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II. Abstract 

During the past decade, lanthanide doped alkali metal rare earth fluorides have been 

intensively studied due to their unique properties. Also, nanoparticles of these materials 

have gained much importance because NaYF4, NaGdF4, NaLuF4 and LiYF4 nanocrystals 

doped with Yb/Er or Yb/Tm display efficient upconversion emission. The synthesis of 

NaREF4 nanocrystals (RE = rare earths) has therefore attracted many researchers 

worldwide. While a large number of procedures is already available for the synthesis of 

NaREF4 particles of the heavier rare earth ions and for NaYF4, only a very limited 

number of methods exists for nanocrystals of the lighter rare earth ions, RE = La, Ce, Pr 

and Nd. In this work, a synthesis method was therefore developed to produce 

monodisperse sub-10 nm sodium rare earth fluoride nanocrystals of the lighter rare 

earths, NaREF4 (RE = La, Ce, Pr and Nd) from single-source precursors. Based on this 

method, the Ostwald ripening, the size focusing and the stability of these nanocrystals 

were studied; also, the versatility of the method was demonstrated by developing doped 

nanocrystals of these particles. The procedures developed in this thesis not only allow to 

prepare the hexagonal β-phase of these materials but also the meta-stable cubic α-phase. 

The latter is found to be very sensitive to decomposition. This decomposition affects also 

the synthesis of NaREF4 particles of the hexagonal β-phase where particles of the cubic 

α-phase form an intermediate product. This thesis also shows that highly sodium 

deficient α-NaYF4 nanocrystals with a size of less than 10 nm can be prepared which 

contain much less sodium than the bulk material. These nanocrystals were used as 

precursor to produce monodisperse sub-10 nm lithium rare earth fluoride (LiREF4, RE = 

Y, Gd, Lu) nanocrystals. Using this new approach also LiYF4:Yb,Er/LiYF4 core/shell 

upconversion nanocrystals were prepared, displaying a 35 times enhancement in 

luminescence intensity compared to the corresponding core particles. Further, this 

approach provided new insights on intermediate phases formed during the synthesis.  

Our studies confirmed, for instance, that LiREF4 nanocrystals were formed through an 

‘available intermediate phase’, that is, a phase having a composition which is determined 

by the available cations in the reaction mixture.  
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Chapter 1 

 1. Introduction on Nanomaterials, Rare Earth Elements and Alkali 

Metal Rare Earth Fluorides 

1.1. Nanomaterials 

Scientific Committee on Consumer Products (SCCP) and British Standards Institution 

(BSI) defined nanomaterial as material for which at least one side or internal structure is 

in the nanoscale, and that according to the Federal Institute for Occupational Safety and 

Health (BAuA - Germany), it is a material consisting of nanostructure or nano-substance. 

So in general, if nanomaterials are composed of particles, with a size in the nanometer 

(nm) range, typically within 1 to 100 nm, these particles are called nanoparticles (NPs). 

In fact, the range is somewhat arbitrary and is not defined in a uniform manner. 

Sometimes particles with a diameter in the range between 1 and 1000 nm are also 

considered as nanomaterials. A nanometer is one billionth of a meter (1 nm=10-9 m), this 

is approximately 100,000 times smaller than the diameter of a human hair. The prefix 

‘‘nano” is derived from the Greek word “nanos”, which means “dwarf”.  In the literature 

the term nanocrystals (NCs) or nanocrystalline is used to emphasize the crystalline 

character of the nanoparticles. Even though depending on the shape and morphology of 

nanomaterials are categorized as several types, especially as nanoparticles, nanorods, 

nanotubes and nanowires, the term NPs is often used to represent them generally. 

Though there is no true hard definition for these nanostructures, a summarized 

description is provided in Table 1.1. NPs are fundamental building units of 

nanostructures, which are also an integral part of nature, present in the environment 

and living organisms where they play important roles in many chemical and biological 

processes [1, 2].    

