previous
sample. Results are shown in Table 3.3.

Silicon wafer Expected Measured Expected Measured
measurement  concentration concentration concentration concentration
(mg.mt?) (mg.mit) (mg.mtt) (mg.mt?)
1 10 10.9+£0.6 1 1.2+0.2
2 10 10.9+£0.6 1 1.2+0.2
3 10 11.1+0.6 1 1.2+0.2

Table 3.3 t Microbalance concentration measurements using Si wafer method for the
commercial detonation NDs suspension produced by Adamas Nanotechnology.

It has been shown that this method works well for both high and low concentrations of
commercial NDs and the salts stay within the range + 10 %. Since the method used by the
manufacturer to measure the NDs concentration in solution remains unknown, we can surely
see that the method is accurate and reproducible. The dilution of the initial sample introduces
an addtional error. However, the dilution factor as a function of the averaged final
concentration before and after dilution is equal to 9.2. In fact, the NDs suspension prepared
in the laboratory has a final concentration included between3L.mg.mi* which does not
require any dilution step. In addition to that, a very small volume (microliters) of the liquid is
used for the microbalance test making this method even nedfective

The error of the microbalance measurement presented in Table 3.3 is a coiobimdtwo
independent errors related to the microbalance mass measurement and the micropipette
volume of the sample. Mass measurement error is the sum of a random microbalance mass
reading error © | 45 L rér s« %and the microscale reading precisiodid o glg r @ rr we %

given as:

& L ..:0|4EO|5;6 : anOC)B;%
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Equation 3.7

Volume measurement error, given by micropipette quality certificate, is a sum of random
error (0 §paxad sd ° L ras{;andthe systematic ernorq & xcgacle @ L rauz
where the latter varies depending on the measured sample volume and the producer:
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Equation 3.8
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The final error value can be expressed as:
0, LANNKNg L:g EQ ;H%
Equation 3.9

In conclusion, the microbalance method has been selected adR}o +3 Vor @Be]|
experimental protocol due to its simplicity, high reproducibility, and efficiency using a small
samplevolume. The time required to dry thmicroliter droplet deposited on the Si wafer is
lower compared to completéhe water evaporation of the larger volume (ml) from the pellet
which makes it also very timeffective. Moreover, all along the Hh work, this technique
was regularly checked ungy commercial suspensions to ensure its validity.

In the next part, the characterization technique of NDs colloidal suspension is presented and
discussed.

3.3.3Characterization of colloids: Dynamic Light Scattering

Several methods such &ynamiclight Scattering (DLS)3ngle Particle Tracking (SPTamall

Angle Xray Sattering (SAXS) or microscepased techniques, e.gtomic Force Microscopy
(AFM),TransmissiorHectron Microscopy(TEM) and optical microscopy, are commonly used

to characterizehe dimensions of the nanopatrticles. Each technique can assess a certain size
range and could be applied to either powder or colloid. The narrow size distributiohQ(3

nm) of the primary NDs produced by detonation and the high polydispersity of the NDs
aggegates in colloidal suspension significantly limits the choice of the characterization
techniques.Consequentlythe DLS is mainly employed allowing to detect and characterize
NDs as small as 1 nm up to 1 um depending on the producer and charactersainipée.

3.3.3.1Hydrodynamic size distribution measurement

TheDLS provides information about the size measuring the hydrodynamic diandgfesr(

radius (n) of the particles dispersed in suspension. For a polydisperse system, the DLS gives
access to the sizegtribution of the objects present in suspension including an additional thin
layer of solvated ions surrounding the surface. The measurement itself is possible due to a
laser (HeNe) used as a source of light tracking the-tlefgendent changes in the coidtal
suspension induced by the intensity variations of the scattered light (backscattered angle of
173°). According to the Rayleigh theory, measured light intensity is directly proportional to
the particle diameter+ 3 @including the shell of solvatedns (Figure 3.13).
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Figure 3.13t Principle of Dynamic Light Scattering measurement. (source: Malvern.com)

NPsdispersed in colloidal suspension move with a constant and random motieca(sol
Brownian motion) However, this movement iaffected by theparticle sizethe molecular
weight (slower movement of the larger and heavier particles), the sample viscosity but also
by the temperature (faster movement at higher temperatur®jfficulties arise when we
attempt to analyze single 5 nm NDs which tendaggregate creating larger, nosspherical
aggegates(Figure 3.14 B) responsible for the polydisperse nature of the NDs suspension.
TheDLS uses an approximation of a spherical particle shapésaral detecied easily, for
instance duringthe linear agregationstate (Figure 3.14 C).

Figure 3.14t Hydrodynamic diameter (black, dashed line) representation measured by the
DLS. Black solid color represents nanoparticles surrounded by a thin shell of solvated ions (grey
contour). Red lines simulate tBeownian motion of the patrticles.

As a consequence, the valuedafjiven by the DLS may be much higher than the real diameter
of NDs making the results only an approximated model.
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3.3.3.2Zeta Potential measurement

The DLS instrument can also be used to estirtteesurface charge of NDs in a given medium
(e.g. water) via Zeta Potential (ZP) measurement. Positive or negative surfacesafa\@es
dispersed in colloidal suspension attracts oppositely charged solvent ions creating a thin,
doublelayer around the srface (so called electrical double layer). The first part of the deuble
layer direct attached to the ND surface is named Stayer whereas the second one is called

a slipping plane. Consequently, tE®is defined as an electric potential measured o th
boundary of the doubldayer (more precisely on the boundary of the slipping plane) and the
solvent ions. In the previous paragraph, it has been mentioned that the size distribution
measurement is affected by the presence of this dotlbieer. In additio to that, surrounding
surface ions can also travel together with the NDs when the electric field is applied allowing
to measure the conductivity of the sample. The magnitude of the ZP is used to patbadal
behavior and stability of NDs in the saiteAn absolute value of the ZP below 30 mV may
suggest aggregation of the NDs via Van Der Waals-paieticle attraction mechanism. In
contrast, the highly charged NDs possessing the absolute value of the ZP higher than 30 mV
remain stable in colloidaluspension due to repulsive forces. The presence of such forces
effectively prevents progressive dgmerationof the NDs leading to their flocculation. The
schematic diagram explaining the principlettoé ZP measurement is presented below

Figure 3.15t Principle of Zeta Potential measurement. The precise location of the Stern layer
and the slipping plane can be associated with the idea behind the creation of the electrical
doublelayer of solvated ions around the surface of charged NDs. (source: Mabuai)

72



Chapter 3 Colloidal properties of nanodianmds

3.3.4Representation of the dynamic light scattering results

DLS technique offers multiple modes to present results. The parameters (e.g. number of
measurements, absorption coefficient, refractive coefficient, viscosity, temperature etc.)
used during themeasurements are determined individually by the udéerein, the short
description of each mode tested for commercial NDs (Adamas Nanotechnologi¢2®ID

5N, 5 nm, 1 wt.%, ZP-50 mV) is presented giving its advantages and disadvantages.

3.3.4.1Sizedistribution by Intensity

The most direct way to present hydrodynamic diameter distribution is to measure the
weighted intensity of the backscattered light. Since the intensity is directly proportional to
the diffusion of the objects, it isnore sensitiveto the presence of aggregateor larger
particles. The presence of larger particles dominates the final size distribution while masking
the fraction of small NDs. The results obtained show size distribution with mean values being
the most representative oe. Each NDs characterization is done by measuring three times the
same sample at concentration of 1 mg(Figure 3.16).

The perfect NDs suspension with narrow size distribution should give only one peak with a
similar mean value obtained during the tréndependent measurementbut in reality it is
rarely the case.

Figure 3.16t DLS distribution of the hydrodynamic size given by measured intensity of the
backscattered light. The left plot represents three independent and overlapping
measurements, pak area of each measurement is colored- (&d, 2 - green, & - blue) and

the corresponding mean values with standard deviation (peak broadening) are given in Table
3.4. The right plot shows histogram of thiérhieasurement (red) which will be usedor@sent

and discuss properties of surfac®dified NDs given by intensity.
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The DLS results with intensity peak values and wegdhmean intensity of the overall
distribution for commercial NDs suspension are presented below.

Measurement Peak 1 Inten. Peak?2 Inten. Peak3 Inten. mV\e/zlr?ihr;[teedn
(nm) (%) (nm) (%) (nm) (%) '

(nm)

1 73+37 92% 13+3 8% 0 0 69

2 70+33 93% 11+3 7% 0 0 66

3 71+35 93% 12+3 7% 0 0 67
Meanpeak -\, 934y 1041 7% 0 0 67 + 2

value

Table 3.4t Corresponding peaks values of the DLS size distribution by intensity. Weighted
mean intensity is automatically calculated by the DLS base¢keorontribution of the peaks

in measured light scattered intensity in %. The grey field highlights the &hed which will

be used to present size distribution by intensity as an average value of 3 independent,
consecutive measurements.

More sensitive to the presence of aggregates, the intensity size distribution mode can be used
to evaluate the aggregation gt of the NDs suspension or at least the evolution of their
polydispersity. In this work wherave aim to look at the stability over the time of the
suspension, this parameter will be helpfuThe progressive abggneration and the
appearance of some larger dgmeratesleads toa higher mean intensity due to immediate
broadening of the size distribution peaka the case of multiple peaks, the way to anady

and present the data is to calculate the weighted mean intensitye of the 3 peaks obtained
during the 3 independent measurements (grey fieldtie Table 3.4) as it gives the
information about the colloidal properties and the stability of the system.

3.3.4.2Size distribution by Number

Another way to present the DLS resuibvolves the hydrodynamic size distribution given by
numbers derived directly from the measureititensity. Size distribution by numbeshowa
relative amount ofmaterial foragiven particle refractive index and absorptiondéed these
properties aresizedependent and the main drawback of this method comes from the
transformation from intensity to volumé number requiring to know the optical properties
(e.g. refractive index) of the sample. In addition to that, the transformation is based on Mia
theory which describes how particles of different sizes and optical properties scatter light
assuming a spherical shape only. The ffagure 3.17presents the size distribution for the
same commercial NDs suspension (Adamas Nanotéabies,concentration=1 mg.mi*) as

in the previous section.

74



Chapter 3 Colloidal properties of nanodiamonds

Figure 3.17t DLS distribution of hydrodynamic size givemiayber The left plot represents

three independent and overlapping measurements, peak area of each measurement is colored
(18t - red, 29 - green,and 3 - blue) and the corresponding mean values with standard
deviation (peak broadening) are given in Table 3.5 below. The right plot shehistogram

of the B measurement (red) which will be used to present and discuss properties of surface
modified NI3 given by number.

Measurement Peak 1 Inten. Peak?2 Inten. Peak3 Inten. mV:—:-/zlr?ihr;['?edn
(nm) (%) (nm) (%) (nm) (%) '

(nm)
1 10+£3 100 0 0 0 0 10
2 8+2 100 0 0 0 0 8
3 9+2 100 0 0 0 0 9
Meanpeak o .1 100 0 0 0 0 9+1
value

Table 3.5t Corresponding peaks values of the DLS size distribution by nurhbeseighted

mean number is automatically calculated by DLS based on % contribution of the peaks. The
grey field highlights the final value which will be used to present size distndugioumber

as an average value of 3 independent, consecutive measurements.

The ND size distribution by number is significantly different compared to the size distribution
by intensity with lower mean peak values (Table 3.5thlsa mode, we haveccessa the
hydrodynamic size of the majority of the particles in suspension, which is not affected by the
presence of largeparticles This mode can be used to assess the properties of NDs in terms
of main population.
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3.3.4.3Zeta Potential

NDs are charged either positively or negatively depending on their surface chemistry. The sign
and the value of the surface chargedirectly related to the measurement of the Zeta
Potential (ZP). The memnentof NDs produces a frequency shift in the apglelectric field

which is either higher (positive ZP) or lower (negative ZP) compared to the modulator
frequency (320 Hz). The example of the ZP measurement performed on commercial NDs
(Adamas Nanotechn., NB2O5N, 5 nm, 1 wt.%, ZP-50 m\} is detailel below.

Figure 3.18t Zeta Potential distribution of the three independent DLS measurements. Colored
peaks represent each DLS measuremett (&éd, 29peak- green,and 3" peak- blue).

TheidealZP measurement shows one fine peak with the meanevaking nearly the same

for each of the three measurements performed. The sample instability related either to the
non-homogenous surface chemistry & <[ PP@E P 3]}v PJA « « A &E 0 % I+ A]S
mean peak value and a DLS measuring error (low dagdity). One example of good ZP
measurements with only one peak detected during each run is given in Table 3.6.

Peak1l Area Peak2 Area Peak3 Area Mean Zeta

Measurement vy (@) (mV) (%) (mV) (%) Potential (mV)
1 46+5 100 0 0 0 0 ~46
2 _48+6 100 0 0 0 0 -48
3 .50+7 100 0 0 0 0 -50
Meanpeak — ,o.5 100 0 0 0 0 48+ 2
value

Table 3.6 t Mean peaks values of the Zeta Potential measurement given by DLS for
commercial Adamas Nanotechnologies NDs. The final value is in close proximity with the one
given by the producer 0 mV).

The final ZP value presented in this Ph.D. work is calcuést@ mean peak value of the three
measurements with a standard deviation between the 3 peaks (the grey field in the Table
3.6). The measurement of the ZP brings information about the surface chemistry (in
accordance withihe FTIR spectra) and the collaldstability (repulsion / attraction forces) of
the NDs suspension. It is important to note that the ZP value is not equal to exact surface
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charge of theNDs.TheZPvalueonly represents the potential difference between the surface
of the NDs dispersed mconducting liquid (e.g. water) and the bulk ligué a consequence,
the ZPis also solventlependent in terms of nature and conductivity. During the Ph.D. work,
most of the ZP measurements have been done on the NDs disparadtta-pure water,
without addition of saltsr stabilizer

3.3.5Calibration of the DLS equipment

Before establishing a precise characterisation protocol, the reliability of the DLS measurement
was tested according to the standardized quality control test. Monodispersed, sphateal |
beads with a known hydrodynamic diameter € 200 + 6 nm) are commonly used to test the
accuracy and the precision of the DLS equipment. Alsyestep calibration procedure, given

by the manufacturer (Malvern company) was completed to check theracguof the
equipment used in the LCD laboratory. The details regarding the measurements are enclosed
in the Appendix (section A.2).

3.3.5.1Measuring cuvette

Once the DLS equipment is calibrated and fully operational, the measuring cuvette type has
to be chmse Generally, there are two different types. Some cuvettes are designed to
measure only the hydrodynamic size distribution of NDs, while others can be used for both
the size and th&ZPanalysis. A comparison of the results obtained using the two different
types of cuvettes was performed by measuring the hydrodynamic diameter of the commercial
NDs suspension (Adamas NanotechnologiesHED5N, 5 nm, ZP =45 mV, concentration

0.1 mg.mt). Table 3.7 summarizes these findings.

Cuvette tvpe Weighted mean Weighted mean  Mean Zeta Potential
P intensity (nm) number (nm) (mV)
Dispensable micro
cuvette (ZEN0O4O! 351 19+1 n/a
Dispensable sizinc
cuvette (DTS0012 341 201 n/a
Clear dispensable 36+ 1 1841 a5

zeta cell (DTS107C

Table 3.7 t Results of the hydrodynamic size distribution (weighted mean intensity and
number) and Zeta Potential measurements (uncertainty obtained as standard sample
deviation, n = 3) for 0.1 mg.rhbf commercial NDs water suspensairambient temperature

for three types of measuring cuvettes.

The weighted means (by intensity and number) of the hydrodynamic size measurements are
consistent from cuvette to cuvette, as seen by the overlapping estimates when including their
standard deviation. It can be concludedatithe measured hydrodynamic diameters are not
affected by the type of testing cuvette. However, only the clear dispensable zeta cell
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(DTS1070) allownanalysis othe ZP of NDs without transferring the suspensitio another
cuvette. For this reason, theeta cell was chosen as it decreases the duration of the NDs
characterization without compromising the quality. Tested DLS cuvettes are presented below

Figure 3.19t Cv u] o0]PZ8 « 33 E]JVP u *pE]JVP[e HA 85 ¢X ~}uE

3.3.5.2Effect of sampleoncentration

Since the DLS characterization is an inteAs#yed technique, another factor which may

affect the quality and reliability of the measurements is related to the concentration of the

NDs dispersed in a liquid. This aspectasy important in this work as some of the DLS
characterization will have to be done on uHlirsh suspension with unknown concentration
(estimated), as it will be explaineldter. Therefore,the effect of NDs concentration is
discussed here and a range of acceptable can€E S]}v (}E& Z o]v pwillbgu@®& u vS§
decided.

Up to now, the commercial NDs suspension (Adamas Nanotechnologies) was diluted down to
0.1 mg.mt according to the official recommendation given by the DLS producer (Malvern
company) for a measured sizel00 nm (grey field, Table 3.8).

. : Min. concentration Max. concentration
Particle size
(recommended) (recommended)
Only limited by the sample
<10 nm 0.5 mg.mtt material interaction,
aggregation, gelatioetc.
10 nm to 100 nm 0.1 mg.mtt 5 % of mass
100nmto 1 um  0.01 mg.mf (102 % of mass) 1 % of mass
>1pum 0.1 mg.mt (102 % of mass) 1 % of mass

Table 3.8t D oA Ev[s E }uu v 3]}ve (}E& 3Z >~ u euE u vieX dZ
measured size distribution of the commercial NDs suspensidm tivé corresponding
concentration recommended by the producer. (source. Malvern.com)

However, NDs concentration may slightly vary from sample to samplewlkenusing the
same protocol, and it can happen that DLS characterization has to be performed before
actually knowing the precise concentration of the NDsic(obalance method, section
3.3.2.9. We therefore investigated the effect of the concentration on INeS measurements
with NDs.
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DLS characterization was performed for six different concentrations (5.0, 1.0, 0.5, 0.1, 0.05,
0.01 mg.mf) of commercial NDs (Adamas Nanotechnologies) suspension (Figure 3.20).

Figure 3.20t Weighted average of hydrodynamic diameter (by intensity) and Zeta Potential
values obtained for varying concentrations of the commercial NDs. The range of stability is
highlighted in grey and the three data points within are used to calculate the deatdkas

the weighted mean values (diametesolid black line, ZPsolid blue line) with uncertainty
(diameter- dashed black line, ZRlashed blue line).

The results show the concentratiatependency of the measured hydrodynamic size and the
ZP valuesThe two diluted samples (concentration < 0.1 mg)réads to an artificial increase

of the hydrodynamic diameter due to a low number of NDs detected by the instrument. In
contrast, concentration 2 mg.mftresults in high absorption and multiple scating effects
giving the lower intensity of the measured light and smaller value of the final hydrodynamic
diameter.TheZP is also linked to the hydrodynamic size measurement as the number of the
NDs affects the particle mobility in water induced by thectric field. When the electric field

is applied, presence of highly concentrated suspension (> 1 mginllimits the
electrophoretic movement of NDs toward oppositely charged electrodes. Consequently, the
lower net charged (lower ZP) is detected. Imte of low ND concentration (< 0.1 mgl

the ZP measurement becomes more difficult due to small overall sample conductivity
lowering the general ability of the DLS to detect any charged®dNBased on the results
obtained and recommendations given by the Malvern company, the aqueous concentrations
included between 0.1 mg.mland 0.5 mg.mt will be used for further experiments with NDs.
These values are also in close agreement with the literature where NDs concentrations of 0.2
mg.mit and 0.3 mg.ml were prepared for the sample characterization using the DLS
techniquess,
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3.3Nanodiamond hydrosol preparation

3.3.5.3Summary
(i) Measurementf NDs concentration with microbalance and Si wafers method
(i) DLS characterization:

o Size distribution by intensity for the polydispersity of the suspension and
size distribution bynumber for the hydrodynamic diameter of the main
population

o NDsconcentration range fothe DLS characterization: 0.0.5 mg.mf

0 Zeta cell (DTS1070) as a measuring cuvette

3.3.6Optimization of the NDs colloid preparation

In the previous part, a general description of the methods used for the preparation of NDs
hydrosol (sonication, centrifugatiomnd concentration measurementyere presented. The
method of sample characterization by the DLS technique followed by apptearialysis of

the results was discussed with respect to commercial NDs suspension provided by Adamas
Nanotechnologies.

In this part, the actual influence of the selected parameters is discussed as a part of the
preparation protocol (sonication and centrdation time, initial and final concentrations of
NDs, etc). The following experiments have been conducted on plasma hydrogenated NDs
(250W, 12 mbar, 10 sccm, 20 min) because the majority of this Ph.D. work focuses on the
properties of theH-terminated suface. Thekey parameters associated with sonication,
centrifugation and sample temperature together with colloidal properties olNBs are
examined

3.3.6.1Effect of sonication time

The sonication step reduces the size of the aggregated NDs dispersed inswspension.
Herein, an influence of the sonication time (20,, &@d 120 min) on the hydrodynamic
diameter was testedThe other parametergamplitude =80 %, pulse repetition frequencly
PRF = 0.5 cycle per second, titanium u#fioaind probe H3, sample kone = 4 mlere kept
constant Thecentrifugation time was set to 40 min corresponding to the centrifugation force
of 3260 g andhe rotation speed of 4500 rpm (rotor 11192). The experiment aimed to
establish whether the sonication time affects the fihgblrodynamic diameter of the plasma
H-NDs Table 39).
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Sonication time  Centrifugation time  Weighted mean Weighted mean
(min) (min) intensity (nm) number (nm)
20 40 99+3 36+9
60 40 100+ 1 24+ 5
120 40 95+1 40+ 2

Table 3.9t Effect of increasing sonication time on colloidal properties of plasAD$i
suspension. The DLS characterization (weighted mean intensity and number of three
measurements was performed within 1 h after suspension preparation).

