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Abstract

Multimodal imaging techniques are of great interest due to thwealth of information
they provide. This thesis is devoted to the development and ahacterization of
nanoparticles which can be applied as luminescent probes, txidant detection and
as contrast agents in magnetic resonance imaging. The work iased on previous
studies on Yy sEU4VO4 nanoparticles which show strong, non-blinking and stable
luminescence. Time and space resolved optical oxidant detectiis feasible after
reversible photoreduction of E&* to Eu?* and reoxidation by e. g. H,O,. This
oxidation is detectable by a modi cation of the luminescenceroperties.

The incorporation of paramagnetic G& confers proton relaxation enhancing
properties to the system. We synthesized nanoparticles of eith#0 nm or 40 nm
diameter and of the compositions GdV@ and GdycEup4VO,4 as well as core-
shell systems containing a ¥sEuo4VO, core and a GdVQ shell with 40nm
total diameter. X-ray microstructural analysis in combination with dynamic light
scattering and electron microscopy enabled us to propose a mbie the relationship
between the shape of the nanoparticles and the crystallites ntained in them.
Complexometric titration indicated that rare earth leaching is negligible making
this type of nanoparticles well suited forin vivo applications. We demonstrated
that even after substitution of Y3* by Gd*", the nanoparticles retain the ability
of H,O, detection by luminescence modulation. Temperature and magtic eld
dependent measurements of the magnetization of @gEuy4VO,4 nanoparticles
conrmed the paramagnetic behavior according to a Curie-Wes law in the
temperature range from 290K down to 5K. We found that the prain relaxivity
of GdVO, and GdysEup4VO,4 nanoparticles of 10nm diameter as well as of the
core-shell nanoparticles is higher than that of the commeati chelate compound
Dotarem® . Nuclear magnetic resonance dispersion spectroscopy showed highe
proton relaxivities for nanoparticles made up from GglsEug4VO,4 than from pure
GdVO,.

The present data suggest that rare earth vanadate nanopartidecontaining
simultaneously Gd and Eu are very promising candidates for apghtions asin vivo
multifunctional probe. This system might also be useful as a tagg in gadolinium
neutron capture therapy or for positron emission tomography.
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Resune

Les technigues d'imagerie multimodale peuvent apporter engrande richesse
d'information. Cette these est consacee au teveloppementta la caracerisation de
nanoparticules qui peuvent &tre utilisees en tant que maueurs luminescents, pour
la cetection d'oxydants et comme agents de contraste pourithageriea esonance
magretique. Ces travaux sont bass sur des etudes peaehtes concernant des
nanoparticules de composition ¥sEu 4VO4, qui pesentent une forte luminescence
stable sans clignotement. La cetection optique d'oxydantesolue temporellement
et spatialement se base sur la photoeduction eversible d'Eli vers EV* et la
eoxydation d'Eu?* vers EU* induite par exemple par HO,. Cette oxydation est
Cetectable suitea une modi cation des proprees de luminescence.

L'incorporation de Gd®* paramagretique permet l'acekration de la relaxation
de l'aimantation des protons. Nous avons synthetie des namparticules de 10 nm et
40 nm de dianetre de composition GdVQ et Gdy sEup 4VO4, ainsi que des sysemes
c ur-coquille contenant un cur de Y (sEup4VO, et une coquille de GdVQ avec
un dianetre total de 40nm. L'analyse microstructurale par rgons X combiree
avec la di usion dynamique de la lumere et la microscopie edctroniquea balayage
nous a permis de proposer un mockle liant la forme des nanopaulesa celle des
cristallites les composant. La titration complexonetriquea indige que le taux
de relargage de terres rares est regligeable, ce qui rend isageable I'utilisation
de nanoparticules de ce type pour des applications vivo. Nous avons cemonte
que les nanoparticules conservent, méme apes substitutiae Y3* par Gd®**, la
capacit de cetecter H,O, par une modi cation de leur luminescence. Des mesures
de l'aimantation des nanoparticules GglgEu, 4VO4 en fonction du champ et de la
temperature ont con rire leur comportement paramagretique conformea une loi de
Curie-Weiss dans une gamme de temperature allant de 290K aka Nous avons
trouve que la relaxivie par rapport aux protons induite par les nanoparticules
GdVO, et GdysEug4VO, d'un dianetre de 10nm est plus importante que pour
le compose commercial ctelae Dotarerf . Des mesures de dispersion de relaxation
magretique nuckaire ont indique une relaxivie plus elewe pour les nanoparticules
composes de GglsEug 4VO, par rapporta celles de GdVQ,.

Les donrees actuelles indiquent que les nanoparticules danadate de terres
rares contenant simultarement Gd et Eu sont des candidats pmoetteurs pour
une application in vivo en tant que sonde multifonctionelle. Ce syseme pourrait
egalement etre utile comme cible pour la trerapie par capure de neutrons utilisant
les ions de gadolinium ou pour la tomographie paremission degitrons.
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Zusammenfassung

Multimodale bildgebende Verfahren sind von hohem Interesse d& einen gro en
Informationsreichtums zur Veriagung stellen. Diese Doktondeit ist der Entwicklung
und Charakterisierung von Nanopartikeln gewidmet, welche sllumineszierende
Marker, zur Detektion von Oxidanzien und als Kontrastmittel far die Magnetre-
sonanztomographie verwendet werden kennen. Die Arbeit basieauf vorherigen
Studien bezaglich Yy 6Euo4VO, Nanopartikeln, welche eine starke und stabile
Lumineszenz ohne Blinken zeigen. Diese ermeglichen einetlm#i und raumlich
aufgeleste optische Detektion von Oxidanzien durch reverdd Photoreduktion von
Eu®* zu Eu?* und Ruckoxidation von Eu?* zu Eu?* mit z. B. H,0,. Diese Oxidation
kann aufgrund der Veranderung der Lumineszeneeigenschaftdetektiert werden.