Historical background in connection with NPs shows that suspensions containing gold 

particles were known even in 1200-1300 BC. Until the Middle Ages, silver and gold 

colloids were used for health treatment (antibacterial, venereal diseases, dysentery, 

epilepsy and syphilis) [3]. The first book on colloidal gold was published by Francisci 

Antonii, a philosopher and medical doctor, in 1618. The colloidal suspensions were also 

used for colouration of ceramics and clothes [4].  A famous antiquity in this regard is the 

Lycurgus cup, a Roman goblet from the 4th century A.D., whose coloration is green or red 

when observed in reflection or transmission respectively, due to light scattering induced 
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by metallic NPs dispersed in the glassy matrix [5, 6]. A well-known application of early 

nanotechnology is the ruby red colour of finely dispersed gold that was used for stained 

glass windows during the Middle Ages, which are found in glass windows of many 

Gothic European cathedrals, like the stained glass in the Cathédrale Notre-Dame de 

Chartres (France), León Cathedral (Spain), Santiago de Compostela (Spain) etc. 

Table 1.1: Definition of nanoparticles, nanorods, nanotubes and nanowires: 

Structures  Definition* 

Nanoparticles Nanostructure with all dimensions in the nanometer range and are 

part of the zero-dimensional nanostructures. 

Nanorods  One-dimensional nanostructures where the standard aspect ratio 

(length to width) is larger than one but less than 10.  

Nanowires  One-dimensional nanostructures with the diameter of the order of 

a nanometer which generally have aspect ratio exceeding 10 or the 

length at least approach the micron scale. 

Nanotubes One-dimensional structures like nanowires, in terms of aspect 

ratio; but unlike wires, tubes are hollow 

* There is no true hard definition 

The modern perspective on nanotechnology was perhaps first envisioned and 

articulated by the American theoretical physicist Richard Phillips Feynman in his 

famous speech on top-down nanotechnology called “There’s plenty of room at the 

bottom” at an American Physical Society meeting at Caltech on December 29, 1959 [7, 8] 

8]. In his speech he mentioned that ‘‘at the atomic level, we have new kinds of forces and 

new kinds of possibilities, new kinds of effects’’. His vision has opened new 

opportunities in science and technology. In the mid-1980s, Marquardt and co-workers 

pioneered the systematic investigation of nanostructured materials and they coined the 

terms “nanocrystalline” and “nanocrystal” for crystalline NPs [9, 10]. 

As they are effectively a bridge between bulk materials and atomic or molecular 

structures, NPs are of high scientific interest. Bulk materials should have constant 

physical properties regardless of their size, but at the nano-scale this is often not the 

case.  The properties of materials change as their size approaches to nanoscale as the 

percentage of atoms at the surface of a material becomes significant due to high surface 

to volume ratio. However, the interesting and sometimes unusual properties of 
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nanoparticles are not fully due to the aspects of the surface atoms. This is known as 

quantum confinement effects, another primary factor that causes nanomaterials to 

behave significantly differently than bulk materials [11]. Both these effects influence the 

chemical reactivity as well as their mechanical, optical, catalytic, electric and magnetic 

behaviour. Size- dependent properties are observed particularly in semiconductors and 

metals(gold, silver ) [12, 13, 14] as well as catalytic properties in some other metal 

(platinum, nickel, copper) NPs [15], quantum confinement in semiconductor NPs or 

quantum dots (cadmium selenide, cadmium sulphide, cadmium telluride, lead sulphide, 

indium phosphide, indium arsenide, zinc sulphide) [16, 17, 18, 19, 20] and 

superparamagnetism in magnetic NPs (iron oxide) [21]. Apart from the inorganic 

nanomaterials given by these examples, nanoparticles of organic and biomolecules are 

also known [22]. 

Due to the amazing properties of NPs, nanoscience emerged as a unique discipline of 

research with applications in different fields, such as life science-medicine, energy, 

catalyst, opto-electronics, displays, cosmetics, sensors, tribology etc. The art and science 

of manipulating matter at the nanoscale to create new and unique materials, 

technologies, devices and products now comes under the term nanotechnology. Among 

the inorganic nanoparticles, the semiconductor quantum dots such as CdSe, CdS, ZnS, 

InAs, InP, CdTe etc., having a size of less than 10 nm, are widely used in biolabeling and 

displays and, in the future probably also LEDs, solid state lighting and photovoltaics [23, 

24, 25]. Nanoparticles of TiO2 [26], SiO2 [27] and ZnO [28] and metallic nanoparticles 

such as Ag, Au, Pt [29, 30, 31] are also extensively used in the field of solar cells, 

catalysis, coatings, ceramics, cosmetics and life science.  

Since many inorganic NPs show size-dependent properties, high quality particles with 

narrow particle size distribution, well-defined structure and shape are of high interest. 