At first glance, it candnoticed that the sonication timégrey field in the Table 3.%)as a

small influence on the measured hydrodynamic diameter (weighted mean intensity), with the
smallest size obtained after 120 min (25L nm) as one could expect. The hydrodynamic
diameters after 20 and 60 min are overlapping due to the standard deviation range. The only
difference between all samples can be observed when looking at the weighted mean number.
The HNDs sonicated for 60 min haad.2 nm smaller hydrodynamic radius compare@0

min treatment @36 nm) Nevertheless, the shortest sonication time results in a higher standard
deviation ¢ 9 nm)f the weighted mean number coming from multiple sizes by number peaks
detected by the DLS discussed in the secti@’3In consequere; sample sonicated for 20

min has a broader hydrodynamic size distribution compared to the other suspensions.
Surprisingly, the longest sonication time (120 min) did not significantly reduce the final
hydrodynamic size distribution (weighted mean integsitvhereas the weighted mean
number is 16 nm higher compared to the 60 min of sonication. The only advantage of a longer
sonication time is that the fiDs sample possessasarrower size distribution as suggested

by the low value of the standard deviatiqee 2 nm). In the literature, the real effect of
sonication time has not been studied but conditions such as 12G*raimd 60 mif of
sonication hae alreadybeenused by others

In conclusion, increasing the sonication time does not significantly reduce the final
hydrodynamic diameter (weighted mean int@ty) of HNDs. As a compromise between the
final hydrodynamic size and the duration of the process, 60 min of sonication was chosen to
be applied as a constant parameter in the following experimentsuding NDs sample
preparation protocol.

3.3.6.2Effect of catrifugation time

Previously, a centrifugation step of 40 min (centrifugal force = 3260 g and speed = 4500 rpm)
was applied. The centrifugation time is considered to affect the final concentration of-the H
NDs suspension by simply reducing the number dewdispersed particles remaining in the
supernatant. Low concentration (< 1 mg¥imay limit possible further applications. For
instance, NDs concentration > 2 mglnis required to meet the injection volume linfior
mouse intravenous injection withmaximum volume of 0.2 1#fl Centrifugation times of 20,

40, and 80 min were tested teheck the effect orthe final concentration and colloidal
properties of the FNDs suspension. All suspensions were preparexh atitial concentration
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3.3Nanodiamond hydrosol preparation

of around5 mg.mi* while keeping constant the sample volume of 4 ml and the sonication
parameters (time=60 min,amplitude=80 %, PRE0.5 cycle pesecond, titanium ultresound
probe H3. Same sonication conditions ensure a similar leveleafygregation othe HNDs
suspension. Table 3.10 summarizes the findings of the centrifugation experiment.

Weighted  Weighted

Initial Sonication Centrifugation Final
, : : . mean mean
concentration time time concentration . .

(mg.mfY) (min) o (mg.miY) intensity number

' ' (nm) (nm)
5.6 60 20 2.5 124+ 1 48 + 22

5.2 60 40 2.3 1001 24 +£5

5.3 60 80 1.2 84+2 34+2

Table 3.10t Relation between centrifugation time and final concentration of the plasma H
NDs suspension. The DLS characterization (weighted mean intensity and number of three
measurements) was performauth a sample concentration of 0.40.2 mg.m# within 1 h

after the sample preparation.

The final concentration of the plasma-MDs suspension decreases for an increasing
centrifugation time highlighted in grey in thable above. Samples centrifuged for 20 and 40
min have a similar final concentration above 2.mbt. However, it has been noticed that
centrifugation time lower than 40 min sometimes makg difficult to separate the
supernatant and the pellet due ta strong, dark color of the suspension as a natural
consequence of the higher concentration db8! In terms of colloidal properties, 20 min of
centrifugation leads ta higher hydrodynamic diameter o2 + 1nm (by weighted mean
intensity) compared to the sample centrifuged for 40 miOE £ 1 nM A weighted mean
number revealed that larger -NDsare still present in the suspension after 20 min of
centrifugation leading to multiple peaks and a higher standard devia#t@? (hm) between
the mean peak values. In contrast, the longest centrifugation tested (80 min) reduced by
~77 % the initial HNDs concentration suspension (5.3 mgimkesulting in the final
concentrationof < 2 mg.mt. Since the time is twice longer than the middle experimental
range (40 min), such a great loss of thé\Bs dispersed in water can be expected to lead to
lower hydrodynamic diameter size distribution (weighted mean intens®®,+ 2 nnm. A
weighted mean number of fIDs centrifuged for 40 and 80 min varies only by 10 nm which
can be associated with small aglpmerationinducedby sample dilution (a lower numbef o
particles results in lower repulsive forces felt by thélBs present in the water suspensién)

In conclusion, centrifugation duration is a factor responsible for the final concentration and
colloidal quality of the HNDs suspension. Time above 40 min leads to significant loss of the
material resulting in HNDs concentration lowethan 2 mg.mf rendering itinappropriate
when considering other applications. A final sample concentration > 2 mglohg with
good colloidal dispersion requires the NDs preparation protocol to include 60 min of
sonication followed by 40 min of centugation.
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3.3.6.3Effectof centrifugal force and speed

The effect of centrifugation parameters-fGrce, rotation speed) on final concentration and
colloidal properties of HNDs suspension is presented. Previously, the decreasing
centrifugation time was tested fahe constant value of the ®rce (3260 g) corresponding

to the rotation speed of 4500 rpm. Herein, the centrifugation parameters were reduced down
to 2400 g and 3861 rpm to test another possible treatment. The sonication parameters were
kept constant (tine =60 min,amplitude=80 %, pulse repetition frequencyPRE 0.5 cycle

per second, titanium ultraound probe type H3, sample volumd ml) Table 3.11).

Weighted Weighted

Initial Centrifugation Final
, , mean mean
concentration . concentration :
(mg.mi) time force  speed (mg.mi) intensity ~ number
(min) (9  (rpm) (nm) (nm)
5.8 40 2400 3861 2.2 114+5 32+16
5.2 40 3260 4500 2.3 100+ 1 24 £5

Table 3.11t Relation between centrifugal force / speed and final concentration of the plasma
H-NDs suspension. The DLS characterization (weighted mean intensity and number of three
measurements) was performeauth a sample concentration of 0.1 mg.flithin 1 h afer
suspension preparation.

The centrifugation conditions affect the colloidal properties eNBs suspension while not
having a significant impact on the final concentration. The weighted mean intensity is 14 nm
higher compared to the maximum centrifugati speed (4500 rpm). The weighted mean
number with quite high standard deviation suggest a multiple peak size distrib Bt (6

nm) whereas the sample centrifuged at 3260 g has a narrower size distribution profile (24 +
5) with lower weighted mean intesity (100 £ 1 nm). Centrifugation conditions do not
significantly affect the final concentration ofDs suspension.

The maximum centrifugation speed was selected due to the narrow size distribution of the H
NDs, as shown both in weighted mean intensityd number. It is important to mention that

the preparation protocol should be developed separately for each type of sunfechfied

NDs due to their hydrophobic / hydrophilic nature. Sonication and centrifugation may lead to
some differences between th&uspensions depending on the surface termination. Following
that, in the Appendix (section A.3), the same experiment was also performed on PlasmaChem
air annealed NDs proving the previous statement. However, durisgttD. work, the same
preparation praocol was applied for each kind of surface terminated NDs due to limited
access to the equipment and the amount of powder produced after certainstyfe
modificatiors.

3.3.6.4Effect of sample temperature on DLS measurements

The preparation protocol includes soation and centrifugation steps which may result in an
increased temperature of the suspension. As DLS characterization may have to be done on
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ultra-fresh suspension, this part aims to investigate whether the temperature of the sample
affects colloidal ppperties measured by DLS after thé\lDs suspension preparation. Another
outcome of temperature experiment connects changes in the storing (fridge temperature is
equal to 4°C) and the transportation conditions but also possible further applications of H
NDs in e.g. nanomedicine. The temperature ofimlitro or in vivomanipulations is set for
~37°C in order to imitate the natural human body environment. Most of the time, ambient
laboratory conditions (~28C) do not include a possibility of sample @dslization induced

by temperature. Preparation and characterization protocol should take into account a
possible increase in the sample temperature after sonication and centrifugation step whereas
a good colloidal stability of-NDs not affected by the teperature is an additional asset. The
DLS characterization of the plasmaNBs suspension was performed while decreasing the
sample temperature from 40 °C down to 1 °C automatically controlled by the instrument. The
data were normalized with respect to thieydrodynamic diameter obtained at ambient
temperature (Figure 3.21).

The changes in the hydrodynamic diameter can be seen over the whole tested range.
However, the majority of points stay within the standard deviation (z 10 %) of the nominal
value measurd at ambient conditions. Hydrodynamic diameter is slightly higher than 100 +
10 nm only at the maximum temperatucd 40 °C and at 10 °C bloy no more than 13 %.

Figure 3.21t Temperature stability of 0.1 mg.rhiplasma HNDs aqueous suspension at
various temperatures (140 °C)with experimental (grey area) and biomedical temperature
(pink area) indicated. Hydrodynamic diameter is given as the weighted mean intensity value
normalized to results obtained at 25.°C

In conclusion, the experiments show good colloidal stability in terms of hydrodynamic
diameter over the tested temperature range of plasmdNBs suspensioA sample may be
stored either at ambient temperature or in the fridgecluding possibl®ioapplcations.
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3.3.6.5Summary

It has been shown thahe combination of the sonication and the centrifugation is required
to prepare HNDs hydrosol. The times of sonication and centrifugation including the
centrifugal force have been chosen as a part of the prepargirotocol based on satisfying
colloidal quality of ENDs suspension. That includes parameters such as:

(i)  Sonication time = 60 min
(i)  Centrifugation time = 40 min
(i) Centrifugal force = 3260 g and rotation speed = 4500 rpm

Weighted  Weighted Weighted Weighted

Sonication Centrifugation
) mean mean ) mean mean
time ) . time . )
) intensity number i) intensity number
(nm) (nm) (nm) (nm)
60 369 + 35 66 + 23 40 100+ 1 24 +5

Table 3.12t Colloidal properties of plasmaRDs sample after applying selected sonication
and centrifugation time. The DLS characterization was performed within 10 min after each
preparation step. Weighted mean intensity / number shows average of three measurements.

It has been demonstrated that sonication effectively brestke HND aggregatedHowever,

it is not sufficient to obtain clear, wetlispersed suspension (Figure 3.22A). The
centrifugation removes the nodisaggregated or larger in size NDs while leaving the
suspensiorclearbrown with only the waterdispersed HFNDs (Figure 3.22B).

Figure 3.22t Picture of the plasma-NDs suspension after 60 min of sonication (A) followed
by 40 min centrifugation (B) taken at the NDs concentrations of 5.6 nmigumal 2.3 mg.mt,
respectivelyPicture was taken shortfter eachpreparationstep.

The DLS experiment has shown thaiiBs have good colloidal stability up to the temperature
of 40 °C proving its suitability for various applications but al#terent storage and
transportation conditions.
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3.4 Colloidal behavior of NDs with differesurface chemistries

Each step of the protocol for preparation and characterisation of colloidal suspensions has
been carefully investigated in previous parts. Using the optimized conditions, the colloidal
properties of NDs prepared and characterized infiZ&a2 and dispersed in ultraure water

will be now presented.

The DLS characterization includes measurements performed on fiespggred suspensions
(< 1 h after centrifugation), after 24 h as well as lkbagn (50 days). At the end, the FTIR
spectra @ the surfacemodified powders, pelletsand suspensions are presented.

3.4.1Colloidal properties of air annealed nanodiamonds

As described in the previous chapter; sooo Z}/&] ]+ [ E U A E Z] A C
of the native powder at a constant tguerature of 550 °C for 90 min. Two sources of
detonation NDs were treated in the same way: PlasmaChem (Germany) and Adamas
Nanotechnologies (USA). Following the air oxidative treatntbatNDs were dispersed in the
ultra-%op@E A § E ~i6X1 D Qzedvia DESEchSiqde.

Source of NDs Weighted mean Weighted mean Mean Zeta Potential

intensity (nm) number (nm) (mV)
PlasmaChem 103+ 2 37+ 17 -61+1
Adamas Nanotech. 160+ 3 86 %2 -20+1

Table 3.13t Hydrodynamic diameter (average value of weighted mean intensity and number)
and ZP ohir OxNDs dispersed in ultfpure water. Values in the table represents average of
3 independent measurements. Two sources were measured on the same day afterisaspens
preparation (referred as fresh suspension).

PlasmaChem and Adamas NDs forml@ygrated clusters when being dispersed in water
(Table 3.13). In case of PlasmaChem, the measured hydrodynamic diameter (by weighted
mean intensity and number) is higher théhe primary size distribution (3L0 nm), as probed

by the TEM (Chapter 2, section 6). In terms of Adamas NDs, significantly larger diameters of
aggregates are observed as compared to PlasmaChesii (#n). However, the exact size
distribution of the primarily particles remains unknown (no TEM data available). The reason
may come from the initial composition of both NDs sources (FTIR anfl$C&udy are
presented in Chapter 2, sections 3 and 5, respectively). Sunfackfication viathermal
oxidation stongly depends on the reactivity of the surface functional groups meaning that air
annealing conditions are sourcpendent. Size distributions by intensity and number ofthe

air annealed NDs are presented beldwg(res 3.23 and 3.24).
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Figure 3.23t Size distribution of one DLS measurenggwenby intensity (left) and number
(right) of the air annealed PlasmaChem NDs.

Figure 3.24t Size distribution of one DLS measurengwenby intensity (left) and number
(right) of the air annealed Adamas Nanotechnologies NDs.

In terms of surface charge, Adamas and PlasmaChem NDs both exhibit negative ZP in water
after air oxidation. The values shown in the Table 3.13 are in agreementheitliterature®

while the origin of the negative ZP is mostly related to the COOH grangisent at the surface

(see Chapter 2, section 3), which at pH = 6 (ytree water) tends tde easily deprotonated
creating carboxylate formt% 1 1; on the surface which mainly contribute to the negative
surface charg&?®>s,

The absolute ZP value of PlasmaCherrNOg remains above 30 mV suggesting a good
colloidal stability. In contrast, the Adamas NDs have an absolute ZP value below 30 mV which
may lead to rather unstable behavior. This suggest a lowenber of carlboxylic groups on
Adamas ORDs. The colloidal properties of both NDs are different but the FTIR analysis of
§Z u} ](] %}A @Ee } e v}S eZ}A ]Je & % VvV ] e ]Jv EZ uE( [
Chapter 2, section 3). Buhe FTIRJoes not provide aquantitative analysis of COOH groups.
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Figure 3.25t Zeta Potential distribution of air annealed PlasmaChem (left) and Adamas
Nanotech. (right) NDs. The colors represents three independent ZP measurements.

As shown in Figure 3.25, a broadening of th@&#&k has been regularly observed for freshly
preparedair OxNDs suspension (DLS measurements done less than 1 h after sonication and
centrifugation). As it will be shown and discussed in the next parts of this chapter, this
broadening disappears when timeasurement is repeatedfter 24 h.

Note that the asreceived Adamas NDs exhibited already a negative-ZFP £ 3 mV).
Surprisingly, this additional treatment resulted in degradation of the ZP in water, with a less
negative ZP-20 £ 1 mV) and higher hydrodynamic diameters. In contrastatheceived
PlasmaChem NDs have positive ZP in water (Appendix, section A.4) whereas after air
annealinghe NDs become negatively charged.

3.4.2Colloidal properties of plasma hydrogenated nanodiamonds

The plasma hydrogenation treatment is a wallown methodused to obtain Ferminated
diamond film$. Since2010, the LCD team also apply this technique to detonation°NDs
Three types of NDs (PlasmaChem, Adaiasotechnologiesand NanoCarbon Research
Institute from Japan) were hydrogenated using the same conditions (250 W, 12 mbar, 10
sccm, 20 min) and watatispersed accordg to the preparation protocol. The colloidal
properties of such HNDs are presented in the Table 3.14

Source of NDs Weighted mean Weighted mean Mean Zeta Potential

intensity (nm) number (nm) (mV)
PlasmaChem 99 +1 45 + 2 55+1
Adamas Nanotech. 108+ 2 35+3 54 + 3
NanoCarbon Res. Ins 233 + 33 24+ 4 51+2

Table 3.14 t Hydrodynamic diameter (weighted mean intensity and number) and zeta
potential of microwave plasma-NDs. Colloidal properties of three different ND sources are
compared.
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The microwave plasma conditions for hydrogenation produce NDs with hydrodynamic
diameter ranging from 99 + 1 nm (PlasmaChem) up to 233 + 33 nm (NanoCarbon Research
Institute) looking at the values given by the weighted mean intensity. The significaritr hig

size of NanoCarbon Research Institute NDs reflects the presence of higher polydispersity of
the suspension and the presence of aggregates. Looking atviighted mean number
values PlasmaChem{NDs exhibit the highest aggregation state (45 = 2 nmjpaved to the
Adamas (35 £ 3 nm) and the NanoCarbon Research Institute (24 + 4MiDg (fFigures 3.26,
3.27,and 3.28).

Figure 3.26t Size distribution of one DLS measurement given by intensity (left) and number
(right) of plasma hydrogenated PlasmaChiiDs.

Figure 3.27t Size distribution of one DLS measurement given by intensity (left) and number
(right) of plasma hydrogenated Adamas Nanotechnologies NDs.
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Figure 3.28t Size distribution of one DLS measurement given by intensity (left) and number
(right) of plasma hydrogenated NanoCarbon Research Institute NDs.

In terms ofa surface charge, plasma treatment under hydrogen results in positivef #fe
NDsobserved in water suspension with mean values above 50 mV, whatever the source of
particles TheZPmeasurement of the three sources ofMDs is presented below (Figures 3.29
and 3.30).

Figure 3.29t Zeta Potential distribution of plasma hydrogenated PlasmaChem (left) and
Adamas Nanotech. (right) particles. Colors represent three independent and consecutive ZP
measurements.

Figure 3.30t Zeta Potential distribution of plasma hydrogenated NanoCarBesearch
Institute NDs. Colors represent three independent and consecutive ZP measurements.
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Freshlyprepared HNDs also exhibit a ZP peak broadening, linked to certain instability of the
suspension. However, since the mean value of the ZP is above 20godf colloidal stability

of prepared suspensions can be expected. The FTIR study (Chapter 2, section 3) of
PlasmaChem IDs shows removal of the oxygen content (reduction of the C=0 peak) from
the surface along with formation and stabilization of cardorrogen bond¥325°, The origin

of such positive surface charge has been associated with accumulation of holes near the
diamondwater interface (surfacéransfer doping mechanisrf) The TEM study (Chapter 2,
section 6) shows that $¢C is also present on the surface of the pladmgerogen treated

NDs, which can adsparticipate to the origin of the positive ZP*.

3.4.3Colloidal properties of hydrogen annealed nanodiamonds

The thermal annealing under hydrogen gas is an alternative to the hydrogen plasma
treatment leading to hydrogested NDs surfacé®®. The same thermal annealing conditions

(1 h, 550 °C) were applied to NDs supplied by PlasmaChem and Adamas company. After
modification,the NDs were dispersed in ultaure water and characterized according to the
adjusted protocal

Source of NDs Weighted mean Weighted mean Mean Zeta Potential

intensity (nm) number (nm) (mV)
PlasmaChem 114+ 2 43 £ 18 64 + 2
Adamas Nanotech. 141+ 4 16+1 72+3

Table 3.15t Colloidal properties of hydrogen annealed Adamas and PlasmaChem NDs
obtained on the day of suspension preparation. Data represents the average values of three
independent and consecutive measurements.

Figure 3.31t Size distribution of one DLS mea&suent given by intensity (left) and number
(right) of PlasmaChem NDs modified tiarmalannealing under hydrogen.
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Figure 3.32t Size distribution of one DLS measurement given by intensity (left) and number
(right) of Adamas Nanotechnologies NDs modifiedheéamal annealing under hydrogen.

From weighted mean intensity and number values, we can see that hydrogenated Adamas
suspension contains a population of smaller aggregates, with hydrodynamic diameters
around 16 nm, while hydrogenated PlasmaChem exhibit a population of aggregates around
40 nm. However, in both cases, larger aggregates are present in the suspension, as shown by
the intensity size diribution.

Figure 3.33t Zeta Potential distribution of hydrogen annealed NDs: PlasmaChem (left) and
Adamas Nanotech. (right). Colors represent three independerd consecutive ZP
measurements.

Modifications of the surface vithermal annealing under hydrogen also results in positive
surface charge (positive ZP), independently on the source of NDs (Figure 3.33). The same
instability of freshlyprepared PlasmaChem-NDs is observed as previously shown for other
surface chemistrie. However, mean ZP values are higher than 60 mV (PlasmaChem) and 70
mV (Adamas Nanotech.) with respect to plasmalbs (ZP around 50 mV) as seen for the
same NDs source. The positive ZP of wdtepersed thermally annealed-NDs is also in
agreement withthe literature?s. As for plasma treatmentthe TEM images shows some
graphitic reconstructions on the NDs surfaceédfiter 2, section 6) whereas the FTIR spectra
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clearly indicated the presence ofHC bonds (Chapter 2, section 3) with slightly different
shapes compared to plasmaNDs.

3.4.4Properties of vacuum annealed nanodiamonds

The last surface modification involved tingal annealing under vacuum (to induce surface
graphitisation}t. PlasmaChem NDs were annealed at temperatures ranging from 750 °C up
to 850 °C for various durations (1 h, 2 h). Dry powders were dispersed in water and
characterized by DLS within 1 h after suspensi@paration

Vacuum annealing  Weighted mean Weighted mean Mean Zeta Potential
conditions intensity (nm) number (nm) (mV)
1h, 750 °C 131+ 29 35+11 47+ 1
2 h, 750 °C 110+ 2 42+ 7 46 + 3
1h, 850 °C 1111 46 = 10 47 £ 2
2 h, 850 °C 116 £ 4 45+ 4 47 £ 2

Table 3.16t Colloidal properties of vacuum annealed NDs in water. Data were obtained less
than 1 h after suspension preparation and represent an average value of three independent,
consecutive DLS measurements.

Vacuum annealed NDs have a hydrodyimadiameter ranging from 110 £ 2 nm (2780 °C)

and up to 131 £ 29 nm (1 h, 750 °C) as revealed by weighted mean intensities. Mean size,
weighted by number, ranges from 35 + 11 (1 h, 750 °C) up to 46 = 10 (1 h, 850 °C). Vacuum
annealed NDs are also ptisely charged with ZP values between #47 + 2 m\#,

An example of the DLS size and ZP distribution of the vacuum annealed sample (grey field in
the Table 3.16) is prested on Figure 3.34.