Das Einfugen von paramagnetischem Gd verleint dem System protonenrela-
xationsverst@arkende Eigenschaften. Wir synthetisierten Nanaptikel von entweder
10nm oder 40nm Durchmesser und mit den Zusammensetzungen Gdvand
GdosEuUp4VO, wie auch Kern-Schale Systeme bestehend aus einegsug 4VO,
Kern und einer GdVO, Schale mit einem Gesamtdurchmesser von 40 nm. Mi-
krostrukturelle Rentgenanalyse zusammen mit dynamischer Lit¢streuung und
Elektronenmikroskopie erlaubten es uns, ein Modell des Zusamnhanges zwischen
der Form eines Nanopartikels und derjenigen der Kristallitejie es aufbauen, vorzu-
schlagen. Eine komplexometrische Titration ergab, dass diedtsetzung von seltenen
Erden vernachlassigbar ist und bestatigte die Eignung diesesypes von Nanoparti-
keln far in vivo Anwendungen. Wir zeigten dass selbst nach der Substitution vor’Y
durch Gd** die Eigenschaft der Nanopartikel, durch Lumineszenzmodulati H,O,
zu Detektieren, erhalten bleibt. Temperatur- und magnetieabhangige Messungen
der Magnetisierung von GdVQ Nanopartikeln bestatigten das paramagnetische
Verhalten gema eines Curie-Weiss Gesetzes im Temperatuntegéch von 290K bis zu
5K. Wir stellten fest, dass die Protonenrelaxivilat von GdVQ, Nanopartikeln von
10nm Durchmesser wie auch von Kern-Schale Nanopartikeln hahiet, als die der
kommerziellen Chelatverbindung Dotarerfi . Die Spektroskopie der Dispersion der
kernmagnetischen Resonanz zeigte hehere Protonenrelamiten far Nanopartikel
aus GdasEug 4VO, verglichen mit solchen aus GdVQ

Die vorliegenden Daten deuten darauf hin, dass Seltenerdwtat-Nanopartikel,
die gleichzeitig Gd und Eu enthalten, sehr aussichtsreiche Kaiddten als multi-
funktionelle in vivo Sonden sind. Dieses System kennte auch far die Gadolinium-
Neutroneneinfangtherapie oder far die Positronenemissionstmgraphie natzlich
sein.
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Introduction

Nanotechnology for biological imaging and therapy

Currently, nanotechnologies enjoy great popularity in may scienti c domains. In

particular, nanoobjects are of special interest for biologat imaging and therapy.
The use of nanoparticles allows to tailor a probe for the inteted application and to
incorporate the functionalities needed. Biological and naécal imaging applications
rely mainly on luminescence and magnetic resonance imaging katta nanopatrticle
suited for such applications should possess convenient lumineseeand magnetic
properties. Chemo- and radiotherapy are widely used potent ¢énapy methods for
which nanoparticles can be used bene cially if they are abletcarry a drug to a
speci c target or if they possess a radiosensitizing e ect.

A large variety of luminescent nanoobjects for imaging has be proposed.
Exogenously introduced organic uorophores or endogenousignetically encoded
uorescent proteins are well documented but they su er from rpid photobleaching

: ) and have therefore a limited application rarmg for biological
processes which have to be studied on long time scales in the maub hour
range. Semiconductor uorescent nanocrystals have a high quam yield and
photostability but studies of biological molecules labeled i a single quantum dot
may be hindered by the blinking of these particles (Michalegt all, @5). Potential
cytotoxicity and a complex surface modi cation chemistry costrain further their
applications. Newer developments include luminescent nanadionds ,

) or composites made up from inorganic nanoparticles qogated to organic
uorophores ¢B_ULns_el_aﬂ 5). Rare earth doped nanoparticles exhibit interesting
optical properties and low cytotoxicity that make them idedcandidates for biological
luminophores (Bouzigue®t all, [2011). Their promising photophysical properties
include high photostability, no blinking, narrow emission lires, long lifetimes and
simple surface functionalization procedures. They have addihally the potential
to detect oxidants in a time- and space-resolved manner.

Another widely used imaging technique especially in the humarobly is magnetic
resonance imaging (Westbrook and Kaut, 1998) where the di enerelaxation times
of the protons in water depending on the environment are use@ freconstruct an
image. Contrast can signi cantly be increased and scanning timereduced when
administering a contrast agent containing paramagnetic ionsClinically approved
contrast agents contain Gd" ions bound to an organic chelator so that liberation
of toxic Gd®* ions is prevented. Incorporation of gadolinium ions in namarticles
would allow for high local concentrations, increased relaxty values, long circulation
times and negligible leaching rates.

The combination of di erent imaging techniques is of greatnterest as more and
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complementary information can be obtained in the same time. Mtimodal imaging

and sensing can contribute to more e cient and less time-consumg medical
examinations rendering possible the use of less xenobiotic sulpgtas and a cost
reduction.

One of the major topics in chemotherapy is the toxicity of theadministered drug
, ). Targeting allows to reduce unwanted side e & on healthy parts
of the organism and can deliver the active principle at a highoncentration to the
region or the organ to treat. For a target-oriented deliveryof the active compound,
the latter has to be conjugated with an addressing moiety (Hilly et all, [2001).
Strategies often involve the packing of the active compounth a biodegradable
polymer containing the address sequence. However, conjugatiof drugs to
nanoparticles which can be observed with the imaging technigs cited above adds
the possibility to track the drug and to monitor the release proess. Special forms
of radiotherapy such as neutron capture therapy use the radiah produced by an
internal target in the body M,Ml). Nanoparticles opeap the possibility
to combine imaging and therapy as the image-yielding compod and the target for
the nuclear reaction may be incorporated in one and the samejebt.