General strategies for the synthesis of NPs are the bottom-up and the top-down 

approaches [32]. In the top down approach NPs are synthesized by breaking down 

respective bulk materials gradually into smaller sizes by physical or chemical methods. 

However, in the bottom up approach NPs are built up atom by atom or molecule by 

molecule to form final NPs, which also can be done by different physical and chemical 

routes.  

A detailed description of each nanomaterial, its properties and applications as well as 

different synthesis methods is out of scope of this thesis. In my own work, I have focused 
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on rare earths containing inorganic, particularly fluoride based NPs, forming a unique 

class of materials for versatile applications. Before discussing such nanomaterials, a 

description of rare earth elements and their properties is given in the following section 

of the thesis. 

1.2. Rare Earth Elements (REE) 

As stated by the International Union of Pure and Applied Chemistry (IUPAC), REE 

comprise fifteen lanthanides (Ln) metal elements in the f-block, lanthanum to lutetium 

(Z = 57 to 71), along with scandium (Z = 21) and yttrium (Z = 39), since they exhibit 

similar chemical behaviors and have an almost similar valence electronic configuration 

[Ar]3d14s2 (Sc), [Kr]4d15s2 (Y) and [Xe]5d16s2 (La). Also, scandium and yttrium generally 

occur with the Lanthanides in the same ore deposits. The word lanthanide comes from 

the Greek "lanthaneien" and means "to lie hidden". The REE occur in nature, although 

promethium, the rarest, only occurs in trace quantities in natural materials as it has no 

stable or long lived isotopes. Regardless of the name “rare earth”, most of the REE are 

much more abundant than some other elements. For example, cerium is the most 

abundant rare earth element and is more common than lead or copper in the earth’s 

crust [33]. Also, all of the REE, except promethium, are more abundant on average than 

gold, platinum or silver. However, most REE are not concentrated enough to make them 

easily exploitable economically [34]. 

On the basis of their atomic weight, REE are divided into two groups as light rare earth 

elements (LREE; lanthanum to europium or gadolinium) and heavy rare earth elements 

(HREE; gadolinium or terbium to lutetium). In fact, the division is somewhat arbitrary 

and the term middle rare earth elements (MREE) is sometimes used to refer to those 

elements between europium and dysprosium. Scandium and yttrium are, although light, 

usually grouped with the HREE group because of their similar physical and chemical 

properties [35].  

The lanthanide elements have the general electronic configuration [Xe] 4f0-145d16s2. The 

4f level is consecutively filled from left to right in the series, that is, from cerium 

([Xe]4f15d16s2) to lutetium ([Xe]4f145d16s2). Lanthanum has no 4f electron 

([Xe]4f05d16s2). Since the inner 4f electrons of trivalent lanthanide ions (Ln3+) are 

effectively shielded by outer 5d and 6s orbitals, the electrons are less affected by the 

chemical environment of the ions. So the 4f electrons are closer to the nucleus and are 

removed or ionized in rare cases, and have less participation in chemical bond 
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synergism. The electrons of the outer shells, 5d and 6s, have less ionisation energy and 

are easily removed or ionized to give the REE the most predominant oxidation state +3, 

one reason behind the similar chemical properties throughout the series. Some of the 

lanthanides show +2 and +4 oxidation state e.g. Ce4+, Eu2+ and Yb2+.  

Though the trivalent lanthanide ions (Ln3+) have almost similar chemical properties, 

their optical properties are interestingly distinct. Since, as mentioned above, the inner 4f 

are less affected by the chemical environment of the ions, the luminescent Ln3+ ions 

show a characteristic sharp emission line that occurs anywhere from UV to IR region, 

depending on their electronic states and transition probabilities. These emission lines 

correspond to f-f transitions of the 4f electrons which are Laporte forbidden and exhibit 

a low extinction coefficient. On the other hand they show long lifetimes of their excited 

states which is associated with the low transition probabilities of forbidden transition. 

Some of the most widely used ions for luminescence in the visible region are Eu3+and 

Tb+3. In contrast, Y3+, Sc3+, La+3 and Lu+3 do not show any luminescence in the visible 

region due to their empty or completely filled f-orbitals. The excellent optical properties 

of lanthanides enable their use individually or in combination as phosphors for many 

types of flat panel displays and x-ray tubes widely. Plasma displays were developed with 

the aid of new europium based blue phosphor which retains brightness ten times longer 

than previous blue phosphor [36]. Some lanthanides, chiefly europium and terbium, are 

used as phosphor compounds in fluorescent lamps and LEDs, and are therefore basis of 

energy efficient lighting [37, 38].  