Figure 3.34t Size distribution of one DLS measurement given by intensity (left) and number
(right) of PlasmaChem NDs modified via vacuum annealing (1 h, 750 °C).
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Figure 3.35t Zeta Potential distribution of vacuum annealed (1 h, 750 °C) PlasmaChem NDs.
Colors represent three independemid consecutive ZP measurements.

Colloidal behaviors of these freshly prepared vacuum annealed NDs are rather similar
whatever the conditionsSurprisingly, the hydrodynamic diameters and the polydispersity as
evidenced by the intensity and number values are roughly the same whatever the treatment,
as well aghe ZP values. It is not possible to discuss these results according to the amount of
sp?-carbon at the surface for the different annealed NDs. Only NDs annealed at 750 °C during
1 h have been characterized by TEM (Chapter 2, section 6).

3.4.5Summary

Surface treatments of detonation NDs like carboxylation, hydrogenation or graphitization
resultin different colloidal properties of NDs depending on the sourciepatrticles. Since

the majority of the PID. work has been done on PlasmaChem NDs, their colloidal properties
are summarized below for the different surface chemistries.

Modification type Weighted mean  Weighted mean Mean Zeta Potential
(PlasmaChem,-G2) intensity (nm) number (nm) (mV)
Air annealing <120 <45 negative
Plasma hydrogenation <100 <45 positive
Hydrogen annealing <120 <45 positive
Vacuum annealing <140 <50 positive

Table 3.17t Summary of the main findings regarding colloidal properties of the surface
modified PlasmaChem NDs.

The air oxidation leads tthe negative surface charge in water wherdag positive ZP is
measured after vacuum annealing, plasma or therntaidrogen treatments. The
hydrodynamic size of freshiyrepared suspension is below 50 nm and exhibits roughly the
same polydispersity if weonsiderthe weighted mean intensity values.
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Figure 3.36t Picture of air oxidised (A), plasma hydrogenatedhi{aJrogenated via thermal
annealing (G)and vacuum annealed for 1 h at 750 °C (D) PlasmaChem NDs suspended in
water. Pictureswere taken of NDs concentrations of 1 mgimbne day after sample
preparation.

Although the colloidal properties of modified PlagaChem NDs are similar, the visual
appearance of the hydrosols quite different. In particular, plasma-NDs suspension has

dark brown color (Figure 3.3@). This may be related to the presence of the small OLCs (3

nm) evidenced by TEM (Chapter 2, gaeti6). Annealing under hydrogen or in vacuum results

in light brown color (Figure 3.34C and D) of the suspensions. AirlIBRs suspension is rather

opaque with light, yellowike appearance (Figure 3.34 «X dZ E}Av]eZ }0o}E }( E
colloids has alrady been attributed to the light interaction (Rayleigh scattering) with colloidal
particle$2°.

3.5 Stabilisation and aging effect

The colloidal stability of NDs in water over time is a crucial parameter not often reported in
the literature or simply generalized based on the ZP value. The following experiments aim to
establish whether the colidal properties of the surfacmodified NDs, presented in the
previous paragraph, undergo any changes over short (24 h) and long (5@dagd)of time
Themonitoring of the hydrodynamic diameter and the ZP of watespersed PlasmaChem
NDs is performedia DLS measurements.

3.5.1Stability over 24 h

The colloidal properties of suspensions, urash (< 2 h) and after 24 h, are compared for
air oxidized, hydrogenated (plasma and thermal methods) and vacuum annealed NDs. Water
dispersed NDs were kept in chmb glass vials in ambient conditions and at their initial
concentration (usually between 2 and 3 mgliniThey were dilutedlownto 0.1 mg.ntjust

prior the DLS characterization.
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3.5.1.1Air annealedhanodiamonds

In the first part, the characterization of thdtra-fresh and after 24 h air @Ds suspension
is presented.

Air annealing Weighted mean Weighted mean  Mean Zeta Potential
(2 h 30 min, 550 °C intensity (nm) number (nm) (mV)
Fresh suspension 103+2 37 £17 -60+1
After 24 h 101+1 25120 -62+1

Table 3.18t Colloidal properties of GDs measured for freshprepared (< 2 h) suspension
and after 24 h.

Figure 3.37t Size distribution of one DLS measurement by intensity (left) and number (right)
of the air annealed PlasmaChem NDs after 24 h.

The hydrodynamic diameter given by weighted mean intensity remains the same whereas
weighted mean number shows changes in the suspensions. Specifically, high standard
deviation between the values (+ 120 nm) were seen for the fresh suspension and result

in multiple peak size distribution (Table 3.18). After 24 h, the mean valie bfydrodynamic
diameter decreases by 12 nm and the standard deviation goes down (x 3 nm) possibly due to
stabilization effect. More importantly, the ZP does not change atay highly negative
(around-61 mV) not being interrupted by reorganisation of NDs (Table 3.37). Such changes in
colloidal properties of OKNDs were often observed during the first 24 h after sample
preparation in my PID. work.

3.5.1.2Plasma hydrogenatethnodiamonds

Similarly toair OxNDs, a comparative characterization of plasmBlBs suspension on the
day of preparation and after 24 h is presented.
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Microwave plasma . : .
P Weighted mean Weighted mean Mean Zeta Potentia

hydrogenation : .
(250\/3 1zgmbar 20 min) intensity (nm) number(nm) (mV)
Fresh suspension 95+1 44 + 2 53+1
After 24 h 108+ 1 35+5 43+ 1

Table 319 t Colloidal properties of plasmaiDs measured on freshyepared suspension
(< 2 h) and after 24 h.

Figure 3.38t Size distribution of one DLS measurement by intensity (left) and number (right)
of the plasma hydrogenated PlasmaChem NDs after 24 h.

Plasma hydrogenated NDs undergo more significant changes in comparison to air oxidized
NDs. An evolution of thieydrodynamic diameteras seen by weighted mean intensishows
anincrease while number distribution decrease (with higher standard deviation) (Table 3.19).
Alimited agdgomerationeffectseems to occur within the first 24 h. This effect goes along with

a decrease ofhe ZP from 53 £ 1 mV down to 43 + 1 mV, also reflecting tHdDH evolve

after 24 h in water suspensioams shown below.

Figure 3.39t Evolution of colloidal properties (hydrodynamic diametbtack, ZR red) of
plasma HNDs measured ovdirst 24 h after preparation. Plot represents single data points
of each DLS measurement.
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reflected by a lower ZP and a limited increase of the hydrodyndiaieter (weighted mean
intensity), has been observed on almost every samples produced during tBisarink.

3.5.1.3Hydrogen annealed nanodiamonds

Complementary to plasma-NDs, the DLS characterization on the day of sample preparation
and after 24 h was donf®r annealed under hydrogen NDs.

Thermal annealing

Weighted mean Weighted mean  Mean Zeta Potential
under hydrogen intensity (nm) number (nm) (mV)
(1 h, 550 °C)
Fresh suspension 114+ 2 43 + 18 64 2
After 24 h 118+ 2 39+18 44 + 2

Table 3.20t Colloidal properties of thermally annealeeNds measured on freshtyepared
suspension (< 2 h) and after 24 h.

Similarly to plasma 4IDs, thermally annealed-NDs suspension evolves after 24 h (Table
3.20). While the hydrodynamic size remains nednly same, the ZP drops down by 20 mV.
The standard deviation othe hydrodynamic sizgveighted mean numbgr suggests
inhomogeneity in size fraction.

Figure 3.40t Size distribution of one DLS measurement by intensity (left) and number (right)
of the hydogen annealed PlasmaChem NDs after 24 h.

3.5.1.4Vacuum annealed nanodiamonds

Lastly, the DLS characterization performed on the same day of sample preparation and after
24 h for vacuum annealed NDs is presented (several tiramperature conditions).
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Hydrodynamic diameter givelny weighted mean intensity valuesf vacuum annealed NDs
certainly increaseafter 24 h for almost all tested samples, except for NDs treated for 1 h at
750 °C (Table 3.21). In terms of values given by weighted mean nusabedes agépmerate

toward larger hydrodynamic diameter (> 60 nm) whereas the lowest value is observed for
NDs treated for 1 h at 750 °C (54 £ 4 nm). Concerning ZP values, no evolution is significant,
and we do not observe the same drop of potential as seanhfgrogenated NDs. The
presence of graphitic structures has been evidenced by the TEM study for NDs annealed at
750 °C during 1 h (Chapter 2, section 6). Nevertheless, it was not possible to observe NDs
annealed under other conditions to confirm an incsean the graphitization level.

Vacuum annealing Weighted mean Weighted mean Mean Zeta
(1 x 16° mbar) intensity (nm) number (nm) Potential (mV)

1h. 750 °C Fresh suspensior 131+ 29 35+11 47+1
' After 24 h 138 + 30 54 + 4 44 + 2

o~ Freshsuspension 110+ 2 427 46 £ 3

2h, 750 °C After 24 h 197 £ 7 84 +4 42 +1
o~ Fresh suspensior 111 +1 46 £ 10 47 £ 2

1h, 850°C After 24 h 205 + 38 70 + 38 41 +1
o~ Fresh suspensior 116 + 4 45+ 4 47 £ 2

2h, 850 °C After 24 h 155+ 7 67+9 46 + 1

Table 3.21t Colloidal properties of vacuum annealed NDs measured the same day (< 2 h)
and after 24 h in ultrgoure water.

Figure 3.41t Size distribution of one DLS measurement by intensity (left) and number (right)
of the vacuum annealed (1 h, 750 °C) PlasmaCXBs after 24 h.
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3.5.1.5Summary

The DLS study evidenced the stabilisation and the evolution of colloidal properties of surface
modified NDs after 24 h in water suspension. The most relevant findings are summarized in
the Table below.

Hydmdynamic diameter after  Zeta Potential

Surface modification 24 h (weighted mean intensity after 24 h

Air OxNDs no change no change
Plasma FNDs higher (+12 %) lower ¢ 19 %)
Thermally HNDs higher (+3 %) lower ( 31 %)
Vacuum annealed NDs (1 h, 750 higher (+5 %) no change

Vacuum annealed NDs (other

i 0
conditions) higher (+66 %) ho change

Table 3.22t Summary of changes in colloidal properties of sudacelified NDs dispersed in
ultra-pure water after 24 h.

X TheZeta Potential and the hydrodynamic sizeaofoxidized NDslo notchange

x A slightly higher increase of the hydrodynamic size is observed for plasNiasH
compared to NDs thermally treated under hydrogen after 24 h in water suspension,
while a decrease of their ZP is observed for both, more pronadifice thermally
treated

x For vacuum annealed detonatidtDs Zeta Potential (> 30 mV) is not affected by the
progressive aggmerationof the NDs while the value itself suggests a good colloidal
stability of such NDs, which is rather controversial and nppsrted by the results.

3.5.2Stability over 50 days

In the previous paragrapheolloidalproperties of freshiyprepared (< 1 h) and after 24 h were
presented for surfacenodified NDs suspensions. The results suggested that behavior of NDs
in agueous mediuncan evolve to a certain extent over time. As a logical consequence, the
longterm (50- 90 days) colloidal stability study should be conducted as well.

3.5.2.1Concentration effect

/v 8Z 0]8 & SPE U }v VSE 3]}v ] *uPP 3 &} Zstdbility ey 3 v3
dispersed in a solvetts. To ensure the best conditions for such leegm experiment, the
concentration effect is tested. The protocol for sample preparation, established at the
beginning of this chapter, typically leads to NDs concentration of 2 mgdapending on the

suface chemistry. The monitoring of the colloidal properties of plasma (20 min, 12 mbar, 250

W) and thermally annealed (1 h, 550 °GNBs over 50 days was performed to test an

Jv(op v }(E [+ }v VSE S]}v ¢ % ES }( *S}E éparephattBd}veX ~ u
concentration of 2 mg.miwith part of the sample diluted down to 0.2 mg:faPrior to the
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DLS characterization, a suspension at 2 mgwals diluted down to 0.2 mg.miwhereas the
part of the sample kept at 0.2 mg.thivas only manuallymixed and measured directly
without any further step. The evolution of the hydrodynamic diameter (weighted mean
intensity) and theZPis presented (Figure 3.45).

The data obtained clearly support that storage concentration b affects its colloidal
properties. An increase in the hydrodynamic diameter along with a decrease in the ZP is
observed for all samples. However, the instabilitguced by progressive alggneration
occurs faster in terms of diluted samples. Notably, the size of the diluted pl&tNas
agdomeratesis 70 % higher with respect to initial value whereas the size of the annealed H
NDs increaseby 80 % after 10 11 days. The situation changes after 50 days where the
hydrodynamic size of diluted plasmaNDs goes up c.a. 48ld while the annealed HDs 8

fold time compared to initially measured value (day 0).

Interestingly, HNDs suspensiongplasma and annealed) stored at a relatively high
concentration of 2 mg.mil also evolve after 50 days but the increasdhie hydrodynamic
diameter is significantly lower than the diluted samples (190 % of increase for hydrogen
plasma and 90 % of increaf® the hydrogen annealed particledlheH-NDs produced via
annealing method are stable for a longer time. An evolution of the hydrodynamic diameter
takes place but an increase in size is less than 10 % after 11 days. In contrary, pldB®a H
are signiicantly larger (by 60 %) after 10 days.

Figure 3.45t Evolution of colloidal properties ofMDs (microwave plasma and annealed
under hydrogen). NDs were suspended in water and stored at high (2 rfjgamdi low (0.2
mg.mft) concentration over 50 dayBLS measurements were done at NDs concentration of
0.2 mg.mtt (only samples stored at high concentration were diluted before the experiment).
Black dashedo]v Jv ] & ¢ ¢ u%o0 [+ Jves ]Jo]3C 8Z&E <Z}o ~o0}A
flocculation of the paitles during the experiment resulting in only an estimated value (high
standard deviation).

A similar situation occurs in terms of the Zeta Potential. Majority of NDs are positively charged
with an average value around 40 mV, as measured over 50 dayp(éocdiluted plasma H
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NDs sample). Such results are not in agreement with the literature, where ZP > 30 mV is
required to maintain highly repulsive forces between the NDs suggesting good colloidal
stability of the particle®.

Water-dispersed and stabilizdree NDs need to be prepared and stored at high
concentration (> 2 mg.m) to reduce agbpmeration state of the particles. Further
experiments should be preferably performed only on freghigpared samples (within 7
days).

Figure 3.46 t Picture of plasma HWDs sample taken after several months. Particles
progressively aggmerated and precipitated &the bottom of the glass vial resulting in
complete liquid solid phase separation.

3.5.2.2Air annealed nanodiamonds

Theair OxNDs suspension was prepared and stored at a concentration of 2 rhgtmdom
temperature. Colloidal properties, including hydrodynamic diameter (by weighted mean
intensity) and ZP (average value) were measured byfd@I58 days to monitor timenduced
changes in suspension.

Figure 3.42t Colloidal propertiesf the OxNDs measuredior 50 days left t hydrodynamic
diameter byweighted mean intensityright tZB. Data were collected for sample diluted down
to 0.1 mg.mft immediately before the experiment.
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The study of air annealed NDs (1 h 30 min, 850indicates a veryood colloidal stability of

NDs suspended in ultgure water up to 50 days. Some fluctuations in hydrodynamic
diameter (weighted mean intensity, oscillation between 11020 nm) can be observed.
However, the general trend does not indicate gpgressie agdpmerationof NDs. More
significant changes are observed on the ZP plot with a decrease in the absolute ZP value from
absolute value 6& 1 mV down to 4Gt 1 mV. The ZP reflects changes in concentrations of
ions on the slipping plane where the ZRnisasured. Since the hydrodynamic diameter can

be considered as a stable parameténe ZP shows that ND surfageater interface is a
dynamic system. Such lowering of the ZP can be related to many factors, as discussed for data
obtained after 24 h (sectioB.AXi*X /v ]8]}v S} euPP *8§ E [+ JveS ]0]S8C
surface modification induced by the presence of water molecules, exposure to light and air
due to multiple sample manipulation can also have an effeespecially on the dissolved
species in water and related pHugovariation is not measurable)

3.5.2.3Hydrogenated nanodiamonds

After OxNDs suspension, the colloidal stability oNBs (plasma: 250 W, 12 mbar, 20 min

and thermally annealed: 1 h at 550 °C) was studied over 50 days. ND suspensions were
prepared and stored taroom temperature at a concentration of ~2 mg:tnSee Appendix
(section A.5 for complementary experiment with hydrogen annealed NDs from Adamas
Nanotechnologies.

Figure 3.43t Colloidal propertiefleft t hydrodynamic diameter, right ZP)of Hterminated
(red- thermally annealed; blackplasma hydrogenated) NDs monitored over 50 days. Black
dashed line indicates instability region in which DLS measurement have low data dwelity
to aggomerationand flocculation of NDs during the ansily. Note the axis breaks.

The hydrodynamic diameter of microwave plasma and thermally anné&lDs evolve after

50 days with similar colloidal properties up to 10 days. After 10 days, plagiiastslowly
agdomerate(size increase by factor 2.9) whileetthermally annealed NDs are still stable up

to 15 days (small increase by 6 %). After 42 days, hydrodynamic diameter of plasma and
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thermally annealed HNDs is c.a. 2.8 and #8ld higher with respect to the initial value,
respectively.

In terms of ZP edlution, a similar behavior (decrease over time) eNBs is observed as for

air OxNDs, whatever the method of hydrogenation. Thermally anneal®tDid with initially

high ZP (642 mV) undergo change and possess a lower surface chargel(4®/) after 2

days. The plasma-NDs exhibit the same decrease from initially being highly positive; a value
of 55+ 1 mV down to 3% 1 mV. Overall, the ZP stays above the stability threshold (absolute
ZP > 30 mV). After 50 days the visual appearance-D8l suspensn (plasma, thermal)
change. Samples become pale and cloudy with some bubbles occurring on top of the
suspensior{Figure 3.44)These changes aemhanced over time and are observed as soon as
the colloidal properties starts to evolve (progressivelaggeration of NDs can be measured).

Figure 3.44t Plasma FNDs hydrosol with some bubbles (red arrow) present on top of the
suspension.

In conclusion,the H-NDs suspensions have limited colloidal stability when stored at a
concentration of 2 mg.rmat room temperature. However, the evolution seems to be quicker
for plasma treated sample. Therogressive aggmeration of the NDs leads to higher
hydrodynamic diameter accompanied by lowering of the ZP, as observed after 50 days.
Nanobubbles are formedmal stabilized on top of the samples, this may indicate a progressive
destabilization of FNDs. The adgmeration state of HNDs suspension can be possibly

E C]Jv & ¢]vP ¢ u%o0 [¢ }v VSE S]}v v JE& A%} pE

3.5.2.4Vacuum annealedanodiamonds

The lastongterm (up to 90 days) colloidal stability study was done for the vacuum annealed
NDs. Four ND samples were treated at various annealing conditions 75 °C, 2 A 750

°C, 1 i/ 850 °Cand2 h/ 850 °C) and dispersed in ukpaire water. The sugmsions were

kept at ambient temperature at the initial concentration between 1136 mg.mt. Prior the
hydrodynamic diameter (weighted mean intensity) and ZP measurement, each sample was
diluted down to 0.1 mg.m.
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Figure 3.47t Evolution of colloidal properties of vacuum annealed NDs dispersed in water and
monitored over 90 days. Black dashed line indicates low DLS data quality (left plot) induced by
aggomerationof the particles during the analysis as well as ZP instabilityeré&nght plot).

At first glance, vacuum annealed NDs have lower-tengp colloidal stability compared to
the other surface terminations (Figure 3.47). However, an exception from this trend is the
NDs vacuum annealed for 1 h at 750 °C, already known stalée in watef?.

The hydrodynamic diameter of NDs increases by factor 6.3 {58 °Cand 1 h/ 850 °C) and

8.5 (2 Y 850 °C) after 90 days. The slowest and less significant size evolution is observed for
samples vacum annealed for 1 h and 2 h at 750 °C whereas an exponential increase can be
seen for the NDs treated for 1 h and 2 h at 850 °C. Above 800 nm, particles flocculate during
§Z u *pE u v3 E *poS]VvP ]Jv ¢« u%o0 [ Jved ]Jo]35C weBQA >~ §
nm, presented on the graph, are only illustrative to show the general trend). The ZP remains
positive (> 30 mV) and is not screened by the progressiveraggationof the NDs. However,

only NDs annealed at 750 7@ h havethe ZP around 50 mV measured after 90 days while
the other suspensions hatke ZP closer to stability range threshold (8¥). Similar decrease

in the ZP over time is also observed for vacuum annealed NDs as seen for other surface
modifications (air annealmn hydrogenation via plasma or thermal annealing).

As for other surface chemistries, an evolution of the hydrodynamic diameter can be also
affected by the concentratignwhich is lower than intended onevhen applying the same
preparation protocol (< 2 mml?). Hydrophobic nature of the $iNDs makes the vacuum
annealed NDs more resistant toward watdispersion resulting in lower sample
concentration.

Vacuum annealed NDs dispersed in water create browlored suspension which
agdomerate quicker than FNDs samples (except the stable NDs 1 T60 °C). Complete

water- ] ujv s % E S]}v } HE- A]3Z]v Ju%o0 }( Ce AZ] Z ] v
hydrophobicity, requiring the sample to be manually mixed before the DLS characterization.
Nanobubbles can belso formed and stabilized on top of the s§dDs suspension, as
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previously observed for the-NDs. The bubbles occur especially when the particles are often
exposed to air atmosphere (vial opened) or extensively mixed due to sample manipulation.

Figure 348 t Pictures of the vacuum annealed ND suspensiond (& 750 °C; B2 h/ 750
°C; G1h/ 850 °C; D2 h/ 850 °C). Samples were fresphgpared (< 1 h) at concentration
of NDs equal to 1 mg.rl

To conclude, a progressive increase of vacuum annealing conditions results in higher
hydrophobicity and lower colloidal stability of vacuum annealed NDs.-tevng colloidal
stability is only observed for the eartgage graphitized particles (X 750 °Q. Highly positive

Zeta Potential (> 30 mV) is maintained even after 90 days, indicating good colloidal stability
of NDs, which are not supported by the hydrodynamic size evolution data.