Rare earth vanadate nanoparticles

Multifunctional rare earth vanadate nanoparticles can be sed for biological imaging
and therapy. Luminescent rare earth vanadate and phosphate maparticles have
been developed in thd.aboratoire de Physique de la Matere Condense¢LPMC)
at the Ecole Polytechniqueand their properties have been studied thoroughly.
Several applications including oxidant detection and singl particle tracking have
been demonstrated by thelLaboratoire d'Optique et Biosciences(LOB). In the
following, we will give a short chronological summary of the stlies carried out
at the LPMC and LOB laboratories and devoted to this type of naomaterials in
the two laboratories where this thesis work was performed:

B lljujgnar_d (lZD_Qi) developed two aqueous synthesis protocols flee production
of lanthanide-doped yttrium vanadate YVQ, nanoparticles of either 10 nm
or 40nm diameter. Ed* doping of the matrix material yielded a strong
luminophore emitting in the red spectral region. It was shownhat the
synthesized nanoparticles can be functionalized by adding dich layer onto
their surface. Characteristic material parameters were reped and the optical
properties as well as the mechanism of luminescence ofEwdoped YVO, were
studied in a comprehensive manner.

* Buissette tZO_Q|4) adapted the colloidal synthesis protocol to pduce rare earth
phosphates. (La,Ce, Th)PQ nanoparticles of 5nm diameter presenting green
luminescence emission were described. It was shown that the ceriions can
be protected from oxidation by growing a crystalline LaPQ@ layer on the core
nanoparticles. These core-shell composites could further bevered with a
silica layer for functionalization. The feasibility of whiteluminescence emission
was demonstrated using mixtures of Eif -doped YVO, with (Ce, Th)PO, and
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CePO,. The incoporation of these nanopatrticles in silica yielded @ansparent
and luminescent layers.

* |Giaume tZQQB) studied the method of surface functionalizatioby a two
step process in which rst a silica layer is added and then an organlayer.
Conditions for di erent surface functionalization reactions were reported and
detailed analysis of the obtained organic surface as well as tteactivity for
coupling reactions were provided. The size and shape of nandjpdes with
and without a silica layer was determined by electron microspg with good
statistics due to a large number of analyzed patrticles.

B D&s_mbklo_d& analyzed the physics of the photoinduced bthang process in
Eu*" -doped YVO, nanoparticles. It was discovered that the photobleaching is
due to a reduction of the Ed* ions which is reversible upon adding an oxidant
like hydrogen peroxide. This nding opened the way for the gpication of
such nanoparticles as an optical hydrogen peroxide sensor. Tiesponse of
single nanoparticles to hydrogen peroxide was studied and tluetection of
endogenously produced hydrogen peroxide was shown in cellsrtirermore,
tracking of nanoparticles coupled to the bacterial-toxin was demonstrated.

B (2009) investigated the crystallinity of E#* -doped YVO, nanoparti-
cles. It was shown that polycrystalline particles obtained frm the colloidal
synthesis can be treated thermally after their embedding in a Bo silica
matrix in order to avoid coalescence so that monocrystalline pgécles can be
recovered. Optical properties before and after annealing avell as in di erent
solvents and with changing Eu-doping levels were studied. An apnversion
process in ytterbium- and erbium-codoped nanoparticles wakescribed and
analyzed.

~ INguyen (2009) used E#f -doped YVO, nanoparticles for the detection of
hydrogen peroxide with temporal resolution. The charactezation of the
luminescence response to di erent hydrogen peroxide concettons allowed
to calibrate the nanoparticles as a quantitative sensor. Theydrogen peroxide
production in cells after stimulation of the latter with a sigmaling molecule
was shown using internalized nanoparticles. The temporal reatibn enabled
the characterization of di erent signaling pathways and the interplay. The
versatility of the nanoparticles for the elucidation of celllar signaling pathways
was demonstrated.

~ Murkcan/ (2010) employed Ed* -doped YVO, nanoparticles as a luminescent

probe linked to peptidic pore-forming toxins. Single molede tracking of
the receptor-bound labeled toxins by luminescence microsgopllowed to
investigate the receptor motion on the cell membrane. It was slwn that
the toxin receptors undergo con ned diusion in stable domais of the cell
membrane. These domains were demonstrated to be lipid rafts.tdoduction
of receptor-bound nanoparticle-labeled toxins into a micruidic channel
enabled the application of a force to the receptor and to studits behavior
under non-equilibrium conditions.
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Positioning of this work

The aim of the present thesis was to further develop the system oére earth

vanadate nanoparticles so that it can accommodate additiohdunctionalities.

During this task, we could rely on the comprehensive knowledgmncerning the
synthesis and the luminescence properties of the system. A promgiapproach
consisted in rendering the particles detectable for magneti@sonance imaging.
Gd®* ions are e ective proton relaxation enhancing agents and @uto the chemical
similarity of rare earths, the synthesis of gadolinium-containg rare earth vanadate
nanoparticles was possible using the protocols developed poesly. Various
architectures of the nanoparticles are possible. The gadalim ions may either
be mixed with the europium ions so that the luminescent and retation enhancing
properties are concentrated in one phase or the core-shellqmiple may be revisited
so that a luminescent phase is combined with a relaxation enhang phase. In both
cases, it has to be veri ed if the luminescence properties andehability to detect

hydrogen peroxide are retained. The presence of gadolinium the nanoparticles
opens up simultaneously the possibility for therapeutic applations. These topics
will be discussed in the manuscript as follows:

1. The present study is devoted to multifunctional nanoparties, however, the
rst chapter will deal with the synthesis as well as the crystallgraphic and
magnetic properties of bulk rare earth vanadates, in partidar those of GdVQ,.
The knowledge of the properties of the bulk material is crual for several
characterizations of the nanoparticles. We will discuss the sadntages and
drawbacks of two methods for the synthesis of the bulk materialThe products
were analyzed thoroughly and especially concerning the aspeof purity
and stoichiometry. The magnetic character conferred to theompound by
incorporation of G&®* ions was characterized to be able to assess later in the
manuscript the in uence of the nite size of the nanoparticleson this property.