Another end user of REE is the glass industry where REE are used in glass polishing 

materials and as additives that provide colour and special optical properties [39, 40]. 

Rare earth based glass is used in 50% of digital and cell phone camera lenses [41]. The 

catalytic property of REE is well known and REE based materials are widely used in 

automotive catalytic converters [42]. For example, cerium oxide is part of the catalyst 

substrate and used as component of the converter’s oxidising catalyst system [43, 44]. In 

the petroleum industry, REE based materials are being used in fluid cracking catalysts in 

the process of refining crude oil [45, 46]. Also the REE can be used as heterogeneous 

catalyst in chemical reactions and it is also possible to use it at high temperatures [47, 

48].  

The highest value commercial application of REE is their use in strong permanent 

magnets. The strongest permanent magnets are based on Nd-Fe-B and Co-Sm, and are 
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very useful when weight and space are limiting factors [49]. It leads to the production of 

small, light-weight and high performance electric motors which are used in different 

carbon reducing technologies such as in hybrid engines and wind turbines. The strength 

of the magnets used in the engines is one of the factors which determine the amount of 

electricity generated. REE magnets are commonly used in automotive power steering, 

electric windows, power seats, DVD and CD ROM disk drives and in computer hard 

disks. Terbium and dysprosium are also used in magnets and show magnetic property 

even at high temperatures. Another example is gadolinium, known for its strong 

paramagnetism [50]. 

REE can be used for numerous other applications and also in many new technologies. As 

anode materials consist of mixed REE alloy (mostly lanthanum) in the Nickel-metal 

hydride (NiMH) rechargeable batteries, it can be used in hybrid cars and countless other 

electronic products [66]. Cerium, lanthanum, neodymium and praseodymium, 

commonly in the form of a mixed oxide known as mischmetal, are used in steel making 

to remove impurities and in the production of special alloys. It has been found that 

gadolinium based special magnetic materials can be used in magnetic refrigeration [51] 

[67]. REE are essential in solid oxide fuel cells, and it has been shown that electrolytes 

made up of industrial grade lanthanum, cerium and praseodymium mixed carbonate are 

able to achieve excellent fuel cell performance at low temperatures [52]. 

As advances are made in materials science there are a number of REE containing 

materials are developed.  Among them there are several nanoparticles consisting of REE 

that have been synthesized and are being used for various applications. Rare earth 

doped or undoped nanoparticles such as oxides [53], phosphates [54, 55, 56], sulphates 

[57, 58, 59], sulfides [60], vanadates [61, 62] etc found to be interesting from the past 

decades because of their excellent optical, magnetic and electrical properties arising 

from the f-f transitions of the 4f electrons. Since the thesis focuses on synthesis and 

characterization of rare earth fluoride nanoparticles, the following section is dedicated 

to providing a brief overview about these nanoparticles, their application and general 

synthesis strategies. 

1.3. Rare Earth Fluoride Nanoparticles 

It has been considered that rare earth fluorides are very appropriate host materials for 

optically active lanthanide ions (Ln3+). These fluoride materials own properties such as 

excellent thermal and chemical stability along with conventional oxide and phosphate 
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host materials. Apart from that, fluoride based host materials have low phonon 

frequencies, one of the important factors that affect the luminescence efficiency of Ln3+ 

where non-radiative relaxation occurs due to multi-phonon relaxation. So by choosing 

an appropriate host material with low phonon frequency it is possible to improve the 

luminescence efficiency. Based on this it has been found that the rare earth fluorides 

including trifluorides (REF3) and alkali rare earth fluorides (AREF4, RE = rare earth, A = 

alkali metal) are excellent host materials with low phonon frequencies (ca. 350cm-1) 

[85] compared to other host materials such as oxides and phosphates (>500-1000 cm −1) 

[86, 87]. Hence the rare earth fluoride materials have been extensively used as an ideal 

host for luminescent ions showing upconversion [63, 64, 65, 66, 67], downshifting [68, 

69] and down conversion or quantum cutting [70, 71, 72]. These materials can be used 

for different applications, mainly in life science [73, 74], for lasers [75, 76, 77], solar cells 

[78, 79, 80, 81] or as sensor for detecting heavy and toxic ions [82, 83] as well as gas [84, 

85] and biological molecules [86, 87]. 