3.5.2.55ummary

X Concentration for NDs affects its colloidal stability. Lamagntration (0.2 mg.m)
results in grogressive aggmerationand flocculation of NDs whereas the higher one
(2 mg.mt) limits timeinduced changes in colloidal properties of NDs

X Progressive adgmeration of surfacemodified NDs is not always reflecteby the
value of the ZP, as seen for even viarge agglomerates (e.g. vacuum treated NDs).
However, the decrease in the ZP is observed for all samples over the time

X }oo}] o <8 Jo]SC ]- }u d¢ancehpratidr(, tEnd and surface charge
asseiated with specific surface chemistry

x Overall colloidal stability of surfageodified samples is as followsir OxNDs >
annealed FND > plasma #IDs > vacuum anneal@&Ds

X Surface terminations seem to have hydrophilic / hydrophobic nature typicabiton
nanostructures

x Nanobubbles are formed and stabilized on top of hydrophobic hydrogenated and
vacuum annealed NDs samples after long term storage.

106



Chapter 3 Colloidal properties of nanodiamonds

3.6 FTIR study

The spectra of aseceived and surfacenodified detonation NDs were presented and
discussed in detailsewhere (Chapter 2, section 3). Hereencomparative analysis of the
modified NDs (aioxidized, plasma and thermally hydrogenated, aratuum annealediried

from the suspension will be described and compared with either the initial powder or the NDs
remaining in the pellet after centrifugation.

3.6.1Surfacemodified nanodiamond powder

As a reminder from the previous chapter, below are the spectra obtaafied air annealing

(2 h 30 min, 550 °C), plasma hydrogenation (250 W, 12mbar, 20 min), hydrogen annealing
(1 h, 550 °Crnd vacuum annealing (1 h, 750 °C) taken after modification (Figure 3.49). KBr
pellets with NDs were left to drynder nitrogen flow ér 24 h (plasma HDs) and 48 ha(r
OxNDs, annealed #IDs and sp-NDs)to minimalize an adsorbed water content.

Figure 3.49t FTIR spectra @lir OxNDs (black), plasma-NDs (red), thermallyNDs (blue)
and vacuum annealed NDs (pinky glowdersGrey fields indicatan area of interest used to
analyze the surface modifications of the NIxQand CHy peak.

Briefly, C=0 stretching (peak around 1730750 cm') associated with carbonyelated
groups is visible on bothir OxNDs and vacuum annka NDs with lower frequency shift in
terms of the vacuum annealed powder. Thermal vacuum modification under 750 °C has
already been shown to be insufficient to completely remove the carbogigted band
observed also on azceived NDsHowever, this frquency shift suggests the presence of
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different structures in the oxygenontaining groups on the surfatle Bands at 28003000

cnrt associated with €lvibrations are much morpronounced on plasma and thermally H

NDs compared to the vacuum annealed NDs. At the same time, sdiheoGtent seen for
vacuum annealed sample is also present on the native NDs, as shown in Chapter 2 (section
3)%3

3.6.2Surfacemodified nanodiamongellet

The water addition and dispersion of the dry, surfawedified NDs powder involves a
centrifugation step. After centnifgation, the supernatant containing NDs is separated from
the remaining powder (nowlispersed).Such a powder comes in a form of pellet made of
aggregated NDs. Herthe FTIR analysis was done on these NDs remaining in the pellet, after
evaporation of thewater over 24- 48 h inside the oven (60 °C) (Figure 3.50).

Figure3.50 t FTIR spectraf centrifugal pellets of air annealed (black), plasma hydrogenated
(red), hydrogen annealdtlue) andvacuum annealed (pink) NDs. Grey fields indiaairea
of interest used to anale thesurfacemodificatiors of the NDs (C=@nd GHx peak).

TheFTIR spectra of the air annealech(30 min, 55C°C), plasma hydrogenated (12 mbar, 250
W, 20 min), hydrogen annealed 1 550°C) and vacuum annealed {1 750°C) pellets were
taken The &d/Z « u% o0 * u }( E o[ % 00 $e¢ wi.PFEwerd k& und€E ~1
nitrogen flow for48h (OxNDs, plasmaIDs and vacuum annealed NDs) and 76 h (annealed
H-NDs).
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TheFTIR spectraf centrifugal pellets are very similap the one obtained on dried powders
taken before water addition followed bgonication and centrifugation. The sarspectral
peaks as described in the previosection (Figur8.49), arepresentsuggesting that NDdid
not go any significant modificatiorester exposire to the aqueous environmenand 1 h of
sonication.

The vibrations of the diamond core and the surface chemistry (mai@ys@natures) of all
tested NDs gives a broad absorbance in the region-4®00 cmt. In addition to that, small
features around 1300 crhcan be related to € vibration coming from the oxizéd groups

or CHOH. These FTIR signatures are consistent with previously published worke\ipsOx
plasma and thermally ¥IDs as well the $gND£3416234 Note that despite extensive drying
of NDs, peaks relative to water residu¢OH at 1630 cand 3500- 3300 cmt) are always
present in the FTIR spectf&3. TheCQ seen on the spectrum of the air annealed NDs comes
from the atmosphere

It can be concluded that dry powder and pellet have the same chemical surface composition
even after extensive exposure to water. Finally, curiedriyen study led to the lagpart
where FTIR analysis was performed on NDs successfully suspended in water.

3.6.3Surfacemodified nanodiamond suspension

The FTIR analysis can be also performedDs present in the supernatar{so-called NDs
suspension) aftecomplete evaporation of watercontent The FTIR analysis preparation
procedure includes drying of the 200 pl of the NDs suspension inside the oven (60 °C) for
24 h followed by addition of the KBr (2 wt.%) and another drying step under nitrogen flow for
48 h (air OxNDs, plasma #IDs and vacuum annealed NDs) and 78 h (anneal®tDs).

To begin with, a clear modification of FTIR spectrum is observed on the soréatged NDs
successfully dispersed in water (Figure 3.51). In particular, the fingerprint region
(wavenumber below 1500 ct) representing bending vibrations characteristic for NDs has
been clearly modified by the presence of water molecules. Successive drying did not restore
the same shape as seen for the NDs powder and pellet samples. A large band with a maximum
around 1050cnt?, already present on the surface of the dried powders, appears as much
larger, prominent easily distinguishable. The peak position can be attributedtwiGrations

in alcohol groups (900 1200 cm?), previously reported for NDOH® and NDsethanol
bindingP. Another part of the spectra strongly affected by the suspension concerns the region
ranging from 1100 crhto 1370 cm' in which various oxygeoontaining groupsre-present
(ethers, acid anhydrides, lactonesd epoxy group&j. Note that despite extensive drying of
NDs, peaks relative to wateesidues (OH at 1630 chand 3500- 3300 cm?) are always
present in the FTIR spectf&s.

The hydrogen treatment aims to remove the carbonyl peak (C=0) at 117280 cm'.
However, a band reappears immediately after water dispersion and stabilization whatever
the surface termination. As this reappearance of C=0 groups does not happeHedriNg:s,

we can conclude that it does not come from the drying step in the oven, at only 60 °C. This
suggests a possible surface oxidation, which may also take place spontaneously due to air
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exposuré®, but which seems to be specific to NDs which remains in suspension after
centrifugation. Note that the presence of these Cgfups will help the hydrophilicity of
NDg®. The same features are also observed in the spectra taken for NDs suspended in water
for 50 days

Figure 3.51t FTIR spectra of wateauspendedir OxNDs (black), plasma (red) and thermally
(blue) HNDs andracuum annealed NDs (pink). Grey fields indiaaterea of interest used to
analyze thesurfacemodificatiors of the NDs

3.6.4Summary

To sum up, after centrifugation, NDs coming from the supernatahtibit a slightly different
FTIR spectrum than NDs coming from the pellet, which finallysldakthe dried treated NDs.
This FTIR study evidenced thaiNIBs whatever the hydrogenation method is slightly re
oxidized (reappearance of C=0 related groum) ¢hat water is strongly adsorbed on their
surface, surprisingly as much as for carboxylatedwish arereally hydrophilic. This finding
well emphasies the high reactivity of hydrogenated NDs towards water moleétlgaks
related to the formation of @ groups (alcohol for instance) are also emphasized on NDs
dried from the supernatant, which has already been signalledthi& literature for
hydrogenated NO¥s Note that longterm FTIR study of the different surface chemistries in
suspension did not exhibit any major modification, which could have help on the
understanding of the loss @blloidalstability.
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3.7 Discussion about the colloidal properties of nanodiamonds
according to their surface chemistries

In this work, we compared a large panel of surface chemistries (oxidation, hydrogenation,
surface graphitisgon), oftenreportedin the literature, but performed on the same source of
NDs and characterized using the same methods. Furthermore, all these NDs were put in
suspension using the same protocol and aredyby DLS with the same optimized procedure
(Part3). This offers a unique opportunity to really compare the behavior of these different
modified NDs. The idea here is not to discuss in detail the origin of the zeta potential for each
type of surface chemistries, there are several studies in the liteeateporting different
mechanisms. Our aim is to focus on their stability and how this parameter is affected. Indeed,
in the literature, this parameter is almost never investigated, while it governs the use of the
anionic or cationic NDs for further apmioons.

3.7.1Air annealed nanodiamonds

First of allLamong all surface terminationgan airoxidised NDs appear as the most stable
colloidal suspension in water. This was expected according to the stability of the carboxylic
groups in water which ensureregative ZF with a high absolute value (60 nater 24h) in

the range of neutral pH. Despite a significant decrease of ZP after 40 days (40 mV), the
aggregation stateneasured by DLS seems to be unaffectear(5.2)

3.7.2Hydrogenated nanodiamonds

Hydrogenated NDs produced by two different methods (plasmatla@dnal annealing) were
alsoused in this PID. work. Colloidal suspensions prepared just afigdrogenation exhibit
similar properties with a positive Z85 mV and 64 mV, respectively) and a comparable
aggregation statéParts 4.2 and 4.3). The FTIR study of NDs from supernatant (Part 6) well
supports a slight surface oxidation mechanism occurring during the preparation of colloidal
suspensions in watemdeed, according to FTIR spectra, carbonyl peaks (C=0) at 1720

cntt, which were efficiently removed after hydrogenation were again detected after water
dispersion. Surface oxidation may also take place spontaneously due to air exposure of H
NDg%85 According to the comparative FTIR investigation, this behavior is specific to NDs
which remain in suspension after centrifugation. These C=0 groups may favour the
hydrophilicity of ND®¥ while they keep a positive ZP

After 24 h, a significant decrease of ZP (20 glasmaand 30 % thermal) was observed

whatever the hydrogenation method (Part $.1A slight aggmerationis noticed forplasma

ZC E}P v § E X > §[e ]Je pee }us §Z }E]P]V }( $Z]e %Z v}iu v
either linked to modifications of the surface chemistry of NDs but also to an evolution of the
interface between NDs and water. In the first case, spontaneaitgation cannot be excluded

as shown by FTIR characterization of watespended NDs. Oxygeelated FTIR features
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seen on watessuspended NDs appears to be always present, whatever the age of the
suspension. In addition to hydrogenated diamond surfag®all graphitic reconstructions
which could be present on the NDs are known to be very sensitive to oxid#iéh The

TEM investigations carried out on hydrogenated NDs from both methods reveal si€h sp
structures (Chapter 2, sectior).8Concerning the evolution of the NDwater interface, it has
already been reported that the stabilization of hydrogenated NDs in water can involve
adsorbates and/or water molecules-mrganisatiod®°. This may also explain the decrease of
the ZP. Another option can reside in the presence of small particles, initially present in the
suspension as a small size fraction, \Wwhstart to surround bigger HE [+ rBdates This
would also explain slightly higher mean hydrodynamic diameter observed after 24 h. Presence
of such ultrasmall onionlike carbon (OLC), with diameter around 3 nm, has been also
evidenced by the TEM stud{Chapter 2) and other experiments described in the
literature®7:68,

After 50 days, ahigh degree ofagdomeration of HNDs is observed whatever the
hydrogenation method (Part 5.2). However, this behavior is slower for hydrogen annealed
NDs compared to plasma hydrogenated NDs. Bubbles have been observed on top ofmany H
NDs samples which aggerateover time. Moreover, we observed that the effect increases
when the sample is manually shacked or extensively exposed to ambient conditions during
the experimental manipulation. Characterization of the gas has not been possible during this
PhD. work but could be presumably-0CO or CQor B, In the literature, it has been shown

that oxygen is required to stabilize theNDs2. Previous work of the team also revealed that
stabilization of FNDs in water is not efficient in degassed wated decomes possible when
oxygen is ralissolved in watef. Moreover, when the sample is degassed by bubbling with
an inert gas (nitrogen or argon), NDs immediatelylaggrate As a consequence, we can
expect that a modification of the gas content may result in a destabilization of the colloid. The
colloidal properties of FNDs can be only partially restored after repeated sonication and
centrifugation steps leading to a lower hydrodynamic diameter but Zfnhat be fully
recovered

In the literature, the formation and the stability of oxygen nanobubbles induced by
hydrophobic surface (inorganic clay surfaces modified with hexamethyldisilazane) has been
reported by G. Pan and emorkers®. Authors have shown that the oxygen content of
hydrophilic paticles suspension is lower compared to the control sample whereas the
hydrophobic suspension with higher oxygen content promotes the formation and the
stabilization of a nanophase gas. Applying the same model of hydrophotNO$H and
hydrophilic (OXNDs)surface properties, as suggested in 2016 by S. Stehlik*&tvaé can
suggest that anobubbles are created and stabilized byNBs. Until now, the origin of gas
desorption is unexplored and requires further investigation

The ageing of colloidal suspensions eNBEls was also investigated for two concentrations
(0.2 and 2 mg.ml). The dre of ZP occurs earlier and is larger feNBs suspended at lower
concentration (Part 5.2). At the same time, a flocculation Bk is measured by DLS. The
same trend is observed for both hydrogenation techniques. According to the data, colloidal
stabilty of NDs is a combination of several factors: the concentration, the,tand the

112



Chapter 3 Colloidal properties of nanodiamonds

surface charge associated with the specific surface chemistry. In the literature, less attention

is paid to the concentration of NDs. However, it is welbwn that a low nmber of solvent

suspended particles may reduce its colloidal stability unless the stability is maintained by
Z VP Jv epue% V8I&v[e %o,

3.7.3Vacuum annealed nanodiamonds

Lastly, the colloidal behavior of NDs annealed under vacuum at different temperatures and
different durations (750 °C and 850; °Ch and 2 h) was investigated. Suspensions prepared
after vacuum annealing exhibit very similar properties with a positive ZP included between
46 and 50 mV and a weighted mean size of 8 nm (Part 4.4). The origin of this positive ZP
was previouslytsidied by Gibson and al. and was attributed to pyrdike structures present

on the sp/sp®NDs surfac®. Our team also reported a few years ago on this positive ZP of
vacuum annealed NDs being attributeddoaphene patches present on the surface of NDs
treated for 1 h at 750 “€*L.. Recently the same origin has been also reported by L. Gines et
al. on hydrogenated HPHT NEsefmalannealing method) with $pC on the surfack.

After 24 h, all vacuum annealed NDs start tolaggerate (Part 5.1). Among the different
batches, the one annealed at 750 °C for 1 h exhibits the better colloidal stability. Contrary to
H-NDs, no drop of ZP wamneasured. The early stages of graphitization performed at mild
annealing conditions (1 h, 750 “€lead to colloidal properties comparable to oxidised or
hydrogenated NDs, farltra-fresh and 24 h aged states. This is tha case for NDs annealed
under vacuum at higher temperature which are expected to be more graphitized for which
the stability seems to be rapidly lost

The colloidal stability of vacuum annealed NDs was then monitored up to 90 days (Part 5.2).
In line wth the trend observed afteR4h, ahigh degree ofagdomeration and flocculation
occurs for these NDs except for mild annealing conditions, @56 °C). The later NDs still
exhibit good colloidal properties with a positive ZP of 88 mV.

A first obseration of these results reveals that finally only the stability over time of the
suspension is affected by the different levels of annealing, while the colloidal properties of
the ultra-fresh samplesfor the different treatments look very similar. The latgoservation
would have let to think that whatever the annealing conditions, we finally sort one kind of
modified NDs among the other after the sonicatibeentrifugation steps, presumably the
less modified, and keep them in suspension. However, therdiffecolloidal behaviors over

the time do not support this hypothesis, and show that tleioussuspensions really differ.

An increasing ratio of the &fsp® carbon is of course expected while increasing the annealing
conditions (but maximum vacuum annealing temperature was set to be below 900 °C in order
to induce only surface graphitizatidd) If we consider that this ratiosipreserved in the
particles in suspension, we may conclude from all our observations that the presence of more
graphite on NDs only plays on the stability over time. It does not affect the phenomenon at
the origin of the ZP, which allows to obtain goodlaidal properties on all ultrdresh
suspensions. Note thaven after agpmeration, ZPis not really affected, which means that
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the phenomenon at the origin of the positive ZP seems to remain in a certain extent (the
validity of high ZP for flocculatireggregates remains questionable). A modification of the
surface chemistry (spontaneous oxidation) or an evolution of the interface (oxygen
adsorbates) over the time can be proposed, but it would have most likely affect as well the
ZP.An increase of the fdrophobicity! due to a larger presence of % phases can be
suggested to explain this effg but it would have alsbeenaffected the colloidal properties

of ultra-fresh samples. One possible explanation would reside in the presence of these ultra
small graphitized particles in the sample (seen by TEM orsnepended particles), with a
proportion following the annealing level, which could progressively surround biggef ND
agglomerates as proposed for plasma hydrogenated NDs. TEM characterization of the
agglomerates formed in aged suspension would be useful to check this hypothesis

3.7.4General écussion on the colloidal behavior of cationic nanodiamonds

If we exclude the oxidized NDs, for which the origin of the charge and the stability is rather
well understood, all our suspensions exhibit almost the same properties, with a hydrodynamic
diamete ranging from 35 to 46 nm (weighted mean number values), a comparable
polydispersityvalues(if we take into account the distribution given by the weighted mean
intensity), and ZP ranging from 47 to +64 mV. All these suspensions were prepared with
NDsfrom the same source, with the same protocol of preparation, and only the surface
treatment differs. We can also notice that all these surface treatments include high
temperature exposure in inert or reductive atmosphere, with temperature ranging from 550

°C for hydrogen annealingp to 850 °C for vacuum annealing. We can estimate the
temperature during thehydrogen plasmatreatment to be around 800 °C (given by a
measurement with an optical fibre inserted in the quartz tube during a treatment). At these
temperatures, a partial desorption of the oxygen happens (see FTIR of vacuum annealed NDs),
which is amplified during the plasma by theepence of H radicals, and during the hydrogen
annealing by some catalytic reaction at the surfdcBangling bonds are thus created, which

can be eiher saturated by a hetero atom if available (hydrogen for instance) or reconstructed
Al3Z v IPZ }JuE[s €& }v AZ] Z % E}u}s »« 3Z (}EuU 3]}v }( o} o P«

Concerning the saturation of the surface with hydrogen, parallel work conductedein
laboratory by Emilie Nehlig in collaboration with the tritium labelling laboratory from the CEA
has shown that in our conditions of annealing or plasma, we can put 10 times more tritium at
the surface (as well as in the core) of the tritium anneald&ksNhat on the tritium plasma
treated NDs. If we consider that the same ratio is preserved with hydrogen, then we can
conclude that the hydrogen coverage at the surface does not affect directly the value of the
ZP. Maybe because of a saturation of the ZRe. However, if we look at the stability over
the time, this difference may explaihe quicker aglpmerationof plasma hydrogenated NDs.

It would support the idea of a weaker stabilization of oxygen adsorbates at their surface at
the origin of the ZP.

Another general observation concerns the behavior of vacuum annealed NDs compared to
the hydrogenated ones. We have seen that NDs annealed with the harshest conditions quickly
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lose theircolloidalstability and formagdomerates One hypothesis would be the presence of
ultra-smallOLQpatrticles strongly graphitized forming dgmerates Our TEM investigations
suggest their presence for the lowest annealing temperature. At the same time, we have seen
that hydrogenationby plasma also brings weaker stability over time. This treatment is
performed with harsher conditions than hydrogen annealing, the temperature being higher
and some of the NDs directly exposed to high energy species of the plasma. A similar effect
of graphitized ultrasmall particles forming a¢mmerates can, therefore, be reasonably
expected in plasma{NDs to explain their stability. In that sense, hydrogen annealed and
vacuum annealed (1 h, 750 °C) particles would be more similar.
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Chapter 4 Irradiation of nanodiamonds

4.1 Introduction

The radiosensitizing effect of-NDs, previously demonstratenh vitro, is linked to two
important physical phenomena: interaction of NDs with water and with ionizing radiation. As
a consequence, the enhancement in reactose/gen species (ROS) production observed in
bio-media, is also associated with the water radiolysi€hanism. Knowledge about colloidal
properties and stability of NDs, presented in Chapter 3, was required to study interaction and
behavior of detonation NDs under irradiationvirater.

In the following chapteran experimental protocol for detection of R@8der illumination of
water-dispersed NDs is presented and discussed. In particular, coumarin (Cou) wiadhgl

was initially developed for gold nanoparticles (GNPs), has been adapted and used for NDs
based orin situexperiments. Among many types of R@®&duced, hydroxyl radical (Hand
solvated electron (g) have been chosen due to their high production yield and their
importance in chemical damage to cells.

Surfacemodified NDs dispersed utra-pure A § E A & /£ % }*-Ray3, Z¥AZ ~v
MeV) and low (3Rays, E = 17.5 keV) energies which also corresponds to the radiotherapeutic
range. Detection and quantification of HiOeaq production in the presence of NDs have been
performed with respect to different surface chemistries (oxidized, hydrogenated, surface
graphitized).

Interaction and behavior of surfagaodified NDs with ionizing radiation according to the
dose and energy ar presented and discussed with respect to the literature. The
concentrationdependent effect of HY eaqoverproduction observed for specific source and
surface modification of NIs shown for the first time.

Finally, the main focus of this chapter esdlarify the chemical origin of the radiosensitizing
effect by taking into account the specific surface chemistry and colloidal properties of
detonation NDg suspensions. The link between results obtained for ca#based ND
particles and metallic GNPsnmde.