2. The second chapter deals with the synthesis and charactetina of nanoparti-
cles. We will review the basics of the colloidal chemistry prose which allows
the formation of nanoparticles of either about 10 nm or 40 nmiameter. The
stability aspects of aqueous nanopatrticle dispersions will bésdussed and the
possibility of nanopatrticle coating with a silica layer which an also serve as a
base for the functionalization with reactive organic groupsvill be presented.
As the exact knowledge of the concentration of rare earth or nadate ions
contained in the particles is of crucial importance for theiapplication in
magnetic resonance imaging, special attention is paid to thiejuanti cation.
Both free rare earth and vanadate ions are toxic to animals dnhumans,
therefore the determination of the stability of the particles, in particular the
lon leaching rates, is necessary. Perhaps the most important gtien when
dealing with nanoobjects is their size and shape. We will thelae discuss
the methods of dynamic light scattering and scanning electromicroscopy
which allow for determination of the size of a nanoobject. Tise techniques
are complementary to the microstructural analysis of the X-raydi raction
pattern obtained for the nanoparticles. We will present the awesponding
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analysis and make an attempt to provide a model in order to exgin the
relationship between one crystallite and one nanopatrticle. iis model will be
completed by gas adsorption measurements aiming to determittee specic
surface of the nanoparticles. The last section will be devoted tmagnetic
measurements on the nanoparticles.

. We will start the third chapter with an overview of the luminescence
properties of rare earth ions. The optical properties of Eti-doped YVO,
materials follow and we will then discuss the results of the quaim yield
determination on nanoparticles of various compositions. Thaext section
will be devoted to the cellular role of hydrogen peroxide as aecond
messenger, its endogenous production and an overview of sigrabathways
involving hydrogen peroxide. We will then review intracelllar techniques for
detection of hydrogen peroxide and put hereby the focus on dhproperties
of Eu-doped rare earth nanoparticles. Finally, the results oin vitro
measurements concerning the photoreduction and luminescenecovery of
individual nanoparticles as well as of ensembles of nanopales will be
discussed and data om vivo detection of hydrogen peroxide will be presented.
These data con rm previously obtained results and show the repdoicibility
of the oxidant detection properties for successive syntheses.

. The fourth chapter will deal with the application of Gd-cataining rare earth
vanadate nanoparticles as contrast agents in magnetic resola imaging.
For this purpose, we will rst review the relaxation mechanismsn nuclear
magnetic resonance and discuss the parameters in uencing thenContrast
and contrast enhancing mechanisms will be discussed and an ovewiof the
currently clinically approved contrast agents will be givenWe will furthermore
present newer developments in contrast agent design which arainly based on
nanoparticles. A summary of the multimodal aspects of imagingilvcomplete
the theory part. We will then present and discuss the results coaming the
relaxation times at xed and variable magnetic eld of variaus designs of rare
earth vanadate nanoparticles. The last section will deal withite luminescence
properties of Gd-containing rare earth vanadate nanopadies as well as
their response to hydrogen peroxide thus demonstrating the ntiiinctional
properties of these nanopatrticles.






Chapter 1

Synthesis and characterization of
bulk rare earth vanadates

The present chapter deals with bulk rare earth vanadate mateds. Although the

intended applications require that the material is used in fon of nanoparticles,
it is important to study thoroughly the properties of the bulk material before
investigating additional nite size e ects. The knowledge of prameters derived
from the bulk material is of crucial importance for the charaterization of the

nanoparticles. We will start with the description of two di erent synthesis routes
for the production of gadolinium vanadate. Comparative chacterization of the

two obtained samples allows the assessment of their quality. Onenflyesis protocol
Is simple and rapid but it is possible that it does not result in theneeded quality
while the other can produce a high quality compound but at thexpense of a time-
consuming procedure. As a pure and stoichiometric Gd\Ccompound must be
guaranteed, we will pursue with a comprehensive charactertian of the obtained

products by X-ray diraction. The last section of the chapter wil be devoted to
the study of the magnetic properties conferred to the materdy incorporation of

paramagnetic gadolinium ions. The obtained data will be congped in the next

chapter to those obtained for the nanoparticles and will alle to determine the
in uence of the nite size on the magnetism.

1.1 Synthesis of bulk gadolinium vanadate

Synthesis of bulk rare earth vanadates and in particular of glinium vanadate
may be performed by two di erent methods. The intended matedl can either be
produced by a solid state synthesis at high temperature or by rstraploying the
colloidal chemistry route for precipitating the material fom soluble salt solutions in
water and followed by a thermal treatment in order to increaséhe particle size.

1.1.1 Solid state synthesis

Inorganic solids are most commonly prepared by the ceramic rheid consisting
of mixing and heating of solid precursors so that they react to fon the desired
compound (Smart and MQQdelMS). Generally, one takes stoicmetric amounts
of the precursors, which are ground nely to the smallest partiel size possible
and then heated for several hours in a furnace. Applied to the gaular case
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of gadolinium vanadate, the most facile reaction scheme is toquuce GdVQ, as
the sum of gadolinium oxide GgdO3; and vanadium pentoxide \AOs:

Gd,03 +V ,05 ! 2GdVO,

The ceramic method demands a high temperature, essential togprde the
activation energy so that the highly coordinated ions can lea their lattice position
and diuse over long distances. Lower temperatures often rendehe reaction
impossible or unreasonably slow. However, this high temperatummay cause
problems concerning the stability of the precursors or the pduct. In the general
case, the ceramic method is a solid state synthesis and the reastiemperature does
not reach the melting temperature of any of the precursors orpducts but is ideally
about two-thirds of them. In our special case, this condition annot be ful lled
due to the large di erence in the melting temperatures of vaadium pentoxide and
gadolinium oxide. \,Os melts already at 681 C (@ ) whereas GgD3; needs
to be heated to 2339C (@ ) for fusion. A temperature well below 70CC
would extremely slow down the synthesis as the di usion processtige time limiting
step. Diusion can be facilitated by small grain sizes and thorogh mixing but a
high temperature remains still necessary.