Among them, nanosized NaYF4 or NaGdF4 or LiYF4 doped with Yb/Er or Yb/Tm or 

Yb/Ho ions is most widely studied as upconversion materials. Upconversion process is 

the generation of high energy photons (particularly in the visible region) by the 

sequential absorption of two or more photons in the lower energy region (for example, 

near infra red, NIR). Upconversion nanoparticles (UCNPs) are promising fluorophores 

for biological assays and medical imaging since the conventional organic fluorophores 

are limited due to photobleaching. Moreover, organic fluorophores are excited generally 

with UV or visible radiations, which often cause autofluorescence by the biological 

samples that may interfere with the fluorescent emission signals of the fluorophore. In 

addition, prolonged UV radiation may cause photobleaching, photodamage or even 

mutation in the biological samples. However, inorganic UCNPs have shown high 

chemical stability, long luminescence lifetime, tunable emission wavelength and low 

toxicity. Also, the particles are excited by NIR radiation, which shows high penetration 

depth in the biological tissue is less harmful due to its low photon energy. The absence 

of autofluorescence and blinking leads to high signal to noise ratio [88, 89, 90] and 

enable them tremendously exploitable in biolabeling [91], bioimaging [92, 93], 

biodetection [94, 95, 96], FERT-based sensor [97] and drug delivery [98, 99, 100] 

applications.  Most importantly, the upconversion (UC) emission can be induced by low 

power continuous wave laser excitation (1-103 W/cm2) as opposed to the costly high-
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intensity pulse laser sources (106-109 W/cm2) required for the generation of 

simultaneous two-photon processes. UC ions doped NaGdF4 host materials show not 

only UC emission, but also paramagnetic properties due to the presence of Gd3+ ions and 

these NPs can be used as contrast agent in magnetic resonance imaging (MRI) [101, 102, 

103, 104]. Such NPs are known as multimodal imaging probes that work for both optical 

imaging and MRI. AREF4 UCNPs have also been used in in-vivo studies for plant cell 

imaging [105] and uptake of nanoparticles [106].  

1.4. Synthesis of Alkali Metal Rare Earth Fluoride (AREF4) Nanoparticles 

Owing to their interesting properties, methods for synthesizing NPs of AREF4 materials 

with well-defined crystal phase, high crystallinity and narrow particle size distribution 

have gained much attention in recent years. In particular, the optical properties of AREF4 

nanocrystals (NCs) have been extensively investigated with respect to its crystal phases 

and particle size distribution [107]. The molecular scale building of NCs via solution 

phase synthesis methods result in very high composition homogeneity and morphology 

which often lack in case of solid state synthesis methods [108]. Also, these methods 

allow to control the size, morphology and crystal structure by varying the synthesis 

temperature, solvent, reaction time, concentration and precursor materials. The 

chemical methods adopted for the synthesis of AREF4 NCs are synthesis in high-boiling 

organic solvents, hydro thermal/solvo thermal growth, co-precipitation, sol-gel 

processes, combustion and microwave techniques. In the following section some of 

these synthesis methods are briefly discussed.  

1.4.1. Synthesis in High-boiling Organic Solvents 

High quality nanocrystals of AREF4 can be produced with control over the size and 

shape of the particles using this method. It mainly involves decomposition of organic 

precursors of REE at an elevated temperature in high boiling organic solvents with 

surfactants to stabilize the nanocrystals. The commonly used precursors for the thermal 

decomposition are fluoroorganic acid salts of REE, e.g. trifluoroacetate. Oleic acid (OA), 

oleylamine (OM), trioctylphosphine oxide (TOPO) etc. can act as both solvents and 

surfactants along with 1-octadecene (ODE), squalene or paraffin oil as co-solvents. The 

rapid decomposition of precursor particles at high temperature leads to a burst of 

nucleation, which is the key to achieve monodisperse particles. The concentration of 

precursors, choice of solvents, reaction temperature and time are also critical factors 
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that affect the final size, morphology, crystal phase, luminescence efficiency and 

homogeneity of the nanocrystals.  