4.2 Bibliography review

The behavior of detonation NDs under illumination in aqueous media remains rather
unexplored, except for UV wavelengtis To study such a phenomena, the mechanism of
water radiolysi as well as the interaction of NDs with water molecules and irradidtion
needs to be understood. Utp-date only few studiedhave dealtwith the radiosensitizing
effect of HND$#®, however, other types of radiosensitizing nanopatrticles (NPs) have already
been explored. In the following partthe essential knovddge abouthe interaction of light

with water, matter represented by detonation NDs, as well as the curseaie-of art of the
radiotherapy with active NPs is presented
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4.2.1Water radiolysis

Interaction of ionizing radiation with water molecules resultsit® decomposition and
production of highlyreactive oxygen specieRQ$. Upto-date the mechanism behind the
ROS production and the framework in which the water radiolysis occurs is well understood
due to extensive studies in the p&8t

Irradiationrinduced water decomposition lead to generation of various spedech as:
solvated electron (), hydroxyl radical (H®) superoxide ©.), atomic hydrogen (M
hydroxyl ion (OH, hydrogen peroxide @), dioxide (HO), dihydrogen (k), and negligible
HQ *radicaP.

The water radiolysis is nothing but a trémsof energy which takes plaaender different
types of ionizing radiation (e.g-®& CU rU tU v ve A]SZtheordérof 106 t10 ]v
1553 The direct detection of ROS is limited by their high instability, short lifetimaeaqge)
and the speed otheir interaction/ recombinatiors.

The actual concentration of ROS produced after water illumination is defined by their
radiolytic yield G-value number of species produced per 100 eV) asnation of the energy

and pH given imumol.J%. Referring back to the energy transfer, the ROS are highly reactive
and can further ionize the matter causing damage to biological systems (e.g. humaf.cells)

Apart from the devastating effect, radiolysis can be widely used on a daily basis in e.g.
radiosterilizatiort!, sewage treatmenif or even food conservatidA However, the main
utilization of water radiolysis mechanism has been in radiotherapy to treat various types of
cancer cellsh15,

Following that, the main impact and the highest radiolytic yield is assigned t@eid@nd H
which are considered to be responsible for major radiafiotuced damage to biological
systens. Due tothe high importanceof these radicalsmany studieshavebeen devoted to
their detection and quantificatioff:118,

4.2.2Fluorescence probes for H@etection

In the literature related to radiotherapy treatment, it is reported that 500 % of biological
damage tothe cell is caused by H@nder Xrays'®1°, The importance of HOhas been also
experimentally demonstrated by Hall in 20800 usedspecific scavengers for individual ROS
species. The results obtained clearly indicated that ké@icalis mostlyresponsible fothe
radiation impairment®.

Based on these findings in radiochemysttomain, the importance of H®@esulted in many
models trying to accurately detect and quantify the Hi@duction in aqueous media The
direct detection is, however, limited by the experimental condit@ntheir short lifetime and
high reactivity toward recombination with other specié¥’. Thus mostly indirect methods
basedon fluorescence detectiohavebeen used for this purpogé
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Chapter 4 Irradiation of nanodiamonds

The HQO stabilization problem has been overcome by designingaitedspin trapsto trap

the radicalsby forming more stableand detectable specie8. A demically synthesized
molecule (1,1,3rimethylisoindoleN-oxide - TIMO) las been used to detect various ROS
species (primary and secondary) which after interaction with TIMO could be characterized by
Electron Paramagnetic Resonance (EPR). Similar appsoaith entrapping HOmolecules
havealso been proposed byany otheg?®2728, However, the main drawback tife trapping
method comes fromlack of selectivity toward HOesulting in noreffective and limited
precision in global quantificatich

The most popular methods to detect and quantify FiPe based on hydroxylation of aromatic
rings and fluorescence measuremefits$. Attachment ofHOfinto aromatic ring of molecules
(e.g. benzene, coumarin, phenoxazine) acting like a specific assayngsuthe formation

of OHrelated products whichhibit fluorescence propertiéd Following the same trend, in
2005 A. Gomes et al. publlisd a largescale review with fluorescence probes used for
detection of various RGS Theauthors listed sodium tegghthalae as another type of
hydroxylationbased probe forHO! detection forming fluorescent sodium -f2ydroxy
terephthalate molecul&. However, the method was only effective in the optimum pH range
(6.80 t 7.90) as shown initially by Tai C. et al. in 2808nother examplalso included the
non-fluorescent 1,3cyclohexanedione (CHD) which can be converted via mukiple intoa
fluorescent compound in DMSO. In this cabe, hydroxylated compound has to be heated
up to 95 °C which may caua@roblemwith data interpretatior??.

The main drawback of using aromatic molecules has been associated with their low solubility
(for instance phenoxazine is insoluble) in water and high igffitoward spontaneous
oxidation by other species than H® Nevertheless, this method has been the most
reproducible and highly selectiveward HO so far.

Apart from many aromatic rings considered as rather unsuitable for detection éhi@ter,
coumarin appeasto be the most promising one. Relatively good solubility (0.12@0 ml)
in water and hydroxylation of Coting produces fluorescent compounds (e.g.-7
hydroxycoumarin) with high fluorescence yield.

In 2008, the same Cou method has been shown thigklyeffective for HOdetection in the
presence of Ti@particles®. The most recent Cou modevas developed in 2014 for
examination of H® production enhancement induced by gold NPs (GNP#)jtensive
development of radiosensitizing NPs resulted in many research studies allowing to quantify
the effect based on wateradiolysis mechanism. The study conducted by C. SRaselli et

al. examined hydroxylation mechanissthCou toward detection of-hydroxycoumarin (-OH

Cou) which exhibits the strongest fluorescence propertieBhe detection efficay was
examined for various dosand concentratios of GNPs via fluorometer
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Figure 4.1t A schematic diagram of the pathways to form and determine the yield of the
hydroxyl radicaHO(in an irradiatedsolutioncontairing gold nanoparticle&’.

Finally, the same Cou model paged by C. Sicafdoselli has been chosen for the
experiments with detonation NDs based on its simplicity and high detection specificity toward
HO!,

4.2.3Emission of electrons from detonation nanodiamond particles

Highenergy irradiation (keV, MeV) of detonation NDs has been poorly explored. In contrast
to the high-Z type of NPs, electron emission from NDs in water is a surface effect associated
with active functionalities (see Chapter 1) and electronic propertfab® diamond material

(e.g. SC and NEA)Development of the surface treatmentiedicatedto functionalization

of detonation ND¥, allowed to expand the studies toward emission of electrons and
radiosensitizing effect of nemetallic ND8. The proof of concept started when T. Petit et al.
demonstrated accumulation of electrons near the nanodiamohdvater interface®®
suggesting potential electron emission fromtétminated NDs (HNDs). At the same time, the
same idea waalsovalidated by Bolker and eaorkers who probed NEA @dolatedplasma
hydrogenated detonation NDs by STS and KFM techniguése authors demonstrated that
appropriately long hydrogen treatment (20 min) may give similar NEA property of detonation
ND, ador planar diamond structure Moreover, the NEA property seemed to be siaad
surfacedependentleadingto even lower band bending for smaller NDs. At the same time,
the authors showed a dependency of the NEA to the length of the treatment, which we can
connect to the hydrogenation level of the surface. The results of electron affinity versus ND
sizeare presented below
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Figure 42 t Electron affinity as a function of the ND size. Values for sample 1 (2 min in H
plasma) are marked with black squares, and those for sample 2 (20 mhplasida) are
marked with bluediamonds’.

The most recent studies published by L. Zhang and R. Hamers in 2017, revealed electron
emission ability of natral Hdiamond NPs with highuality crystallographic structure
(median diameterof 125 nm) under UV illuminatidn Moreover, the comparison with
smaller, nordefect free detonation NDs, annkea under hydrogen flow according to the
procedure presented elsewhere, has been repoffedThe authors measuredhe
photochemical reduction of G@o CO in aqueous solution using\Ds as an electron donor
proving the concept of using ND particles instea@d pfanar diamond. More importantly, the
same experimental conditions resulted in unsuccessful outcome in terms of detonation NDs
(median diameter of 6 nmBeveral reasorfsr the lack of detonation HND activity under UV
have been highlighted, including significant level of structural defects and fast surface
oxidation masking any possible effect

Figure 43 t Energy band diagm of Hterminated diamond and some other semiconductors,
together with related redox reactions ifterese.
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Up-to-date the interaction of higlenergy radiation (Xay, gamma) with detonatio NDs
remains unexplored. Thexplanation arrives fronelassical physics of irradiatiavhich says
that the absorption of the light in carbon is lower than in metallic N&sd hencethe NDs
are considered to be less effectimsphotoemittersin the therapeutic range of energies.

4.2.4Radiosensitization with nanopatrticles

The main problem of radiotherapy treatment is radioresistance and variety of cancer cells
which requires aggressive therapy with high dose of irradiatio??. Reduction of the
therapeutic dose can be achieved via a radiosensitizing agent (e.g. NPs) which enhances the
effect of radiation’. Thisconcept has been known for several decadesmdhasmostlybeen

based on utilization of metdlased patrticles (e.g. silver, gdit)

Nevertheless, the radiosensitizing NRBust meet specific requirements including
bio-compatibility (no cyteand gentoxicity) and small size. In terms of design, specific shape,
type of coating, mechanism of action, dettalization and energy activation also need to meet
the medical expectatiori$®. The radiosentizing NPs can be divided into 3 main groups based
on their atomic number and design

X Metal-based NPs (e.g. Goldwu, Silver Ag, Platinumt Pt, Gadoliniumt Gd**
x Nonmetallic NPs (e.g. GermaniubhGe, Bismutt Biy>43

The effect of NPg dose enhancement is estimated by the SER (sensitization enhancement
ration) factor, which is dose, concentratioand energy dependeft. In 2010 Chitrani
reported that under Xay irradiation (200 keV) gold nanoparticles (AuNPs) with a $i26 o

nm, 14 nmand 70 nm the SER effect was 1.43, 1.20 and 1.25, respetdidtyre recently,

the 32 nm AuNPs has been reported to gBEER equal to more thai®2

Among verity NPs, the main candidates for radiotherapy enhancement are silvd7(jZzand

gold (Z=79). In the literaturemany experiments can be found related to thiirvitrg*s,46,

and in vivd"*8 effect. In particular, AUNPs have been used for radiotherapy enhancement
since 200#°. Pioneeringn vivoexperiments in mice conducted by Hainfeld andvearkers
showed that AUNPs in combination withra§ (E = 250 keV) increased the survival ratenfr

0 % and 20 % up to 80 % with respect to gold and irradiation alone, respectively. In addition
to that, the AuUNPs were netoxic whereas the therapeutic effect increased along with the
concentration. The results of Hainfeld opened perspectives in theckeaf effective
radiosensitizers

In terms of silver nanoparticles (AgNRBg study of Xu et al. showed the sieffect of 20, 50
and 100 nm particles on various cell lines (e.g. rat C6 glioma cells, humajab@=HG14).
Accordingto the results, tre radiation (Xray) efficiency was inversetglatedto the size of
GNPs with the highest effect as follows:

20 nm > 50 nm > 100 nm
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Another complementary experiment performed vivoon ratsby Liu et al. (2013) showed
that AgNPs induce apoptosis and aates the oxidative stress inside céllsThe experiments
were performedunder high-energy irradiation (Xay, 6 MeV) with a dose of 10 Gy and a
conentration of 10 and 2Qug.mitinjected intercellulaly. Moreover, the authors sygested
that the AgNPs produce Amsidethe cell which may catch releasedand thus function as
an oxidative agent for ROS productio

In the literature many studieshave been conducted towardhe radiosensitizing effect of
AuNP#&° with several the theoreticastudies revealing the enhancement effect is dose and
energy dependent. However, the expected outcome is less promising than initially expected
due to lack of standardization and selectivity of AUNPs leading to massive quantities required
to observe an efict. A hgher degree of complexity with respect to synthesis and
experimental protocdt started to be observed resulting in contractionary resiltés a
consequence, the research moved toward targeting and functionalization of AuNP& with
coating (e.g. PEG) to expand other possible bioapplic&fiehs

The photoemission effect from NPs depermtsthe energy used to activate the emission. In
other words, the incoming radiation transfer energy iném electron which can be ejected
from its orbital with an energy equal to the initial one reduced by the binding energy.

The emission ofhe electronfrom the highZ materials is associated with several incidents
known from the basic physics namely: fluorescence scattering, Compton scattering, Auger
electron, pair production (positron + electrgr@nd Rayleigh scattering. The most important
one in termsof cancer therapy includes Compton effect, photoelectric effacid Auger
emissior (Figure 44).

Figure 44 t Interactionof Xray with highZ material nanoparticlés

In terms of NPs, the main effect of irradiation takes placéhennterface between water and
solid material® and the recent studies have confirmed that organization of water molecules
around NPs varies depending on the surface terminations and external envirotfment

Up-to-date, the Au and Ag NPs did not reach the clinical step for radiosensitization. Only
hafnium dioxide (Hfe) NPs have been tested in human with advanced tissue sarcoma in 2016.
Clinical activity toward tumor reduction was observed with a mean value of 40 %ifOhes
already a commercial product (called NBTX) of Nanobiotix company
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4.3 Establishment of the irradiation protocol

The ionizing radiation causes substantial damage to living organisms via direct and indirect
interaction. Apart from the direct effects of irradiation, the indirect damage is caused by the
production of highlyreactivebut unstable oxygen species (e.g. peroxitdd,? , superoxide

- By, hydroxyl radicat HOf, and singlet oxygen 1O, hydrogen peroxidet H.O,) via water
radiolysis mechanism. The main damage to biological systems (e.g. Dal/Sgeid by HOand
because of its importance, several methods have been developed to detect and quantify the
HO#radicals. The main limitation of its direct detection comes from the relatively short
lifetime (hanosecond rangeé® and the lack of stability of Hth cellular conditions whereas

the indirect method requires a highly selective and sensitive probe

One characteristic feature of H@adicals is the chemical hydroxylation of aromatic rings. (e.
coumarin- Cou, benzene, or a phenoxazinotie At least one of the hydroxylated products
possesses fluorescence properties which can be easily measured vanféter. Particularly
interesting is the reaction of H@adicals with Cou which is highly selective allowing for its
ease detection and quantification viaGH Cou

Basic information about coumarin and one of its hydroxylated forms, thgdfoxycoumarin
(7-OH Cou), including the structyrand the optical properties (absorption and emission
spectra) are presented and disssed in this part. The solution preparation, handliagd
irradiation protocol will be also detailed here.

4.3.1Properties of coumarin

Cou is an organic compound naturally occurred in plants which can be chemically synthesized
in the laboratory conditions. In the present experiments, the commercially produced Cou
analog was purchased from Sigilrich in a form of colorlesshite crystal powder with a
vanillalike odor. The structure of Cou made obaratic rings is presenteloelow.

Figure 45 t The Coumarin structur®umbers indicate nomenclature of benzene atoms.

The Cou solution (targeted concentration of 2.5 X h@ol.L'Y) was prepared by addition of

ultra-pure water followed by a constant mixing over 8 h (1000 rpmpain temperature. A

mixing step is required due to the poor water solubility of Cou {marn solubility of 0.17

0.100 mi!). The concentration of the gweparedmother Cou solution was then measured

via the absorbance method, assuming that concentrati@ndirectly proportional to its
«}JE v } C]JvP §Z E[+ o AW

#>OKN>JYA . H%
Equation 4.1
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Where Yis the Cou molar absorptivity constant (or molar extinction coefficient) and is equal
to 11600 L mot.cnt?, . is the path lengthof the cell holder (1 cm) anés the concentration
given in mol.Lt. The maximum value of the absorbaneg ¢ 3 taken at 277 nm was measured
and corrected with the baseline (absorbance at 400 n#g 4 4 3). An example of the Cou
absorbance speatim for one of the solutions taken by\-Visible Spectrophotometeband:
Thermo Electron Corporation, model: evolution 50@jth the calculation of Cou
concentration is presented below (Figur&y.

Figure 46 t Coumarin (2.4 mM) absorbance spectrum taken at room temperature. The
u Alupu <} E ma) was measured at 277 nm with the background baseline taken at
400 nm.

By re EE vP]vP §Z E[* o A v ]Jvop JVvP EKZ4 ) heoCou JEE
conentration calculation is as follows:

HsagaF # > rd Eréart
ade™ 7ga4a o TAYY HsrrLta Gral/

%L
0 Y. ssxrr Hs

Equation 4.2

The Cou solutions were usually stored in the fridge and taken out prior the experiments.

4.3.2Properties of Fhydroxycoumarin

Thehydroxylation of Cou results the formation of isomers such &OH, 40H, 50H, 60H
7-OH and 80H Cou which are the direct indicators of the oxidation reaction. Particularly
interesting is the7-hydroxycoumarin(7-OH Cou also called an umbelliferom)en though,

the major product of Cou hydroxylation isC3H Cou. Only the-@H Cou is responsible for
fluorescence properties in the visible region (maximum emission around 452 whgreas
emission from other derivates can be neglected due to small radiation chemical yield
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Moreover, the good selectivity of Cou towakD! radicals allowsor detectionof 30 x 1&
mol.L:* of HOtwith a relatively low concentration of Cou (3énol.L:1) 6031,

Figure 47 t The 7hydroxycoumarin structure. The violet shade indicates fluorescence
emission around 452 nm which corresponds to violet / blue.colo

4.3.2.1U\ Visible absorbance

Similarly to Cou, the synthetic@H Cou powder was purchased frorSigmaAldrich and
stored at room temperature. A solution of@H Cou (targeted concentration ofx110°2 M)

was prepared by mixing the powdeith ultra-pure water over the night (magnetic mixer,
1000 rpm). Compared to CowQH Cou has a lower solubil{tmaximum solubility of 0.3.

1) at room temperature whereas it is highly reactive with light which requires the solution to
be wrapped in an aluminum foil to limit the light exposure. The final concentration@ifl 7
Cou was determined via absorbance ma&@snent (Equation 4.2) fothe 7-OH Cou molar
absorptivity constant §f equal to15000 Lmolt.cmt. The absorbance spectrum (Figur8)4.
was recorded between 260 and 400 nm using\&ible Spectrophotometebfand: Thermo
Electron Corporation, modegvolution 500).

Figure 4.8t Absorbance spectrum of@H Cou (1.2 mM) with a maximuwh ,max= 323 nm.
The 7OH Cou peak intensity requires a background correction via subtraction of absorbance
value measured at 400 nm.
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4.3.2.2Fluorescence emission

The excitatbn of the 7OH Cou molecule at a wavelength of 326 nm results in strong
fluorescence emission with a maximum around52 nm (Figure 8). The fluorescence
reading was performed with a SpectraMax microplate reatlear{d: Molecular Device) at 25

°C and theemission spectrum was recorded between 40600 nm.

Figure 49 t Fluorescence emission spectrum @M Cou (100 nM) with a local maximoin
;max= 452 nm for an excitation wavelength of 326 nm.

In the following experimentghe 7-OH Cou is produced after irradiation of Cou molecules in
the presence or absence (water radiolysis mechanism) of NDs. The syntkdtdcCou is only
used to prepare calibration curve allowing to transform the fluorescence intensity signal into
a 7-OH Couwoncentration allowing to quantify the production EfO{radicals after irradiation.

4.3.2.3Stability of thydroxycoumarin fluorescence

The irradiation protocol is based on the measurement-@H Cou fluorescence signal hence
its reproducibility is crucial to avoid any misleading results. The stability and the
reproducibility of the 7OH Cou signaleretested for seven different samplgsepared using

the same mother solution(Figure 4.1Q) The spectral acquisition was done at room
temperature between 400 nm and 600 nm. The maximum value of the intensity was detected
at 452 nm and plotted including the standard deviation between the mesameants.

According to the results, the-@H Cou possesses very stable fluorescence properties with
only one sample (number 4) exhibiting lower signal, probably due to dilution error. Most
importantly, the dilution of 7OH Cou solution does not introduce yasignificant error
whereas the standard deviation between the measurements is within the range of £ 4 %.
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Figure 4.10t Stability of the 7OH Cou signal measured for seven samples prepared at the
concentration of 100 nM (top curve). The maximum fluaese values (bottom curve) were
plotted and linearly fitted (solid red line) including the uncertainty (dashed red line).

4.3.3Fluorescence properties of nanodiamonds alone

NDs are known to exhibit some embedded fluorescence propétiesming from known
colored centersuch asNitrogenVacancy based centétsor from defective sites present in
the detonation ND%. Even if thislfiorescence remains rather we&kit may interfere with

the reading of the fOH Cou signal. This requitesting opticajproperties of surfacenodified

NDs alone under conditions normally used to etgtthe Cou counterpart. A®ceived, air
annealed (1 h 30 min, 55), plasma hydrogenated (250 W, 12 mbar, 20 min) and vacuum
annealed (1 h, 750 °C) detonation NDs (§0nf*) from PlasmaChem company were excited
at the wavelength of 326 nm (the samas for ZOH Cou) and emission spectra were recorded
between 400 and 600 nm
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Figure 411 tEmission spectra of PlasmaChenrereived (black), air annealed (blue), plasma
hydrogenated (red)and vacuum annealed (green) measured at Nidscentration of 10
ug.mtt for an excitation wavelength of 326 nm.

Detonation NDswhen excited with the same wavelength asOH Cou (326 nmyo not
exhibit fluorescence propertie@-igure 4.11yith no emission at 452 nmonly background
vile ] } « EA ~ G tyi cOmparédue J[FOH Cou fluorescence signal). The small
activity seen below450 nm comes from the poor filtration of the excitation wavelendthe
fluorescence signal of-NDs at 452 nm compared to pureQH Cou signal is within the
background noise, ansb will not affect our measurements.

4.3.4Colloidal stability of nanodiamonds in coumarirhy@droxycoumarin

In Chapter 3, the colloidal stability of NDs has been discussed in water suspension as an
important asset to perform irradiation experiments. Howewe presence of Cou andGH

Cou molecules may also affect the colloidal stability of NDs deerteepotential adsorption

on the surface of NDs.