Working with vanadium pentoxide in the liquid phase may causerpblems due
to volatility and decomposition of this compound. Boussere®t al| (1958) reported
that V ,Os has a non-negligible vapor pressure at high temperatures. Theyeasured
a value of 12hPa at 1200C meaning that prolonged heating at temperatures in
this range results in a loss of YOs. () has measured the dissociation
pressure of vanadium pentoxide. At 112%C, they have determined an oxygen
partial pressure of 235 hPa and an amount of 4.7 mol % \d@roduced by reduction
of V,0s. The authors state that the decomposition is reversible as longs the
oxygen is not removed. However, the oxygen partial pressure iir & only 211 hPa
and thus smaller than the partial pressure from the oxygen origating from V,0s5
decomposition. A reaction in an open system results therefore annet oxygen loss
and production of VO,. We note that the resulting compound VQ has a melting
point of 1967 C m M) and that one reobtains the conditions of a reaolid
state reaction upon reduction of ¥Os to VO,.

Unfortunately, the literature is ambiguous on the question if and in the
a rmative case how, stoichiometric GdVO, can be prepared by the ceramic method.

i 9) reported that mixing stoichiometric mounts of Gd,O3
and V,0s results after sintering in a product containing a few percentfainreacted
gadolinium oxide.@e@%) stated that an about 2 % excesswOs is necessary
in order to compensate its volatility. On the other hand| Scharz @) explained
that problems due to evaporation and reduction of YOs can be circumvented when
controlling carefully the reaction conditions. They reporeéd that a slow heating
of the mixture between the rare earth oxide and ¥Os up to 950 C over a period
of 4h prevents fusion of YOs which has still not reacted. This behavior may be
interpreted by the initial formation of GdVO 4 at the surface of \LOs grains. As this
compound has a melting point of about 180CC (IM] ), the vapor
pressure of Os is reduced and the latter remains in the solid state. The auther
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report that after this slow heating ramp, the end temperaturecan be increased
to 1100 C without the risk of oxygen loss. Also higher end temperatures hav
been reported. | Gaur and Lal 3) prepared GdVpOfrom Gd,O; and V,0s5 at
temperatures of about 1250C and using two ring cycles. However, they do not
state the heating ramp.

Based on these literature data, a thorough characterizatiorf the obtained sample
is required. The compound will be analyzed by X-ray di ractim in order to exclude
any contamination. Possible impurity phases could involve ueacted G303 due to
a partial evaporation of the reaction partner \AOs or the parasitic phase GdVQ
formed by reduction of GdVQ,. It it also possible to obtain a non-stoichiometric
GdVO, phase with vacancies on the vanadium and oxygen sites due to poeation
and reduction of \,Os.

1.1.2 Synthesis by coprecipitation

Huignard et all (I;opjb) have studied the synthesis of Eu-doped yttrium vanadate
nanoparticles at ambient temperature by coprecipitationrbm soluble yttrium and

europium nitrate and sodium orthovanadate salts. Although we faus on bulk
material in this chapter and not on nanoparticles, the genelandings, with
exception made to the conditions for size control, are transpable to the present
case. The authors have shown that the reaction strongly depends the pH and
that yttrium orthovandate can only be obtained in a narrow pHrange between 12.5
and 13.0. The reaction involves in a rst step the precipitatio of the kinetically
favored hydroxide Y,Eu; 4(OH)3

(Y«Euy )* +30H | Y, Eu; ,(OH)3 #

which, in a second step, reacts with orthovanadate to form therodynamically stable
YX EU]_ XVO4

Y Eu; x(OH)3+VO 2 | Y,Eu; VO, +30H

In very alkaline conditions with pH > 13, yttrium and europium hydroxides
are precipitated and cannot react with orthovanadate. An adic pH favors
the formation of condensed vanadate species and the productiof a rare earth
orthovanadate is not feasible.

We note that [I:Iutgnar_d (120_Qi) has only investigated the propems of aqueous
Y3* and EU** ions and not those of other trivalent rare earth solutions, but
Chang and Mao (2007) have also obtained Gd(OKi)oy a colloidal hydrothermal
method using a soluble G# salt and NaOH at pH 13. |Hollemaret al| (1995)
states generally that all rare earth hydroxides are not soluélin water and only
soluble in acids. These data suggest that the synthesis conditionsrived from Y3*
and Eu*" solutions can also be applied to GY .

For the synthesis of a bulk reference material, we are not inested in a
well-de ned particle size so that a careful control of the groth process is not
necessary. The solution method has the advantage that it is cé&d out at ambient
temperature and circumvents any possible problem linked to ehhigh temperature
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solid state synthesis described in sectidn_1.1.1. However, a draekaesides in
the fact that one may obtain only little extended crystalline regions comprising
defects due to the rapid precipitation of GdVQ upon combination of the precursor
solutions.|Mialon et all (|209_$) have shown that the crystallinity of yttrium vanadate
nanoparticles can be signi cantly increased by thermal treahent at temperatures of
900 C and above. We can use a similar process for increasing the cryigtalsize in
a GdVO, precipitate. This two step synthesis process starting with copegitation
followed by thermal treatment is more time consuming than thelirect synthesisvia
the ceramic method but problems arising from the use of )05 are avoided.