By using this method, Yan and co-workers prepared LaF3 from trifluoroacetate of 

lanthanum (La(CF3COO)3) for the first time [109]. Monodisperse rare earth trifluorides, 

REF3 were also successfully prepared using rare earth trifluoroacetate (RE(CF3COO)3) as 

single source precursor [110] in OA/OM/ODE solvent mixture. As an extension to this 

procedure Capobianco and co-workers successfully employed a similar method for the 

synthesis of alkali metal rare earth fluoride (AREF4). In this case, a co-thermolysis of 

RE(CF3COO)3 and ACOOCF3 (A = Li, Na) in organic solvents resulted in the formation of 

AREF4 [111, 112]. Before this, in a detailed study, Mai and co-workers extensively 

examined the formation temperature, size and crystal structure of hexagonal and cubic 

phased AREF4 for the entire series of rare earth elements by using different solvent 

ratios (OA/OM/ODE), reaction times and temperatures [107]. In addition, Shan and co-

workers [113, 114, 115, 116] reported that trioctylphosphine (TOP) and ODE with OA 

are effective co-solvents in the co-thermolysis method. Many research groups working 

in the area developed modified thermal decomposition methods to tune the emission 

colour, morphology and size of the particles. As a result, protocols for the synthesis of 

monodisperse and uniform UCNPs based on different hosts such as NaYF4 [117], NaGdF4 

[118, 119], NaYbF4 [120, 121], LiYF4 [122, 123], and KY3F10 [124] are now available.  

One advantage of the use of trifluoroacetates is the rapid formation of reactive fluoride 

compounds at elevated temperatures. However, the main drawbacks of the thermal 

decomposition of trifluoroacetate are small yields and exhale of highly toxic 

oxyfluorinated carbon species as by-product during decomposition. In addition, since 

the solvents using this method are purely organic, the particles obtained are 

hydrophobic in nature and need surface modification to enable them to be used for 

further applications, especially water solubility for life science applications.  

As an alternative to trifluoroacetate, respective rare earth oleates can be used as 

precursor material along with NaF or NH4F as fluoride source to achieve AREF4 or REF3 

nanocrystals with the desired size and properties. The molecules used as surfactants 

(OA, OM or TOPO) also play an important role on the manoeuvring of narrow particle 

size distribution, morphology and crystal phase transition of AREF4 nanocrystals [125, 

126, 127, 128]. In such a case, the reaction is free of toxic by-products and also provides 

the possibility to scale up the product in grams. Of course, surface modifications of the 
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hydrophobic nanocrystals are required to transfer them into hydrophilic solvents. Chen 

and co-workers prepared doped NaYF4 and NaGdF4 nanocrystals using RE-oleate and 

NaF in OA/ODE as solvents [129, 130]. Li and Zhang demonstrated the use of other 

precursors, such as rare earth chlorides instead of oleates, but the chlorides 

subsequently converted to oleates due to the presence of oleic acid [131]. Thus, rare 

earth oleates are widely used as precursors to produce different kinds of AREF4 or REF3 

NCs with various sizes, shapes and crystal structures.  

1.4.2. Hydrothermal and Solvothermal Methods  

Hydrothermal and solvothermal synthesis techniques are important wet-chemical 

methods, where the reactions take place in water (hydrothermal) or other solvents 

(solvothermal) at pressures above 1 bar. The high pressure increases the boiling point of 

the solvent and therefore allows to conduct the synthesis at high temperatures. It helps 

to increase the solubility and reactivity of the reactants and supports crystallization of 

the products [132, 133, 134, 135]. The reactions are conducted in a sealed vessel called 

autoclave. Since this method is usually based on water or nontoxic solvents, it is 

considered to be more environment- friendly.  It has been shown that the shape and size 

of particles can be controlled through appropriate addition of organic additives which 

act as complex agents or structure directing agents [136, 137].  The commonly used 

organic additives for the fabrication of AREF4 nanoparticles are oleic acid, as 

polyvinylpyrrolidone (PVP) and polyethylenimine (PEI) [138], ethylenediamine 

tetraacetic acid (EDTA) [139, 140], cetyltrimethylammonium bromide (CTAB) [141] and 

tri-sodium citrate (TSC) [142, 143].  