Colloidal properties of plasmaMNDs (10Qug.mf?) in the presence of Cou alone an€dDH Cou
in Cou were meased via DLS.
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Figure 412 t Colloidal properties of plasmaMDs alone (reference), in the presence of Cou
and #OH Cou in Cou water solution. DLS measurements were performed ongregaed
H-NDs suspension.

At the first glance, the hydrodynamic digter is not affected by the presence ofOH Cou /
Cou molecules with the mean measured size of NDs ar@®dm (Figure 4.12) No
agglomeratiorof NDsis observed immediately after Cov-OH Cou addition.

4.3.5Fluorescence properties oftiydroxycoumarin ithe presence of
nanodiamonds

In the literature, fluorescence properties ofGH Cou hae been reported to be disturbed by

the presence ofNPs notably metallic ones (e.g. GN®4§. Thiseffect is known as a

Zcy v Z]JvP[ v o ¢ §} (op}E dittlerto nq tijoresEéhere signaln the

presence of a quencher mated@$®>. dZ o A o }( $Z (op}E « v Z<«p v Z]VvP]
associated with many factors. Specifically, with the primary size / concentration &f Witk

the distance between NPs and dye molecfldmit also with possible adsorption of the
fluorescence probe at the surface of the RKP8%°, Here will be evaluated the quenching

effect occurs when mixing NDs withkOH Cou

4.3.5.1Quenching effect

Plasma FNDs and air OKDs were mixed with synthetic@H Cou (100 nM) in the presence
of 0.5 mM Cou in water. Solutions®Z v Jv G <]JvP E [+ }v VSE SV ~u% $§}
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were prepared to mimic the samplepe$tEE ] $]}v v Z | AZ 8Z G §Z Z«u v Z
of 7-OH Cou dye signal takes place. THeH Cou emission spectra were recorded between

380 t 600 nm. The mamum fluorescence intensity at 452 nm was measured and plotted
according to the concentration of NDs.

Figure 413 t Evolution of the fluorescence intensitggximumat 452 nm) of 70H Cou (100
nM) in Cou (0.5 mM) observed versus the concentration of plashiasHred) and air @Ds
(blue).The gaph represents an average of four samples with data points fitted linearly (dotted
lines).

The experimental data show adiar decrease of the-DH Cou fluorescence intensity in the
presence of an increasing number of NDsitu The maximum concentration of plasma H

NDs results in the reduction of the fluorescence signat®y % whereas for GXDs it is

lowered by~10 %. Sch a decrease proves directly that the presence of NDs disturbs-the 7

K, }u ¢JPv oX o]Ju]v §]}v }( $Z Z<p v Z]JvP[ u Z v]eu ] € «<u]E
concentration of 7OH Cou molecules produced after irradiation of surfawadified NDs in
Cousolution.

4.3.5.2Removal of thguenching effect: nanodiamondad sodium chloride

The addition of salt (KCI or NaCl) in combination with centrifugal force has been proposed in
the literature as an efficient solution overcoming the quenching probBféfn The
agdomerationof NPs is induced by the higimic strength which screens the surface charge

of the particles resulting in a complete destabilization of the colloidal suspension. In addition,
the centrifugation helps to remove particles from the experimental solution allowing to
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release the fluoresence properties of dye molecules. Although, in some cases, the use of low
concentration of KCI (1.0 x Zamol.L* in DI water) has been reported to stabilize the NDs
colloidalsuspensioft. Following these results, the minimum concentration df,s&ecessary

to destabilize the suspension, needs to be established. A progressive addition of NaCl solution
into plasma HNDs suspension was performed in parallel with DLS measurements of the
hydrodynamic diameteand Zeta Potential

Figure 4.8 t Titration of NaCl (0t 1 mol.LY) into plasma FNDs suspension (100 pgl
followed by a consecutive measurement of the hydrodynamic diameter (black) and Zeta
Potential (red).The ‘ertical green line indicates the isoelectronic point (IEP) at which ZP is
equal to 0 mV

A small addition of NaCl (< 0.1 mdi.lalready results in a rapid destabilization oNBs
colloidal suspensiofFigure 4.14)The hydrodynamic diameter increases cdold at NaCl
concentration of 0.1 mol:Lwhereas above this valuehé size of NDs is close to the DLS
detection limit hence the size value is only an estimatibhe NaCl concentration 6.4
mol.L? gives the ZP equal to 0 mV (IEP) which indicates a completenagation and
sedimentation of NDs.

In conclusion, the adtion of NaCl (concentration > 0.1 mol)linduces a rapid destabilization
and agd¢pmerationof NDs in water suspension.

4.3.5.3Removal of the quenching effecthydroxycoumarin and sodium chloride

The NacCl titration experiment (concentration up to 0.46 mbylwas also repeated for the
synthetic #OH Cou solution (100 nM). The fluorescence intensity@H/Cou was measured
at 452 nm for six representative concentrations of NaCl. Data wermalized andlotted
according to the concentration of NaCl.
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Figue 4.15 t Effect of NaCl concentration on theéOH Cou fluorescence signal. Fluorescence
intensity measured at 452 nm of six different samples was normalized with respect to the
reference sample.

The NaCl concentration below 0.5 M does not seem to mollityrdéscence properties of-7
OH CouFigure 4.15)The concentration of 0.15 M (10 %, w/v) has been chosen for the
experimental protocol.

4.3.5.4Removal of the quenching effect: sodium chloride and centrifugation

The last experiment involves a combination of Nadlition (0.15 mol.t) and centrifugation

v ]88 (( $§ }v Z<«problefm] VR types of surfacmodified NDs were tested:
plasma HNDs and air OKIDs. The NDs (concentration up to 3@mf!) were mixed with 7
OH Cou (100 nM) in the presence 05 nM Cou in water to mimic the samples post
irradiation. The fluorescence signal at 452 nm was measured before and after/ NaCl
centrifugation treatment.
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Figure 4.5 t Percentage of the fluorescence signal measured without treatment (no
treatment), after addition of sodium chloride (sal,15 mol.lY), and for a combined
treatment (salt + centrifugation) for air EDs (blue) and plasmaMDs (red).

Without any treatmat, only ca. 70 % of expected fluorescence was measured for plasma H
NDs whereas for GMDs ca. 95 % can be detecigdgure 4.16)Whenthe NaCl solution was
added followed byhe centrifugation (18 000 g, 5 min) and the supernatant separation, 95 %
and 100 % of the fluorescence was recovered for plaséi}4 and ORXDSs, respectively.

4.3.6 Summary

x In all irradiation experiments, samples will be treated by addition of salt (10 %, w/v)
and centrifugation (18 000 g, 5 min) whereas only supernatants (AQO0will be
deposited into microplates for fluorescence reading.

4.4 Measurements of H®adicals

In the following part, the production of hydroxyl radicals (Hidduced by Xays and 9rays

by the surfacemodified NDs (air annealed, plasma and thermally hydrogenated vacuum
annealed) is presented. The effects of surface chemistry, activation energy, and source of
detonation NDs are shown with respect to the H@roduction efficiency. Irradiation
experiments were performed for increasing doses and concentratidnyaoious NDs
suspensions.
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4.4.1 Air annealedhanodiamonds

First, the behavior of detonation PlasmaChem NDs after air annealing (1 h 30 mi@) %5
studied. The watesuspended NDs were exposed terays (17.5 keV, dose rate of 20
Gy.min') in the presencef Cou solution. The raw fluorescence spectra obtainedHerir
OxNDs are presented below.

Figure 4.7 t Representative data of fluorescence spectra for coumarin (dash line) and
coumarin with 30 pg.miof OxNDs (solid line). Data collected for both rioadiated (black)

and irradiated samples of two representative doses-@&ys irradiation (6.7 Gyred and 13.3

Gy tblue). The highlighted grey area indicates part of the spectrum with the higl@kiCou
fluorescence intensity, the maximum was recorded at 452Ti@.gaph on the right depicts

the 7-OHCouconcentration in nM according to the dose (Gy) for selected concentrations of
OxNDs (6, 10and 30 pg.mt#).

It is noticeable that before irradtion of air OXNDs (Figure 471- left), almost no fluorescence
signal is detected around 450 nm. After irradiation of Cou withoutNDs, a small peak can

be seen at 452 nm, which intensity depends on the dose. However, in presenceNaisBO
ug.mt), it remains nearly the same or even lower for doses of 6.7 and 13.3 Gy, respectively.

Here, a calibration curve (measurement of the fluorescence intensity of synth€id Tou

at different concentrations) was used to transform fluorescence intensitits TFOH Cou
concentration, reported on the right graph of the Figure 4.1Vithout NDs, the linear
increase of FOH Cou concentration according to the-bays dose depicts the standard
radiolysis phenomendf. In the presence of GXDs, the linear increase is preserved and stay
relatively stable with only some small fluctuations within an error bar thus no effect of
additional HO overproduction is observed (Figure %.1right).

Taking into account slopes obtained for each concentration eNDg (indicated on Figure
4.17 - right) and dividing them by the slope of coumarin only (water radiolysis), the graph
representing HOoverproduction effect vs. ND concentration can be plotted (Figurg)4.1
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Figure 4.8 t HO! overproduction as a function of ND concentration forNDs. The left ¥
axis shows normalization @production of HOin water due to water radiolysis (horizontal
dashed line). The rightakis shows the correspondingv@lues in nmol:3for HO(radicals.

For each ORIDs concentration, at least 2 independeperiments with 8 different doses
were taken into account. Without NDs, at a concentration of O g, thie value of 1 for HO
production depicts the yield of -©H Cou occurring during the water radiolysis, which
corresponds to a known value of H&gualto 200 nmol.3 in these conditions of irradiation
(horizontal dashed line)The experiments with ONDs and coumarin shows no significant
HOf overproduction over the entire range of concentrations testedt(@00 pg.mf). The
carboxylated surface of @XDs appears to be ngohotoactive under Xays rradiation.
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4.4.2Plasma hydrogenatethnodiamonds
4.4.2.1Effect ofH- NDsfrom PlasmaChemn HO production

The same experimental procedure was repeated for PlasmaChem NDs hydrogenated by
microwave plasma.

Figure4.19 t (Left)Representative data of fluorescence spectradou(dasredline) andCou
with 30 pg.mtt of HNDs (solid line). Data collected for both roadiated (black) and
irradiated samples of two representative doses-oays irradiation (6.7 Gyred and 13.3 Gy
t blue). The highlighted grey area indicates part of the spectrum with the highestGou
fluorescence intensitgndthe maximum recorded at 452 nifRight)The gaph depicts the 7
OHCouconcentration in nM according to the dose (Gy)delected concentrations ofNDs
(6, 10 and 30 pg.mt).

In contrast to air ONDs,in the presence oflasmaH-NDs (30 ug.ml?), the 7-OH Cou
fluorescence signal is exalted depending on the dose of irradiation showing a first clear effect
of HOf overproduction (Figure 44 t right). The fluorescence value at 452 nm was then
measured for various concentrations of-@xd HNDs with respect to the dose. Results were
treated and normalized according to the protocol discussed above. The same preceatsir
applied for all tested surfaemodified samples.
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Figure 420 tHO{overproduction as a function of concentration for plasmblbBs. The left-Y
axis shows normalization to the productionH®{by water radiolysis. The rightakis shows
the corresponding &alues in nmol:9for HO{radicals. The horizontal dashed line represents
production in water equal to 1.

The presence of plasmaMDs in water induces an increase in concentration ofpt@dluced,

with a concentration dependent phenomendRigure 420). Up to 30 pg.mt, this production

of HOMis linear with the concentration of NDs resulting in an overproduction of 4® %
compared to water radiolysis. Above 30 pgimthe G(H® values seem to saturate or
decrease. This decrease camnbe associated with the quenching effect because the
combination of NaCl and centrifugation allows to recover 95 % of the fluorescence signal (see
section 4.35.4). Consequently, the decline in the G(H©Overproduction seems to be directly
relatedto specific surface properties of-NDs and faster recombination of the H€pecies

which limits hydroxylation of Cou probe leading to a saturation effect.

These results obtained for air &¥Ds and plasma-NDs were published at the beginning of
2017 in @emical Communication, journal of the Chemical Sogiety
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4.4.2 . 2Effectof the source of detonation nanodiamonds

The same microwave plasma treatment (250 W, 12 mbar, 20 min) was usedrtgbpate

other sources of detonation NDs: Adamas Nanotechnologies and NanoCarbon Research
Institute in order to check if the effect is not only specific to PlasmaChem NDs. The
characterizations of plasma-NDs (FTIR) from different sources are provide@hapter 2.
Plasma HNDs from Adamas and Nanocarbaere dispersed in Cou solutioand irradiated

with X-raysin the sameexperimentalconditions.

Figure 4.21t HO! overproduction as a function of concentration footgivensources of NDs:
Adamas Nanotechnologiesblue and NanoCarbon Research Institdteed. The left Yaxis
shows normalization to production &fOf by water radiolysis. The rightakis shows the
corresponding &alues in nmol:3for HOfradicals. The horantal line represents production

in water equal to 1. Data represent only one tested sample with two sets of data per source.

Looking at the data, it can be seen that microwave plasma treatment activated production of
HOfradicals in the water medium, wheer the initial source of detonation N[Eigure 4.21).

The shape and theOfoverproduction efficiency is comparable for all plasmilBis samples.
NanoCarbon Research Institute and Adamas Nanotechnologispossess the same HO
overproduction profilewith a maximum effect observed at NDs concentration ofiganf.
Moreover, after the maximum effect is achieved (> gg@mt!), the HO concentration
saturates for both samples and no additional effect can be observed. According to error bars,
the behavior above a concentration of 3&.mt' corresponds to a plateau for HO
production. This is a difference with plasma\NiBs from PlasmaChefor which a decrease of

HOf productionhas been measured for this concentration range.
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To sum up, hydrogenation via microwave plasma treatment prog¢®&Ds which are
photoactive independently of the source of detonation NDs. The maximumt HO
overproducton efficiency is similar for all tested sources (increase by5M% for a given
concentration of NDs included between 120 ug.mf?).

4.4.3Hydrogen annealed nanodiamonds

Complementary to plasma treatment, hydrogen termination of PlasmaChem WH3s
obtained via thermal annealing under hydrogen gas (1 h, 550 °C). \Mafeersed thermally
H-NDs were examined toward HProduction under Xays.

Figure 422 t HOf overproduction as a function of NDs concentration for thermally annealed
H-NDs. The left-#xis shows normalization to the productiont®{ by water radiolysis and
the right Yaxis corresponds to BQY) value in nmol:3 The horizontal line represents
production in water equal to 1. Data were reproduced for more than eN&dHsample.

Equally to plasma hydrogenation, thermally annealeeNDBs are active undeXray
illumination (Figure 4.22 The HOoverproduction in water is observed with linear up to a
concentration of 24 pg.mi followed by a decrease and a saturation. T data points
representing the highest concentrations (48 pglmind 96 pg.mt) of annealed HNDs
suggest thestabilization ofHO{ overproduction. Similarly to plasmaMDs, the characteristic
shape of the curve is also preserved for the thermally ahed sample.

In conclusion, the overall H@verproduction profile (increase decreaset plateau) is also
maintainedfor thermally annealed HNDs. The Hermination via thermal annealing results in
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a better HO production efficiency compared to microwapéasma treatment: 50 % instead
of 40 %.

4.4.3.1Effectof the source of detonation nanodiamonds

Likewisg the PlasmaChem source of Npsyticlesproduced by Adamas Nanotechnologies
were Hterminated via thermal annealing (1 h at 590 followed by Xaysexperiment with
Cou.

Figure 423 tHO{overproduction as a function of concentrations for annealédD$ (Adamas
Nanotechnologies). The leftakis shows normalization tthe production ofHO! by water

radiolysis and the right-¥xis corresponds to B0 value in nmol:1 The horizontal line
represents production in water equal to 1. The data were obtained only for-diizstsample.

Hydrogen annealed Adamas NDs are active towlaedporoduction ofHOfin water with the
maximum effect obtained so far fall the samples (increase by82 + 6 % atl2 ug.mf!)
(Figure 423). TheHO{ production increases linearly up to 1@.mt* followed by the decline
down to 58+ 6% for the maximum concentration (3&).mlt). Nevertheless, the thermally
annealed Adamas NDshow a higher efficiency compared to thermally hydrogenated
PlasmaChem (the effect if higher while it is also observed for lower concentration).

On the whole, thermal annealing under hydrogen leads to larger discrepancies in HO
production efficiency comared to hydrogenation via plasma treatmentNDs from Adamas
Nanotechnologies seem to be more effective compared to PlasmaChem. However, the data
presented onlyrepresent one sample with two sets of data. Similar results were not
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reproduced for other Adaas Nanotechnologies suspensions while PlasmaChem NDs were
tested multiple time resulting in high reproducibility.

4.4.4Vacuum annealed nanodiamonds

In the final part, PlasmaChem NDs were vacuum annealed {2®°CGand1 h/ 850 °C, under
pressure of 1 x ¥®mbar), dispersed in water and exposed toays. The Hfoverproduction
was measured for an increasing concentration of NDs.

Figure 4.24t HOloverproduction as a function of NDs concentration for vacuum annealed (1
h/ 750 °C in red and 1/h850 °Cin blue) NDsThe left Yaxis shows normalization to the
production ofHO! by water radiolysis and the rightakis corresponds to B80! value in
nmol.3*. The horizontal line represents production in water equal to-rhyX irradiation
experiments wer@erformed within 48 h after suspension preparation to reduce an influence
of the aging effect.

In the same way as-términated NDs, surface modifications induced by vacuum annealing
activate the surface towardHO! production with a specific profile dependj on the
treatment conditions usedFigure 4.24)For both samples, the maximum effect is observed
for the highest concentration tested-67 + 10 %or 96 g.mf* and +48 + 4 %or 70 pug.mt).

The only difference between the samples is the profile of *ld@rproduction versus
concentration. For the lower annealing temperature (1 #0 °C), an increase of HO
production followed by a plateau is evidenced with the concentration of NDs whereas the
higher annealing temperature (85®C) gives a rather linedehavior. In contrast to plasma
and thermally hydrogenated NDs (different sources), the decrease ficdt@entration is not
observed at any concentration tested whereas the production seems to continue for higher
concentrations. The data obtained for thbs annealed under vacuum for 1 h at 750 °C were
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reproduced for two different batches whereas sample treated for 1 h at 850 °C was tested
only once.

Detonation NDs treated under vacuum also induce an overproduction of ill@vater
environment under Xaysirradiation with the same increase and plateduh(, 750 °C)NDs
annealed at 850Cappears to bdess effective than #IDs in terms ofOf production, a
higher concentration of these NDs is required to reach the same lew#Dbf

4.4.5Summary

X Air oxidized\Ds do not exhibit any photoactivity underaysirradiation (lack of HQ
overproduction) and can be used as a negative control

X Hydrogenation (microwave plasma or thermal annealing) and vacuum treatment
(1 h, 750 °C and 1,850 °C) activate theverproduction ofHO{species

x Overgoduction ofHO!is sourceindependent as shown for plasmaNDs

x HigherHO!ovemproduction efficiency is observed for thermally modified NDs

x HO{ production profile seen for Herminated NDs indicates increase and
plateau/decreasefter the HOl overproduction is maximised

X Vacuum annealed NDs shows increase and plateau for 1 h, 750 °C and slower increase
for 1 h, 850°C.
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4.4.6 Aging effect vs. measurements of ilicals

In Chapter 3, the aging effects of surfavedified NDs have been discussed with results
showing timeinduced modifications of colloidal properties for the different surface
chemistries. In the following part, the aging effect and its impact orf ptGduction are
presented for PlasmaChem NDs. These Nive been modified by air annealing, plasmaad
thermal hydrogenation. The colloidal properties of these surfanmlified NDs are shown
prior the irradiation experiments performed with therdy source (E = 17.5 keV).

4.4.6.1Air annealed nanodiamonds

To begin with, air annealed NDs (1 h 30, 85pwere suspended in water and kept in a closed
glass vial at room temperature. The colloidal properties (weighted mean intensity and
number, ZP) were measured via DLS technique one day before the irradighenrneent(see
Table 4.1) Xray irradiation ofair OxNDs was performed for ND concentrations up to 50

pg.mit,

Figure 4.5 tHO{overproduction as a function of concentration for airNIIXs measured after
16 days. The-¥xis includes @alue ofHO! production compared to water radiolysis given in
nmol.J' assuming the production ¢fOtin water equal to 1 (horizontalashedine).

The Xray irradiation of OXNDs suspended in water for 16 days revealed a lack of HO
production over the entire rangefoconcentrations testedFigure 4.25)The normalized
values of H®Oremain around 1 which corresponds to the water radiolysis effect. The same
results were also observed for frestpyepared OxXNDs suspension discussed in the previous
part of this chaptesection 4.4.1)
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In terms of colloidal properties measured on the day of sample preparation (< 24 h) and after
15 days, the only modification observed is an increase in hydrodynamic diameter (e.a. 1.3
fold by weighted mean intensity and number) and a deseeof the ZR% mV). These changes

are due to stabilization effect, previously shown in Chapter 3, whereas a goodelong
colloidal stabilityof OxNDs has been presented.

Colloidal properties Weighted mean Weighted mean Zeta Potential
of air OXNDs intensity (nm) number (nm) (mV)
Fresh suspension 113+ 2 45+ 11 60+ 1
After 15 days 145+ 1 57+6 -55+1

Table 4.1t Colloidal properties of air @Ds freshiyprepared (< 24 h) and after 15 days.

To conclude, after 16 days, the air-RBs remairunresponsive to Xay stimulation. Besides
that, the air OXNDs suspensions of different ages were tested many times thus the results
obtained in this study were reproduced also for other batches.

4.4.6.2Plasma hydrogenated nanodiamonds

Secondly, plasma-NDs (250, 12 mbar, 20 min) suspension was prepared and kept in a
closed vial for 30 and 49 days:NDs were characterized via DLS aryXirradiated (17.5
keV). Data provided below correlate the colloidal properties-0fbs with the HOefficiency
observed invater medium.

Colloidal properties  Weighted mean Weighted mean Zeta Potential
of plasma FNDs intensity (nm) number (nm) (mV)
Fresh suspension 121+1 58+6 56+5

After 29 days 288 £ 23 101 + 33 32+1
After 48 days 439 + 25 207 £ 54 264

Table4.2 t Colloidal properties of plasmaMDs suspension measured for freghgpared
(< 24 h) and oneay prior the Xay exposure (days 29 and 48).