1.1.3 Experimental protocol
1.1.3.1 Ceramic method

We synthesized bulk gadolinium vanadate GdV@Qby a high temperature solid state

synthesis based on the protocol presented by Gaur and Lal (1983)causing the

heating rate given by Schwarz|(1963). 0.03 mol (10.875 g) paeved GO (purity
99.99%,My = 362:50 g=mol, Strem Chemicals) and 0.03mol (5.456 g) powdered

V,0s5 (spectrographically standardizedM,y = 181:88 g=mol, Johnson Matthey) are
ground and mixed intimately in a agate mortar. The obtained pwder is poured into
an alumina crucible with alumina lid and placed in an oven. Ta thermal treatment
cycle consists in a heating ramp at 4 K/min to 1250C and a subsequent plateau of
10h. The oven is allowed to cool down to ambient temperatureitihout temperature
control. The obtained brown-grey powder is ground in the aga mortar and then
placed again in the alumina crucible. A second thermal cycle performed under
identical conditions as the rst one yielding a red-brown prduct. The reaction yield
is determined based on the mass of the nal powder product aftgrinding.

1.1.3.2 Coprecipitation and thermal treatment

Gadolinium vanadate GdVQ, bulk material is also prepared by coprecipitation from
solution. For this purpose, sodium orthovanadate Na/O, (purity 99.9%, My, =
18391 g=mol, Alfa Aesar) is dissolved in ultrapure water with a speci c resance
of at least 182M cm to a nal concentration of 0.1 M. The pH of the solution
is verifed using a pH meter and is adjusted if necessary to the rand2.5{13.0
by adding 1 M sodium hydroxide (Merck). The solution is then ltered through a
0.22 m vacuum Iter system (Corning) in order to remove nonsoluble impurities.
Gd(NO3)3 6H,0O (purity 99.9%, My = 451:36 g=mol, Alfa Aesar) is dissolved in
ultrapure water to a nal concentration of 0.1 M and is used as r@pared. We note
that GdCl; can equally be employed under otherwise unchanged conditson

A volume of 0.1 M NgVO, solution is placed in a recipient and stirred vigorously
at ambient temperature. The same volume of 0.1 M Gd(N§)s solution is poured
into the recipient and the stirring is maintained for 30 min. W note that the
synthesis can also be performed using solutions with a concentoat of 0.2M in
order to reduce the reaction volume.

The precipitate is isolated by successive centrifugation-resfiersion cycles. The

10
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dispersion is spun at 26,3239 for 20min. The supernatant is disdad and the
precipitate recovered in a glass ask. Complete redispersion @ashieved in about
80 mL ultrapure water under stirring for several hours. Plastic ecipients should
not be used as prolonged stirring may contaminate the nanopate dispersion
with plastic particles dicult to remove. The initial suspension can be highly
concentrated in this step by a factor of 10 to 20 facilitating ad speeding up
all further puri cation steps. The centrifugation-redisperson cycles are repeated
3 to 5 times depending on the concentration factor and until aonductivity of
the dispersion below 100S=cm is reached. In the last centrifugation step, the
precipitate is not redispersed but placed in a recipient and ard overnight at 100 C.
The obtained product is ground to a ne white powder and the raction yield is
determined based on the mass of the nal powder product after igiding.

The crystallite size in the GdVQ, powder is increased by thermal treatment. The
sample is placed in an alumina crucible and subjected to a tempéure program
consisting in a 2h ramp to 900C and a 10 h step at this temperature. All annealing
reactions are conducted in an oxidizing air atmosphere.

1.1.4 Results and discussion

GdVO, bulk material was produced by the ceramic method as well as by
coprecipitation and subsequent thermal treatment. Synthesigields reached 95 %
in the case of the ceramic method and about 75 % for the copreitgtion pathway.
The vyields of the coprecipitation reaction are generally Veer and di er from one
to another synthesis although the same protocol was employed. hi§ nding
can be explained by the fact that puri cation demands severatentrifugation and
redispersion steps with a slight loss of material during each step.

The visual comparison of the two thermally treated powders anthe precursor
from the precipitation reaction shows a signi cant di erencein color (g. L[T1).
The powder obtained from room temperature coprecipitations white to slightly

Figure 1.1: Photograph of bulk GdVO 4 powder from di erent synthesis methods. Samples were
obtained from coprecipitation at room temperature (left, sample MS20)prfr coprecipitation and
subsequent thermal treatment at 90@ (middle, MS11) and from the ceramic method at 1250
(right, MS8).

yellow. After thermal treatment at 900 C, this powder darkens its color to become
yellow-ochre. In contrast, the product from the ceramic metbd is red-brown. This

11
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di erence in the color can be explained by either a non-stoiagbmetry of the product
of by a second parasitic phase. The following section will thece& be devoted to a
X-ray study in order to elucidate further this question.

1.2 Characterization by X-ray di raction

1.2.1 Crystal structure

Most of the phosphates, arsenates and vanadates as well as chr@waof rare
earths crystallize in the tetragonal zircon structure L(_S_ch_wd |L9_6_3) having the
space groupl 4,=amd (no. 141, [Hahn 5)). This structure is in particular
found for YVO, (g. L2) and GdVO,. One unit cell contains four formula units

Figure 1.2: Crystal structure of YVO 4. Atoms are drawn to 0.25 of their respective van-der-Waals
radius and sticks are OA thick. Oxygen atoms are shown in red, vanadium atoms in grey and
yttrium atoms in light blue. Left drawing: 3D view of the structureRight drawing: Projection of
the structure along the crystallographicaxis visualizing the chains ¢¥O,4] tetrahedra and[YOg]
distorted dodecahedra. Crystallographic data is frﬁo@%& d#pdsn the crystallographic
information le (CIF) 1011156 on the Crystallography Open Databg&@razuliset all, [2009).

of YVO,. These are organized so that along the crystallographicaxis, [VO4]
tetrahedra containing the vanadium atom in their center alernate with [YOg]
polyhedra made up from a central yttrium atom and oxygen atosin their corners.
The two types of polyhedra are interconnected by edge sharingsulting in isolated
[VO,4] tetrahedra. We note that the [YOg] polyhedra are distorted dodecahedra in
which the yttrium ion occupies a non-centrosymmetric crystébgraphic site with
D,qy symmetry. This distortion is due to the presence of two di erentsets of Y{O
bond lengths. While 4 Y{O bonds measure 2.38, the 4 others are longer and
measure 2.42\ (Guillot-Noel et all, 1998). This property is of crucial importance

for the luminescence of E¥ ions introduced as dopants in the host structure and

12
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occupying the crystallographic site of the ¥* ion. We will discuss this topic in
section[311.