Theplasma HNDs lose the photoemission activifyigure 4.26and shows a very weakOf
overproduction afte 30 and 49 days (< 10 %). This lack oftb¥@mproduction can be related

to the modifications of colloidal properties. The hydrodynamic diameter (weighted mean
intensity) after 29 and 48 dayss c.a. 2.4 and 3:tbld higher, respectively, compared to the
initial size {21 £ 1 nm). The colloidal instability of the suspengaiso reflected in the value

of the ZP which decreases by 24 mV (day 29) and 30 mV (day 48) with respect to the
asprepared sample56 = 5 mY. Such progressive alggnerationof plasma HNDs isalsoin
agreement with the results presented in Chapterd8aling with colloidal stability of H
terminated particles via plasma treatment.
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Figure 4.5 t HOloverproduction as a function of concentration for plasmiBs measured
on acueous suspensions for 30 and 49 days. Fhgis¥includes ®alue ofHO! production

compared to water radiolysis given in nmdéla$suming the production #fOlin water equal

to 1 (horizontabdashedine).

To sum up, lack of colloidal stability of plasht&IDs in water results in an almost complete
suppression of the HOverproduction observed under-Kays.

4.4.6.3Hydrogen annealed nanodiamonds

The last tested suspension includes thermally annealédDid (1 h, 550C) prepared and
stored at ambient temperatureXray irradiation (17.5 ke\gf the samplevas repeated after
32 and 64 daysespectively, including the DLS measurements before the experiment

Unlike the plasma #Ds suspension, thermally annealdeNDs remain active towartOf
production after 32 and 64 days witnmaximum effect observed for concentrations of 24
pg.mitand 12ug.mfk, respectively(Figure 4.27)
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Figure 4.7 t HOloverproduction as a function of concentration (left) for thermally annealed
H-NDs after 32 (blek) and 64 (red) days in water suspension. Tagi¥ includes G(HD
production compared to water radiolysis given in nmiohgsuming the production of H®
water equal to one (horizontal dashed line).

Colloidal properties of annealed -INDs (Table 4.3)evolve with an increase othe
hydrodynamic diameterasmeasured by weighted mean intensityy a factor of 1.4 (day 31)
and 5 (day 63). At the same time, the value coming ftbeweighted mean number reveal
that a major population oNDs, vith an average hydrodynamic diamete50 nm still remain
in water suspension, which is not the ca$er plasma treated sampleshydrodynamic
diameterup to 200 nm). In accordance ZP of these HNDs remains positive40 mV) even
after 63 days in wate media

Colloidal properties  Weighted mean Weighted mean Zeta Potential
of annealed FNDs Intensity (nm) number (nm) (mV)
Fresh suspension 118+ 1 34 + 23 67+3
After 31 days 162 + 58 26 + 14 65+ 3
After 63 days 593 + 101 49+ 7 41+ 1

Table 4.3 Colloidal properties of annealedMDs suspension defined #freshlyprepared
(< 24 hsampleand oneday prior the Xay exposurdédays 31 and 63)

In conclusion,lie activity of annealed #IDs toward photoemission seems to be preserved
here thanks tdhe presence of the main population of NDs remaining below 5@wenghted
mean numberhgfter 64 days. At the same timtihe ZP remains also high
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4.4.6.4Summary

x Air oxidized NDsontinue to benon-responsive to external stimulation whatever the
ageof the suspesion,as shown after 16 days in water

X Lack of colloidal stability (increase in the hydrodynamic diameter and decrease of the
ZP) results in lowering (annealeeNDs) or almost complete suppression (plasma H
NDs) of the HOoverproduction effecascomparedto the freshlyprepared samples

x If the colloidalstability is not affected aftealong periodof time (hydrogenannealed

samples) while keepinglativelysmall hydrodynamic diameters and higR then the
HOf overproduction effect is preserde
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4.5 Gammarradiation

To investigate the effect of energy on H@oduction efficiency, the same experiment as for
Xrays (E = 17.5 keV) was performed with gamma rays (A~MeV, dose rate 15.5
Gymin') emitted by cobalt source. Air annealed and plasma hydrogehsiDs were mixed
with coumarin (0.5 mM) and exposed &irradiation. The dose oBirradiation was similar to
the dose used for-Xays experiments.

Figure 4.8 t (Left)HOl overproduction as a function of NDs concentration measured for air
OxNDs (ble) and plasma HNDs (black) under gamma {¥. MeV) irradiation. (Right)
Comparison betweeHO{ overproduction from plasma-NDs exposed to gamma (black)d
X-ray (red). The horizontal dashed line assumes the productidi®dh water equal to 1.

Similarly to Xays experiments, an effect ¢fOf overproduction induced by plasmaMDs
can be also observed fa®energy (Figure 48). The maximunHO{ concentration is 59 %
higher compared to water radiolysis whereas the effect is c20 % higher@mpared to X
rays. More importantly, the maximum effect unde&dillumination is observed for lower
concentration of HNDs (15 pg.mfl) compared to Xays (30 pg.mb).

The overall trend is similar for both gamma anrda¥(s energies with a linear increase 1o a
certain concentration (Xay: 30ug.mtt and gamma: 1%ig.mt?) followed by a plateau and a
decrease KOt overproduction around 24 % at 1Q@y.mt* for Xrays/ gamma). NoHO!
overproduction is obtained for air @Ds whatever the source of enerdgjowever, the data
points for the OXNDs are rather scattered with no specific visual trend to be extracted.

In conclusion, it has been evidenced that plasmalBs are equally active under gamma
irradiation (117 MeV) with +20 % higheHOf production effigency compared to Xays (17.5
keV). The lack of photoemission from the airlIBs has been also confirmed fBactivation.
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4.6 Detectionand quantificatiorof solvated electrons via Hand NO
I O

The illumination of a hydrogeterminated surface of buldiamond has been already shown
to result in an electron emissidf®*. Such electronsvhen emitted in liquid watercan be
captured by water molecules through bipolar interactions and become solvateda(keu
solvated or hydrated electronseag)®®.

Since FNDs have been shown to possess sinability as the bulk diamond surface in terms
of electronic configuration, production of&n an agueous medium can be also expeétéd
However, detection of & has not been experimentally demonstrated for detonation NDs
with a primary diameter of around 5 nbut only for 125 nm diamond NDs with a highality
crystallographic structu®?.

4.6.1Principle of the method

The detection of eq via HOtand Cou can be done by replacing the air atmosphere of the
solution with gaseous mixture of nitrous oxidexQNt 79 %) and oxygen O 21 %). Both
gases can act asgscavengers. However, only®l can selectively react and convest ito
HO{which canfurther hydroxylate the Cou probe. The interaction af with O, gas creates

O; fradicals which do not react with Cou that is why it is important to keep the ratio between
N20/Oz constant.

01 E AsE*s1 \ *1 E1*7 EOQg
Equation 4.3

As a consequence, the total radiolytic yield obtained und#d atmosphereis a sum of two
radiolytic yields: G{Of) and G(gq) seen for an experiment performed under air atmosphere:

) *1licee L)™1 60E) Aosoua
Equation 4.4

In the following parts, the experimental detection efyvia HOl and Cou was performed
under air and NO/O, atmospheres. Suspensions of plasmdBis and OXNDs (negative
control) were irradiated with Xays (17.5 keV) an@rays (117 MeV).

4.6.2X%raysirradiation

PlasmaChem NDs were hydrogenated via microwave plasma and dispersed 4putdtra
water. Hydrosol was prepared in accordance with the protocol detailed in Chapter 3 and

Z E § E]l Al >~ v &d/Z *% EE}es }%C 3} veati@d. Thg ee(po
X-rays irradiation experiment was performed under air angDND, atmospheres (air was
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replaced by NO/O, after 40 min of suspension bubbling with the gaseous mixture). These
experiments were performed by C. Sicard and E. Brun freh CP labatory.

Figure 4.3 t Fluorescence intensity ofGH Cou detected after-rdys irradiation (E = 17.5
keV) of plasma #Ds under air (black) and@®/C; (red) atmospheres as a function of NDs
concentration. Irradiation of colloids and fluorescence reading was performed on the same
day to ensure the same experimental conditions.

The fluorescence intensity of@H Cou increases in the presence of plasaNDid, both in air
and inN.O/O, atmosphere proving photo illuminated activity of the surface (Figur®y4.2
Under air atmospherea gradual increase in-OH Cou is observed until the maximum
concentration of 100R).mf with an effect equal to 69 % as compared treference signal

(at Opg.miY). For NO/O; atmosphere, the OH Cou fluorescence signal is 53 % higher with
respect to Cou alone at the maximum concentratiested (40 ug.mt). Recent experiments
performed byC. Sicard and E. Brawonfirmed these curves shomg that after 40 ug.mt*
fluorescencesignalreachesa plateau for the measurements undes®O, atmosphere.

In order to detect production of solvated electrons, theOH Cou fluorescence intensity
obtained under air atmospheneeeds to be subtracted from the fluorescence data obtained
under NO/O,. A simple subtraction eliminates the influence of the H@diolytic yield
allowing to evidence the radiolytic yield afg according to the Equation 4.4. Final
fluorescence intensitydata are then normalized to show the additional effect of HO
production induced by the presence &f;as a relative increase in theQH Cou signal.

The same experimental procedure has been also applied for the air annedl&0(thin, 550
°C) NDs, used as a negative probe. Under the air atmosphere, tN®©xloes not induce an
additionaleaq production. Its behavior is compared teNDs in the following figure.
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Figure 4.30 t Normalized 7OH Cou overproduction obtained after subtraction tioé
fluorescence intensity for plasma-MDs (black) and GXDs (blue) as a function of
concentration. Blue, dashed line represents an avera@&i Tou overproduction obtained in
the presence of GXDs.

Normalized values of-OH Cou fluorescence intensighow that the production ofeaq
increases progressively with the concentration of plasrd}$ while no significant effect is
detected for the OXNDs (Figure 4.30A maximum increase of ) % is observed at alDs
concentration of 40 ug.miwhereas for the OXDs, the average-@H Cou signal does not
exceed #4 %. Data obtained for the @¥Ds are in agreement with the previous experiments
performed under air atmosphere.-NDs are photoactive and the production of solvated
electrons can be aterved and quantified.

Bringing it all together, the introduction of scavengingOND, gas into experimental
suspensions allowed to detect the productioneaf as a result of photoemission from the H
NDs surface. The concentration of detecteg, increase progressively along with the
concentration of HNDs up to 40ug.mi:. No photoemission activity and hence maq
production is observed for the air XDsunder xrays.

4.6.3Gamma irradiation

The same experimental procedure was repeated using plasiiB#iconcentration range:
0 t100pugml?) exposed to9rays (E = 17 MeV).
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Chapter 4 Irradiation of nanodiamonds

Figure 4.31t Fluorescence intensity 0ofGH Cou detected aftetrays irradiation of plasma

H-NDs under air (black) ancb®/O, (red, 2 independent measurements) atmospheres as a

(pv SI}v }Y( E [+ }v vSE SJ}vX /EE ] S]}v }( }oo}] = v (op}E -
on the same day to ensure the same experimental conditions.

After Qirradiation (Figure 4.3 the production oHO{in air atmosphere has a similar profile

§} 8Z }v e+ V % E A]}lueoC (}E& 8Z o}A E v EPC & vP ~io6Xid |
concentration of 1Qug.mt!followed by a plateau (1G 30 pg.mt*) and a gradual decrease

until the end of concentration range is observed. The maximum effects® % is noted at

the concentration of B8 pg.mtt whereas for the highest concentration of-MDs
(100ug.mH), the HOoverproduction effect goes down to22 %. When the air atmosphere

is replaced by th&l.O/O; gas, the production of-DH Cou rises along with the concentration

of the NDs to reach a plateau abo3@ pg.mt with a maximum effect of 84 %.

However, the real influence in-@H Cou fluorescence increase caused by the presehce
solvated electrons requires subtramg the curve obtained under air atmosphere from the
N.O/Q; characteristics. Normalized data shoti® only exq which are converted intdHOf
radicals.
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Figure 4.32t Normalized 7OH Cou overproduction obtained aftsubtraction of the
fluorescence intensity for plasma-MDs (black) and GXDs (blue) as a function of
concentration.

The #OH Cou fluorescence data after subtraction were normalized for both plasasH
and air OX\NDs and plotted on the same graph (Feut32). Air oxidted ND shows no
increase in theHO! production under air and\,O/O, atmosphere which provided an
experimental proof of lack of theag The production of & continually increases with the
concentration of the plasma-NDs reaching twice higher number with respect to water
radiolysis (increase k/factor of 2 for the maximum concentration). The concentrationQf e
is nearly the same as forMNDs irradiated with Xay. Plateau is also observed.

4.6.4Summary

x For the first time, productino of eaq has been experimentally confirmed for
detonation HNDs

X No photoactivity toward H®and e.q has been observed for @Ds

X Production of H®andeygis c.a. 3.2 and 2.9 times higher undeXO, than under
air atmosphere as seen forrdy and 9energy, respectively

X Production ofeagis higher compared to H®or the same concentration of plasma
H-NDs and does not decrease above 30 pg.ml plateau is observed for much
higher concentration of HNDs undeiN>O/O, compared to air atmosphere

x For the sameoncentration of plasma4Ds (30 pg.mf), emission okygis c.a. 25
% times higher undeBrays than Xays.
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Chapter 4 Irradiation of nanodiamonds

4.7 Discussion about the behavior of nanodiamonds under irradiation

In this chapter, theHO! radicals and electrons production by colloidal suspems of
detonation nanodiamonds during radiolysis underays (17.5 keV) andkrays (C€, 1.17

MeV) were studied. Starting from the same source of NDs, different surface chemistries were
(oxidized, hydrogenated, surface graphitizedihe workpresented has been undertaken
following the findinga few years ago by our laboratory and colleagues from the life science
division of CEA of a radiosensitization effect in tumoral cells of hydrogenatett. NIbe
overall concept of this PD. work was to clarify the chemical origin of this effect by taking
into account the colloidal stability of NDs suspensions.

> §[earte with a short summary of the behavior under illumination for each surface
chemistry.

X First, nanodiamonds oxidized by air annealing do not exhibit any overproduction of
HO{ radicals or electrons when illuminated with 0¢ vrays in water. Whatever the
concentration, no additional effect to water radiolysis was revealed by our
experiments. Air annealed NDs, exhibiting a very good colloidal stability on long term
and a negative zeta potential, seem to act as spectators during water radiolysis
without interfering.

x On the contrary, plasma hydrogenated nanodiamonds exhibited a particular reactivity
under % and vrays illuminations, with an additional production &fO{ compared to
radiolysis alone of 40 % and 60 % respectively. According to our experintsnthis
behavior is not source dependent as it was reproduced on two other sources of
detonation NDs. Solvated electron overproduction was also evidenced with an
overproduction compared to water radiolysis alone of8& % under Xays and
+100 % undervrays. These measurements were carried out on fresh suspensions.

For hydrogen annealed samples, only irradiation und&a)s was studied, with an

HOU}JA E% E} p 8]}v }( =A1 9X /v 181}v 8} §Z]e u} & § Z]F
overproduction, hydrogenranealed samples exhibited a better efficiency over time.

Their behavior after 64 days still led to an overproduction 406 while for plasma
hydrogenated NDs, thelO*overproduction drops from 406 to less than 10 %. The

link between theHOf overproduction and the colloidal stability of NDs will be further
discussed.

X Surprisingly, vacuum annealed samples at 750 °C also revdaledverproduction
abilities at least under -xays illumination. However, the effect seems to decrease
according tathe temperature of annealing. For NDs annealed at 850 °C, a-tbhlée
higher concentration is needed to reach the same overproduction leveb@t%. It is
also important to note that a different trend versus concentration is observed for
these NDs anndad under vacuum compared to hydrogenated NDs.

x For both types of hydrogenated NDs and at least for vacuum annealed at the lowest
temperature, a saturation of the overproduction effect has been observed when the

163



4.7 Discussion about the behavior of nanodiamonds under irradiation

concentration of nanodiamonds exceeds 20mg. This saturation is often followed

by a decrease of théiOl overproduction at higher concentration. The role of a
possible quenching effect has been ruled out by our experiments. Indeed, almost the
whole fluorescence from-DH Cou is recovered by sattdition and centrifugation as
shown previously in this chapter. The saturation effect can be related either to a
recombination ofHOf radicals producedHOf scavenging by Cou being competed by
HO!/ HOf recombination wherHO{ concentration increases, or to an interaction of
HOfradicals with NDs.

4.7.1Discussion on the origin of the phenomenon

In the following part, we will thus discuss what we can conclude from thiB. Rfork
concerning the origin of the effect diO! and solvéed electrons overproduction during
radiolysis in presence of hydrogenated or vacuum annealed NDs.

4.7.1.1Effect of a metallic contamination

If high Z materials are present in the suspension, they could absorb more energy than water
and then would provide the @rproduction effect seen. However, the reproducibility of the
effect on different sources of NDs which exhibit very different levels of metallic impurities
(elemental analysis performed by KOS on the different sources of NDsChapter 2)
invalidates thehypothesis of a phenomenon coming from these impurities. Furthermore,
hydrogen or vacuum annealing treatments were not shown to bring metallic contamination
(ICPMS- Chapter 2). Metallic contamination could also have been provided by the ultrasonic
treatment realized with a titanium horn. However, as oxidized NDs did not shown any
overproduction effect while they were sonicated the same way than hydrogenated NDs, we
can also exclude this origin of the phenomenon.

Here, the effect of radical overproductioseems to come from the presence of
nanodiamonds in the aqueous solution during the radiolysis, with the adequate surface
chemistry and the adequate concentration.

4.7.1.2Surface effect

Excluding an effect of a metallic contamination, we could now focus of tieeteof the
surface chemistry, which have been shown to partially drive the phenomenon, at least for
oxidized vs hydrogenatedvacuum annealed NDs.

For bulk diamond, hydrogenation has been shown to be key parameter for the production of
solvatedelectrong?. Here as well, we evidead the effect on hydrogenated NDs, however,
taking into account all our experiments, the following points appeared:

x No correlation between the hydrogen covering of the NDs surface and the
overproduction effect.As explained previouslparallel works condcted by Emilie
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Chapter 4 Irradiation of nanodiamonds

Nehlig from the Tritium Laboratory of CEA have shown that hydrogen annealed NDs
possess 10 times more hydrogen on their surface than plasma treated NDs. This
result was deduced from tritium labeling of NDs from the same source (Plasma
Chem) using both methods (plasma and annealing) which allows an accurate
quantification of trittum amount by liquid scintillation. A simple calculation has
shown that with plasma treatment, 1 carbon atom over 20 was effectively bonded
with a tritium atonY3, which rises up to 1 over 2 for annealed treated NDs. We can
expect that such a difference would aftehe energetic diagram of the particle and
therefore its electron affinity. However, no direct carection between the
hydrogen covering of the NDs and the efficiency of radical production is seen despite
a slightly higherHO! overproduction (50 % instead of 40 % for the same
concentration). Onlya saturation effect of the OHoverproduction whatever the
negative electron affinity value would also explain this situation

H terminations are preserved during ageing when the effect is almost (sse FTIR

in Chapter 3)HO{overproduction has been shown to vanish according to the ageing
of the suspension, with a more pronounced effect for plasma treated samples.
However for hydrogenated NDs, we have no real evidence of a significant loss of the
hydrogenated terminations ovaime. FTIR done on suspended NDs, even for a long
time, did not show real vanishing of theFCrelated peaks or important increase of

the oxygenrelated groups. Only a weak-oxidation with C=0 related groups has
been observed, but already present ontraifresh particles for whichHO!
overproduction is at its higher level.

Vacuum annealed samples also evidenced an overproduction effeChe
phenomenon is observed with almost the same efficiency on vacuum annealed NDs
with the smoothest conditions (1h750 °Q. Here, there was no intentional addition

of hydrogen at the surface of the nanodiamond during the treatment, performed
under dynamic secondary vacuum (pressure lower thal§ dar all along the
treatment). Even if hydrogen terminations were aldggresent at the surface of the
asreceived material, as shown by FTIR, we cannot expect having increased the
amount of GH on the treated sample with the same efficiency than with plasma or
annealing under 12 or 200 mbar ob, Fespectively. Furthermore-TIR evidenced

that C=0 groups already present at the surface of the raw material were preserved
after this treatment (Chapter 2). The surface can be therefore considered as still
partially oxidized.

A common point between hydrogen treated samples anduvat annealed ones
concerns the presence of graphitic reconstructions on their surface. Except for air
annealed samples, our TEM observations reported such structures on all treated NDs
(Chapter 2). One would therefore attribute the overproductiorH@ radicals to the
presence of such Speconstructions. However, NEA has never been reported in the
literature for graphitized diamond (and partly oxidized here). Furthermore, TEM also
showed that they are more pronounced on vacuum annealed sample, while the
effect of overproduction is not accentuated. The effect even decreases on vacuum
annealed samples treated with harsher conditions, for which we expect higher
amount of sg carbon at their surface. This statement is also corroborated by several
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4.7 Discussion about the behavior of nanodiamonds under irradiation

tests donewith plasma treated samples with also harsh conditions, for which Raman
reports an important graphitization, and which exhibited RH®! overproduction
(results not shown in this manuscript).

4.7.1.3Colloidal stability effect

For sureaggregation/ agglomerationplays a role. The effect tends to decrease when NDs
tends to aggregatéagglomerate Indeed, the study conducted all over the Chapter 3 on the
stability over few hours to few tens of days came from the observation of strong discrepancies
between the oveproduction results at the beginning of this BPhwork, that we quickly
attributed to the freshness of the suspension. As soon as the suspension starts to badly
evolve, even slightly, the efficiency of overproduction is affected. This observation is also
correlated by the different behaviors of plasma and annealed hydrogenated NDs in terims OH
overproduction and hydrodynamic diameter evolution over time (Chagyer

If the origin of the overproduction effect was only related to the position of the condnctio
band lying above the vacuum level as for bulk diamond, we would expect that this electronic
configuration would be preserved even in small aggregates. As discussed previously, the
colloidal evolution of the treated NDs can come of course from a moderatification of

their surface chemistry, but we believe more in an evolution of the interface between water
molecules and NDs due to a modification of the dissolved species in suspension, a
modification of the local pH, gas adsorptibdesorption.