It is interesting to note that many rare earth vanadates show aolw temperature
Jahn-Teller distortion of their tetragonal structure to an oithorhombic geometry
(tab. B.I). However, such a crystallographic transition has n#éier been found for

YVO, (Elliott_et all, [1972) nor for GdVQ, (Cashionet all, [1969).

1.2.2 Experimental protocol

A comprehensive description of the X-ray di raction techniqueas well as a detailed
disucssion of the applied corrections is given in appendix sexti(A 1. In brief,

data acquisition is performed on a X-ray powder di ractometelin Bragg-Brentano
geometry using CuK radiation at a wavelength of = 1:5418A. A 2 range
from 10 to 75 is used for routine measurements or up to 130for measurements
employed in Rietveld re nement. A step width of 0005 is de ned for GdVO,

samples and of @1 for the Gd,O3 and V,0s5 precursors. The integration time per
angular step is set to 100s except for the GdVsample from coprecipitation and
thermal treatment where a di raction pattern with a high signal-to-noise ratio was
acquired using an integration time of 500 s.

1.2.3 Results and discussion
1.2.3.1 Identity

We have recorded the X-ray powder diraction patterns of bulkGdvVO, obtained

by the ceramic method and from coprecipitation and thermalreatment at 900 C.

The results are shown for comparison in g[113. A perfect agreemt of the two

di raction patterns is found indicating that both synthesis pathways were able to
produce the same compound. A detailed analysis of the peak phes (data not
shown) con rmed that the peak widths are almost identical for he two samples.
This nding signi es that a material with the same crystallite size may be obtained
either by the ceramic method at 1250C or from coprecipitation and annealing at
900 C. We can therefore compare in the following these two samples verify if

the applied conditions during the synthesis of GdV@from Gd,O; and V,0s were
appropriate to avoid evaporation of \AOs and the formation of a non-stoichiometric
compound as discussed in sectign 1.1.1.

The identity of the material can readily be assessed by comparirthe X-ray
di raction pattern of GdVO , obtained by coprecipitation and thermal treatment to
the peak list for GdVO, reported by |Swansoret all (1967). Table[I1 lists the
obtained peak positions and intensities together with those dm the literature.
The comparison shows generally a good agreement between theasueed and the
literature values although the di erence is somewhat biggeor the (211), (112) and
(220) peaks. This proves that the synthesized product is made tqom GdVO,. The
material obtained from the ceramic method displays a likewisgood agreement with
the literature values (data not shown). However, as the visualoparison of the
samples obtained by the two synthesis pathways ( g(_1.1) showed erent colors,

13
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Figure 1.3: Comparison of the di raction pattern of GdAVO 4 from coprecipitation with thermal
treatment and from the ceramic method. Data were normalized to the most intense peak. HT
stands for the di raction data of the compound produced by the high teerature ceramic method
and CT for that obtained from coprecipitation and successive thermal treatmaith the highest
annealing temperature being 90C€. HT data are shifted upwards for better visualization.

we have now to decide whether this e ects is due to impurities the material or
due to a non-stoichiometry of the GdVQ compound.

1.2.3.2 Purity

Phase purity has been assessed by comparison of the di raction ple of GdVO, to
those of the precursors GgD3; and V,0s. The corresponding patterns are displayed
in g. L.4lfor the GdVO, sample synthesized by the ceramic method. We nd that
none of the peaks of GgD3; nor V,0s is visible. The inset in g. [1.4 shows that
there is not even a small contribution from the precursors at # position of their
most intense peaks. The ceramic method is able to produce a highrity compound
with crystallized impurities smaller than the detection levé of the X-ray analysis.
The latter can be estimated by calculation of the instrument leel of detection

within a 99.95% con dence level. Rousseau (2001) devised thepesssion
r__
465 1y
= - b 1.1
[(X) tc (1.1)

where | (X) is the count rate over background per percent of the substaecof
interest X, |, is the background count rate in the diractogram of the prodwct

GdVO, in the region of interest (1400s!) and t. is the counting time per detector
position, here 100s. The count rate$(X) for V,0s and Gd,O; were calculated
from the non-normalized di ractograms (graphs not shown) ad yielded values of
I (V,0s) = 230s ! and | (Gd,03) = 90s 1, respectively. With eq. [I.1, we obtain
an instrument level of detection for \AOs of 0.07 % and for GdO5 of 0.2 %. As we
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Table 1.1: Peak positions and intensities for GdVO 4. Data are displayed for GdV{synthesized
by coprecipitation and thermal treatment at 90@ (sample MS11). Integrated intensitiels are
normalized to the most intense re ection in the di ractogram, the (2D@eak. The peak indicated
with  is splitted and arises from re ections corresponding to the (431) ad@1) planes.

measured Swansost al. (1967)
h k | 2 (deg) | (%) 2 (deg) I (%)
1 0 1 18.600 30 18.601 30
2 0 0 24661 100  24.667 100
2 1 1 31.067 9 31.091 12
1 1 2 33.209 66  33.227 75
2 2 0 35156 20 35.148 25
2 0 2 37.714 4 37.716 4
3 0 1 40.061 14  40.072 12
1 0 3 44575 9 44590 10
3 21 47.611 12 47.611 12
3 1 2 49.135 58  49.152 55
4 0 0 50.566 16  50.581 16
2 1 3 51601 4 51.611 6
4 1 1 54341 3 54.351 4
4 2 0 57.045 13 57.060 12
0 0 4 58.053 3  58.047 6
3 3 2 61845 16  61.859 16
2 0 4 64.028 11 64.041 14

66.388 5 66.399 6
2 2 4 69.713 10  69.720 10
5 1 2 73.175 13 73.179 12
4 4 0 74.314 3 74.331 2

do not observe any peak in the di ractogram of the synthesized pduct, impurities
resulting from the precursor oxides must be smaller than these ks of detection.
The cumulative impurities are therefore smaller than 0.3 % edgvalent with a purity

of GdVO, higher than 99.7 %. This result does not con rm the observatiomade by
Cook and Cashion|(1979) of several percent unreacted &4 in the product, when

starting from stoichiometric amounts of the reactants.

The quality of the GdVO, sample prepared by coprecipitation and annealing at
900 C can be assessed by the same procedure as non-reacted GdjNeénd NaVO,
salts should form the corresponding oxides at high temperatige The comparison
of the diraction pattern of this GdVO 4, sample to that of the sample from the
ceramic method ( g. [1.3) shows that the peak positions and intesities superpose
perfectly. No parasitic re ections can be found. Absolute backgund count rates at
constant integration time per angular step were comparable tihose for the sample
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Figure 1.4: Comparison of the di raction patterns of GdVO 4 obtained by the ceramic method
with those of the precursor oxides. The graph shows the di ractograms of the three compounds
normalized to their most intense peak. The inset depicts the region oélsiscattering angles in
detail. The green arrows mark the position of the most intense peak/eDs (left arrow) and
Gd,O3 (right arrow), respectively. Diractograms in the inset have been sadtin intensity after
normalization for better visualization.

obtained by the ceramic method. We may therefore estimate thmurity with respect
to another crystalline phase to be also at least 99.7 %.

1.2.3.3 Stoichiometry

We have used three approaches to elucidate the stoichiometrftbe GdVO, sample
from the ceramic method. In a rst step, the composition of the saple was
determined by inductively coupled plasma atomic emission speascopy. This
measurement was carried out by th&ervice Central d'Analyseof the CNRS. The
obtained percentages are displayed in tab[—1.2. The data cams clearly the

Table 1.2: Sample stoichiometry derived from elemental analys is. Data were obtained from the

Service Central d'Analysef the CNRS as mass percentage. CT refers to sample MS11 and HT to

sample MS8. Data for sample MS11 is the average from two measurements. thdad deviation
of this measurement performed twice serves as an estimation of the errorlfaregsurements.

mass % atoms per formula unit
sample Gd \% Gd \%

CTo900 C 572 05 190 01 0990 0:009 1013 0:007
HT 1250 C 574 05 189 01 0994 0:009 1009 0:007

1 : 1 stoichiometry between Gd and V. We can therefore deduce ththe used
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synthesis conditions did not result in a loss of 30s. This observation supports
that the controlled and slow heating rate of 4 K/min used duringour synthesis,
which corresponds to that reported by rﬂlﬂbB), iS nesary and su cient to
prevent fusion and subsequent evaporation of,;@s. We note that the determination
of the oxygen content is not possible by elemental analysis and axygen loss due
to reduction cannot be excluded.

In a second approach, we have searched for the compound GdV®hich is
in principle obtainable by reduction of GdVQ, (IS_QTQAE 6) and presents also
the the 1 : 1 stoichiometry between Gd and V. As GdV@ crystallizes in an
orthorhombic structure (Pickardt et all, [1988), specic peaks would be visible in
a mixed compound composed of GdVQand GdVOs;. However, the analysis of
the diractogram showed that the latter contains exclusivelypeaks which can be
attributed to GdVO 4 (tab. [@LI). We may therefore conclude that no GdV@
impurity is present above the instrumental limit of detectionwhich can be estimated
to be in the order of 0.1% for the most intense peak of Gd\Cat 2 = 32:940
as given in the International Centre for Diraction Data (ICDD) le 00-025-0205.
One might also imagine that an amorphous phase is present whiclowd not give
rise to sharp re ections in the X-ray di raction pattern. However, one would expect
a broad peak for this amorphous phase. As the base line is at (g[l3), this
possibility seems less probable. Additionally, the high tempetaes used during the
synthesis or the thermal treatment are not compatible with sigincant amounts of
non-crystallized matter in the sample.

The last possibility constitutes therefore a non-stoichiometticompound concern-
ing the oxygen content. This question has been addressed by R&t re nement
of the X-ray diraction data. We re ned rst the diraction pat terns of GdVO,
obtained by both synthesis pathways with xed stoichiometry acording to the sum
formula (g. L5). The re ned parameters are summarized in tke two columns on the
left of tab. [[.3. We nd that unit cell parameters as well as tle position of the oxygen
atom are virtually the same for both synthesis pathways. Instrum#al resolution
parameters expressed as the values V and W are identical within the error limits
indicating that a robust and precise determination of the instumental resolution
function was possible. The pro le broadening parameter with arentzian character
Y is slightly dierent. This behavior is not immediately clear as the comparison
of the peak proles resulted in comparable widths for the mat&ls from both
synthesis pathways. A reason for this di erence can be found whe&emparing also
the Lorentzian isotropic strain parameterX which varies in the contrary direction
and shows a rather high standard deviation. As strain is not exptsz in the material
after a relaxing treatment at high temperature and as the pdabroadening apart
from the instrumental resolution function is less signi cant acording to the sharp
peaks observed, there might be some mutual compensation in theahand poorly
de ned values of X and Y. The respective thermal agitation factors for vanadium
and oxygen correspond within the error limits but a slightly hgher di erence is
observed for gadolinium which cannot be explained. The agraent factors indicate
in both cases a re nement of reasonable but not exceptional ditg. Any attempts
to add further physically founded re nable parameters did nbresult in a signi cant

lowering of these parameters.| Jinenez-Meleret all (2006) has re ned neutron
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