As a preliminary conclusion, we can therefore propose thatrogenation of the surface of
our NDs and the related negative electron affinity is not the key parameter solely driving
the overproduction of OHand solvated electronsluring radiolysis.

Thisassessment is important as hydrogenated bulk diamond has been reported since few
years to be an efficient solid source of solvated electrons under UV illumidhtieere, with
nanodiamonds, hydrogen termination doe®tnseem to explain alone the phenomenon
observed, even if overproduction of not only HBut also solvated electrons has been
evidenced. However, we cannot affirm that these egelantity of electrons during the water
radiolysis comes from the nanodiamontican also result from exalted water radiolysis in
presence of the nanodiamonds

4.7.1.4Effect of the core

The effect of the diamond core has also to be discussed here. First, if we look at the energy
absorption of water and carbonF{gure 433, top two, we can notice that there is no
supplementary energy absorbed when NDs are in solution compared to water either with X
or gamma rays.

In addition, experiments were realized with two irradiation energieRaxs (17.5 keV) and

Rays (1.7 MeV). Looking at thabsorption curves dFigure 433-right, carbon is expected to
absorb less forvRays than for -Rays However, we recorded mor&lOl and solvated
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Chapter 4 Irradiation of nanodiamonds

electrons overproduction unde¥Rays than with JRays. This observation seems to invalidate
an effect directhylinked to a mechanism involving photon absorption by the core leading to
the photoemission of an electron and its solvation, thanks to the NEA of the hydrogenated
diamond surface.

Figure 433 t Absorption of photons in water, carbgmndgold according to their energy.

Indeed, if we consider the values reached at the plateattfotoverproduction under »Rays
(400 fluorescencents, Figure £9) and vRays (600 cnts, Figure34), their ratio gives 1.5,
which is close to the ratio of Q) during water radiolysis for these two energies (1.4). This
also plead for a diamond core not providing electrons, the effect according to the energy
appearing to be driven only by the radiolytic yieldH®*. Indeed, the same behavior &fOt
overproduction according to the energy not dependent on the chemical nature of the
nanoparticle core has already been observed with gold nanoparticles (GNPS).

These GNPs are usually considered as a model system for radiosensitization. In parallel to this
PhD. work, we can thereforg estimated theHO! overproduction for 6 nm goldNPs using

the same irradiation conditions and data analysis than for NDs. Results have been compared
to the overproduction recorded for plasmaMDs, as plotted in the Figure34. It is surprising

to observe a common shape between NDs and GNPs with a constant rais€3intilgy. mt*

and then a plateau effect, and only af@d factor of HOf overproduction between metallic

167



4.7 Discussion atut the behavior of nanodiamonds under irradiation

(Z=79) and a carbotrased (Z= 6) NPswith very differentabsorption at 17.5 keV (Figure
4.33). Here as well, the reaifluence of the core towardHOf overproduction is questioned.

Figure 4.3 t NormalizedHO! overproduction according to the concentration oiNIBs and
GNPs 6 nm suspended in wabéray iradiation at17.5 keV.

As a side note, we also suggest using volume or surface area rather than concentration for
any future comparison of H@verproduction phenomena between AuNPs antiBs.

4.7.1.50rigin of the effect coming from water interface

In addition to the role of the NEA brought bytétminations, these additional observations
also raise an interrogation about the role of the nature of particle core. It would support the
hypothesis that the overproduction observed here is not directlgdahto electrons coming
from the NDsand helped by the NEA, but more likely due tepecific phenomenon in the
water surrounding NDs which may promote locally the radiolydisnustbe highlighted here
that the effect has been observed for positivelyarged NDs exclusively. Even more, a curve
can be plotted with the maximum effect of Qldverproduction according to the Zeta
potential of the suspension used (Figure%),3n which a dependency seems to appear. Such
curvemustbe carefully handled as thalue of the ZP also reflect somehow the aggregation
/ agglomerationstate of the suspension. Neverthelesdjrk between positive ZP and HO
overproduction can be proposed
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Chapter 4 Irradiation of nanodiamonds

Figure 4.3 t MaximumHO{ overproduction according to théeta Potential ofhydrogenated
and vacuum annealed NDs suspension.

This hypothesis needs to be linked to the recent findings of several teams concerning the
hydration of NDs, especially for hydrogenated or slightly? seconstructed
nanodiamond$’6. In particular, Petit et al. reported a specific structure for water mokesul
surrounding plasma #IDs and polyfunctional NDs using infrared, Raman asndyX
spectroscopie®. No direct bonding between water anithe hydrogenated surface was
detected due to the hydrophobic character thfe hydrogenated diamond surface while a
perturbation of water structure at long range was evidenced (see Figure helow)

Figure 4.36t View of the water structure around hydrogenatsB<®.
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Our results and hypothesis have to be put in context with the recent publication of Hamer
team, who reported on the lack of reduction of £® presence of detonation hydrogenated

ND. Authors attributed the lack of reactivity of detonaticdDsmainly to the high level of
defects in the core as well as a spontaneous oxidation of the surface under UV. In our opinion,
these results are not contdactoryto our findings. In our work, such possible oxidation under
X-Rays has been quickly investigated, and after 2000 Gy of irradiation at 17.5 keV, no
modification of the colloidal properties or FTIR signature of oxidation was evidenced. Due to
the different range of energy used, it seems that we avoid this oxidation effect. Furthermore,
we can expect very different reactivities and mechanisms switching from U\btovXays.

We, therefore, propose the hypothesis that radical overproducti@wsor hydrogenated and
smoothly vacuum annealed NDs would be linked to their positive ZP and related specific
interactions with water molecules. This hypothesis would more likely suppoldcal
enhancement of the radiolysis around NDather than a true pbtoemission of electrons

from the ND coreto explain the overproduction of H@radicalsand solvated electrons in
presence of NDs.
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General conclusions and perspectives

Depending on their surface chemistdetonation ND<an actasan active nanomateriakith
radiosensitizingproperties that enhances the effect ofadiotherapy treatment. These
properties were demonstratetdefore this PtD. work for plasmaH-terminated N (HNDs)

in collaboration withbiologiss from the Experimental Cancerology Laboratory (CEA
IRRCM) Radioresistant cancer cell lines were turned into senescence with a stopping of cell
proliferation. Anapproachlike this, based owgarbonbased mateml, isa new alternativeo
metal-basedNPswhich havenot reachedyet the clinical trial (e.g. goldDs possess superior
assets such as biocompatibility, versatile surface chemiatrga low atomic number which

can be further explored toward otheelated biapplicationge.g. drug delivery)

However, mechanisms explaining trediosensitizingffect of NDs has remained unknown,
with only few suppositions publishedvhich related it to the overproduction of reactive
oxygen species in presence 6NBs.ThsPhD. workaimed to betterunderstand the relevant
physicaland chemical effestof the radiosensitization of detonation NDs in aqueous media.
For this purpose,ite photochemical activitpf NDs with different surface chemistries was
investigated Hydroxyl radicalHOY) and solvated electronsejg) produced under X-ray (17.5

keV) and gamma (1.1MeV) energywere measuredising surfacenodified NDs in colloidal
agueoussuspensionsiNote that all along this PB. work, the radiosensitizing effect for the
different surface chemistries we produced (including hydrogen annealed NDs) were checked
by in-vitro experiments performed by our colleagues frone CEADSVIR2CM.

The present PID. wasmainlyconductedwith a shgle source oNDsto keep consistencgnd
ensurecomparallity. Detonation NDs provided by the PlasmaChem GrobiMpanywere
chosen due tdhe purest grade currently available on the market d@hdrelatively lowcost.
At the same time, other nosommercidsources of NDs were also tested and compavéh
PlasmaCherdetonation NDs showing thaurface modification methodsre ratheruniversal
and sourcendependent

Asreceived detonationNDs havea polyfunctional and scattered surface chemistry which
limits the possibility to control and study their interaction with ionizing radiation in water.
get control of the surface chemistrpativeNDs weremodified via physical methods toward
homogeneous surfaceerminations allowing to better undetand their properties.
Hydrogentermination of NDssurfaceswas achieved usingvo different methods: a hydrogen
microwave plasma anda thermal treatment. Thecleaning and formation ofoxygen
containing functional groups eve inducedvia annealing under air vaneas annealing in
vacuum was used to initialize %like reconstructions on NDsurface.

177



General conclusions and perspectives

Following the production ofhe different surface modified NDs,severalcharacterization
techniques were used to study the crystallographic structure #aedchemicalcomposition

with respect to the native material. In addition to that, quality assessment of NDs toward
metallic and nommetallic impurities was performedby the ICRMS analysis The
complementary techniques were applied to better understand the properaesl the
interaction of NDs imir atmosphere andvater.

To study the photochemical activity toward ROS productiomquneousmedia, colloidal
properties and stability of surfacenodified NDs as a function of time were established in
neutral pH. Surface¢atment led tothe production of negatively (air annealed) and positywe
(plasma and thermal hydrogenation, vacuum annealing) charged NDs as measured in colloidal
suspensionThestability of NDs in stabilizdree suspension was investigated with respiec

their surface chemistry antheir preparation protocolon the same sourceAttention was

paid to optimization of the experimental procedure allowing to compare res$tdta various
sources and surface functionalities revealing the suHsecific reativity toward water
molecules.

Investigation othe colloidalpropertiesof NDs revealed th&he stability is a combination of
several factors: the concentration, the time and the surface charge associated with the
specific surface chemistrythis study revealed that freshness of the suspension, even few
hours, is an essential factor to consider when looking at colloidal properties of NDs. These are
all parameters which are often left out when ND stability is reported in the literaitvieealo
suggest that more attention should be paid to the concentration of NDs to maintain NDs
properties in water and increase the lifetime thie suspensionThelower colloidal stability

of specificNDs in suspensiowas related to he presence of nanonions and sp-Con the
surface of native and surfageodified NDsas confirmed by TEM, as well as a modification of
the ND¢ water interface (adsorbed species).

Thekey part of thiPhD. work focused orthe behavior under irradiation asurfacemodified
NDswith oxygen, hydrogen, and reconstructed?sp terminations. The production ¢tO*
radicalsand eq was measuredinder X-rays and Gammaeays with respect tdhe specific
surface chemistryoxidized, hydrogenated, and 3@ terminated) of NDsPhotoemission
activity was investigated under air atmosphere whereas the preseneg,@fas probed by
the mean of a gaseous mixtureN.O/QO, acting as electroscavengerkor the first time, the
detection of eqq was successfully demonstrated for plasmgdiogenated detonation NDs
under activation with a therapeutic energy range (KeMeV).

Negatively charged GXDs were demonstrated to be neactive when exposed to-days and
gamma rays. The opposite effect was observed for plasma and therm&lpsHwhch
appeared to beequally responsive to Xay and gamma rays (tested only on plasma treated
samples). In both cases, the effect observed was both concentrgtimtil 30 pg.mt) and
energydependent with an overproduction for optimized ND concentratiasshigh as 40 %

100 % depending on the surface treatment, the experimental atmosphere, and the type of
species detectedHO'or exq). The results also showed that smoothly vacuum annealed NDs
also enhance production diO*radicals as hydrogenated NO®jt the effect seems to be
limited by the graphitization stage.
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These results become even more interesting when the comparison widrriinated bulk
diamond is made. In planar diamond structure, the effect is only observed in the presence of
hydrogen whi¢ for NDs the surface chemistry appears to be less relevant (except for oxidized
NDs). Furthermore, playing on the energy range, it appeared that the absorption of photons
by the diamond core is not really driving the effect. Similar behavior was alsoteepior
goldNPs

We, therefore, proposed the hypothesis that radical overproduction seen for hydrogenated
and smoothly vacuum annealed NDs is linked to their positive ZP and related specific
interactions with water molecules. This hypothesis would moikely support an
enhancement of the radiolysis of water surrounding NDs rather than a true photoemission of
electrons from the nanodiamond core to explain the overproductiorH@* radicalsand
solvated electrons ithe presence of NDs.

Perspectives

x Colladal stability of NDs

The main drawback of surfageodified NDs colloids (plasma and thermally hydrogenated,
and vacuum annealed) is their limited stability. The lifetime and quality of NDs suspensions
could potentially be improved via surface greatment, e.g. air annealing before surface
modification treatment. In addition to that, an increasetie concentration of NDs can also
limit its agglomerationin colloidal suspension.

X "o Z u o ¢

Modification of colloidal properties of NDs along with gas desorbing from the water have
been observed. In parallel, the bubbles occurring on the surface have been associated with
loss of colloidal stability. Investigating the nature of the gas desorloorg NDs suspension
could explain the role of gasses (e.g. oxygen) in colloidal stabilitaggidmeratiorof NDs.

X X-ray irradiation of NPs

We have observea similar trend in HGproduction for GNPs and NDs which indicate an
influence from the surrounding water structure. Further investigation of the water structure
around GNPs and NDs is required to understand the link between electron emission efficiency
and the physical naturef NPs.

X OLCNDs

The origin of photoemission activity from vacuum annealed NDs could be established by
irradiation of fully graphitized NDs with Olike carbon structure. The reduction of HO
production activity hasbeen observed for an increasing time/t@@rature of vacuum
treatment hence no H®production is expected from OHIDs. Such an experiment could
potentially explain the influence of surface functional groups (e.g. hydrogen), which has been
mostly associated with SC and NEA of detonation NDs.e Sime various surface
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functionalities (e.g. oxygen, hydrogen) are still present after vacuum annealing 4C860
1 h the final conclusion cannot be made.

X Electron emission in water

According to the last publication of R. Hantefast surface oxidation of detonation NDs takes
place under UV illumination. However, the same effect has neenbsuccessfully
demonstrated undera high dose of Xays (no surface modification). Morexgeriments

should be conducted to characterize the surface of NDs before and after irradiation for
various doses and energies of irradiation. These can be done via FTIR characterization of NDs
suspended in water. In addition to that, the same experimenits wetonation NDs should

be performed under UV light to confirm the effect observed by R. Hamers amoiders.
Lastly,the Xray and gamma experiments should be repeated for larger detonation ND
particles which hae better diamond quality and more homogneous crystallographic
structure.
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Production of nanodiamonds by detonation technique

Diamond phase is formed during explosion conversion of cadooaining explosives. The
detonation of explosive processing in closed container results in the lack of oxygen and the
incomplete combustion. In this case, the synthesis of diamond occurs pnelesures above

230 kbar at temperatures above 2 300 K, which corresponds to the region of thermodynamic
stability on the carbon phase diagram. A distinct feature of the process is that the time of
synthesis in the explosion zone does not exceed @5 ps. The NDs size is limited by the
synthesis time and is 5 nm approximately. The primary NDs are covered by graphitic material
as the soot formation continues even after the pressure dropped. Therefore, a thorough
purification is needed to obtain graphifeee diamond. Usually oxidizing mineral acids are
used. The purified detonation soot contains up to 98 % carbon, with residual hydrogen,
oxygen, and nitrogen.

A.2Submicron latex beads as a spherical nanopatrticles
standard for DLS

Latex beads based opolystyrene are sphericalishaped particles with a narrow size
distribution used as a reference standard to test the accuracy and precision of the DLS
equipment. The size of the beads obtained during the experiment depends on the dispersive
surfactant asvell as the sample temperature. Herein, the nominal sphere size of 200 + 6 nm
was measured in wetiontrolled room temperature. The recommended procedure involves
analysis performed on latex beads dispersed both in ytree water and in 10 mmotiLof
sodium chloride (NacCl). Addition of NaCl provides better stabilisation of the particles due to
presence of Naand Clions reducing the Brownian motion of the particles. Results are
presented in the Table A.1.

Dispersant Weighted mean intensity
(hm)
NaCl £0 mmol.L) 204 + 3
Water 216+ 3

Table A.1tResults of the size distribution measurement for NP commercial standard obtained
in ultra-pure water and sodium chloride solution.

The size measured in water and sodium chloride is 8 % and 2 % respdugihelycompared

to the reference value. This difference of 6 % be simply explained by higher ionic strength of
NaCl compare to ultFpure water. Presence of ions reduce to natural movement of the
particles resulting in lower dispersion of the scatteredhtignd hence the smaller average
size of the polystyrene particles. To sum up, results obtained in NaCl are within standard
deviation of £ 10 nm given by the producer (Sigma ALDRMEED00243243) proving a high
accuracy of our equipment.

187



Appendix

A.3Effect of centfugal force and speed

Air annealed nanodiamond

The effect of centrifugation parameters-fGrce, rotation speed) on final concentration and
colloidal properties of ONDs suspension is presented. The sonication parameters were kept
constant (time = 60 mi amplitude = 80 %, pulse repetition frequent?RF = 0.5 cycle per
second, titanium ultresound probe H3, sample volume = 4 ml).

Initial Centrifugation Final Weighted Weighted
concentration concentration mean mean
(mg.mf?) time force  speed (mg.mf?) intensity  number
(min) ) (rpm) (nm) (nm)
5.9 40 2400 3861 51 112+ 2 54 +3
5.6 40 3260 4500 3.5 103+ 2 37+ 17

Table A.2t Relation between centrifugal force / speed and final concentration of the air
annealed NDs suspension. The DLS characterization (weighted mean intensity and number of
three measurements) was performed at sample concentration of 0.1 rgyittlin 1 h afer
suspension preparation.

A.4Colloidal properties of agceived PlasmaChem
nanodiamonds

The PlasmaChem detonation NDs were dispersed in the-tiraE A § GE ~i6X7 DQ-
characterized via DLS technique (Zeta Potential measurement).

MeanZeta Potential
(mV)
PlasmaChem 33+1

Source of NDs

Table A.3t ZP of ageceived PlasmaChem NDs dispersed (concentration of 0.1 -fhdgoml
ultra-pure water. Value in the table represents average of 3 independent measurements
obtained on the same day after suspenspyeparation (referred as fresh suspension). The
sample vas sonicated for 1 h prior theneasurement to reduce afgnerationof the native
particles.
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A.5 Stability over 50 days

Hydrogen annealed nanodiamonds

Colloidal properties of Adamas Nanotechnologies Mi@smally annealed under hydrogen
(1 h at 550 °C) were studied over 50 days. ND suspensions were prepared and stored at room
temperature at a concentration of ~2 mg:tal

Figure A.1t Colloidal properties of thermally hydrogenated NDs (Adamas Nanotkgies)
monitored over 50 days. Black sted line indicates instability region in which DLS
measurement have low data quality due to aggregation and flocculation op&ibicles
during the analysis. Note théaxis breaks.

A.6Fourier Transform Infrared Spextcopy

Fourier TransformInfrared Soectroscopy (FTIR) allows the analysis of photon absorption in
the infrared range (7003500 cmtin our case) in a transmission sample. Unlike conventional
absorption spectroscopy, consisting of exposing the sampleb¢éo analyzed to a
monochromatic beam and measuring the absorption for each wavelength, the FTIR is based
on an interferometry method from a beam polychromatic. Thanks to a Michelson
interferometer, the sample is only exposed to a few wavelengths, whichacagrding to the
position of the moving mirror of the interferometer. After transmission in the sample, an
interferogram according to the displacement of the mirror is measured by a detector.

From this interferogram, a Fourier transform will make it pbokesio go back to the absorption
spectrum of the analyzed sample. The advantages of going through a Fourier transform
include the fact of not needing a monochromator for the infrared source and to be able to
obtain a spectrum quite quickly. The FTIR schenthagram is shown in Figure A.2.
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The advantage of using infrared wavelength range, the vibrations of the molecules can be
excited. The wavelengths absorbed will thus correspond to the chemical bonds present in the
molecules being probed. For the samentfical bond, several vibratory modes can be excited,

at different wavelengths since each mode requires a different energy. By correlating the
absorption bands to different modes, it is possible to precisely determine the chemical bonds
present on the probd sample.

Figure A.2t Principle of FTIBperation
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physicachimiques exceptionnelleg ]« vS [ pA pv u § E] p ] 0 %}ULE 0 * %o %o0]
0 % &} p S]}v ]Jv pu*SE&)] oo % Eu 3 *CvS8Z S§]* & <+ E e+ C vS pv 8§
une enveloppe de surface possédant différentes terminaisonshinaie de surface des NDs peut étre modifiée
E unls }H % E %0 *u  }vv vd ¢ E e v P 35]A uvs }u %}]3]A u vs Z
équipe a récemment démontré des propriétés radiosensibilisantes des NDs hydrogénés par plaHdges{ des
lignées cellulaires cancéreuses radiorésistantes. Ces résultats prouvent leur aptitude thérapeutiqgue commg
E ]} ve] ]Jo]e vSeX % V vS8U 0 ¢ u Vv]eu ¢ Ju%oO]cpu * Ve S ((5
principalde ce travaill §Z o 8§ [ Sp ] E 0 }Uu%}ES uvsS ¢ E ¢ V *Uu*% Ve]
~E C}vey &P uu- 8§ USsHE E 0 % E} B 8]}V [ *% <« E S]A -
hydroxyles HO Des expériences complémentaires ¢4 E u ] § S E& o0 %E} u S1}v A.
La détection des radicaux Hét des électrons solvatés (¢ a été réalisée en utilisant une sonde fluorescence
7-OH coumarine, dans des atmospheéres différentes (air an@®/i;). Différentes chimies de surface ont éf
comparées (oxydée, hydrogénée, graphitisée en surface) préparées a partir de la méme sourcecahepsdlele,
0 °* %E}% E] S » }oo}b o« S 0 5 ]0]S§ e E e ve o[ M }vS &on
de leur chimie de surfac&ne surproduction de radicaux H&® été mesurée pour les-NDs hydrogénés par le
deux méthodes et pour les NDs recuites sous vide af758 %oOpUueU pv spE% E} p S]}v [
mise en évidence pour les-MDs. Ces résultats sont discutés en fonction de la chimie de surface, la st
Joo}b 0 8 0 ¢ ]vd E 38]}ve *% J(J<p e e ulo po e [ U A 0 ¢ E X

Title : Hydrogenated nanodiamond as radiosensitizer: chemical and physical investigatidghe ofvolved
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made of a diamonetore and a sheltoating containing various surface terminations. Surface chemistry of ND
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