Usually, rare-earth chlorides, nitrates, or oxides are chosen as the rare earth ion 

precursors and these are combined with HF or NH4F for synthesizing rare earth 

trifluoride nanoparticles (REF3), while either NaF or LiF is used for rare earth-alkali 

metal rare earth fluoride (AREF4). Li and co-workers synthesised highly uniform rare 

earth fluoride nanocrystals by using a special hydrothermal method called liquid-solid-

solution (LSS) strategy [138]. By adapting this technique, rare earth fluoride such as YF3 

[144, 145], LaF3 [146, 147, 148], GdF3 [149]as well as alkali metal fluorides like NaYF4 

[150, 151], NaLaF4 [152], NaLuF4 [153, 154], were successfully synthesised. Zhao and 

co-workers prepared uniform NaYF4 nanorods, nanotubes and nanodisks using another 

hydrothermal method called OA mediated process [155]. Liu and co-workers developed 

a novel Gd3+-doping approach to give simultaneous control over the crystal phase, size, 



11 
 

and optical properties of the resulting NaYF4 UCNPs during the hydro (solvo) thermal 

synthesis [156]. It has been found that the morphology of these nanocrystals is affected 

by the experimental parameters such as temperature, reaction time, pH, concentration, 

solvents and doping concentration.  

1.4.3. Other Synthesis Methods 

Methods involving as co-precipitation, sol-gel techniques, microwave heating and 

solvents like polyols and ionic liquids have also been used for producing different rare 

earth fluorides. Among them, co-precipitation is considered as one of the simplest 

methods due to simple steps to follow and low cost of reaction equipment. However, in 

most of the cases post-treatment like annealing of as prepared co-precipitated particles 

is needed to gain better physical and chemical properties. Veggel and co-workers 

synthesised NCs of LaF3:Ln3+ (Ln=Eu, Er, Nd and Ho) using the co-precipitation method 

[157]. Commercially available ligands such as polyvinylpyrrolidone (PVP) and 

polyethylenimine (PEI) are also widely used to control particle growth and endow 

solubility as well as surface functionality [158, 159]. 

The sol-gel process is a typical wet-chemical process involving mainly two steps, 

hydrolysis and condensation. The process has been widely used for developing glass 

materials and thin film coating formulations containing nanomaterials. Again, a post 

heat treatment or calcinations at high temperature is usually required for instance, to 

improve the luminescence efficiency of the deposited materials. Different groups have 

synthesised various rare earth fluorides NPs via this method [160, 161, 162]. The sol-

gel-derived NPs are supposedly not particularly suitable as luminescent probes for 

biological assays due to lack of size control as well as aggregation of the particles 

happens to occur. 

Apart from the synthetic strategies mentioned above, there are other known processes 

like solid state reaction, synthesis in ionic liquid as well as polyol [163]] and the 

microwave assisted method [164] have been adopted for the preparation of rare earth 

fluoride particles. In the work presented here the nanocrystals were synthesised in the 

high-boiling coordinating solvent oleic acid because the method yields NPs with narrow 

size distribution, high luminescence efficiency and particle size tunability.    
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1.5. Motivation of the Thesis 

Luminescent nanoparticles are particularly useful for biologically and other 

applications, if their 

 Mean size is below 10 nm 

 Size distribution is narrow 

Since NaLaF4, LiYF4, LiGdF4 and LiLuF4 are suitable host lattices for doping with 

luminescent lanthanide ions, the synthesis of monodisperse nanocrystals of these 

materials with a size below 10 nm was studied.  

1.6. Aims of the Thesis 

The aims of the work presented here are as follows; 

1. Developing a new synthesis procedure for monodisperse β-NaREF4 (RE = La, Ce, 

Pr, Nd) nanocrystals with sizes below 10 nm. 

2. Investigating the growth mechanism of these (1) particles with special emphasis 

on the formation of transient of sodium deficient particles of cubic α-NaREF4. 

3. Development of a new synthesis procedure for monodisperse LiREF4 (RE = Y, Gd, 

Lu) nanocrystals. 
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1.7. Outline of Chapters 3 - 5 

In accord with the aims of this thesis given above (1.6), the main results are structured 

as follows. 

In Chapter 3 the synthesis of sub-10 nm NaREF4 NCs of the LREE (RE = La, Ce, Pr, Nd) is 

described. We observed that NCs of some of these materials behave thermodynamically 

different from corresponding bulk particles. We successfully established a synthesis 

procedure for such NCs with sizes less than 10 nm and a narrow size distribution using 

single-source precursors. A detailed study on Ostwald ripening, size focusing and 

decomposition effects of these NCs was also performed and the results are presented in 

this chapter. Further, successful doping of NaLaF4 and NaCeF4 with different 

luminescent lanthanides ions, especially Ce, Tb and Pr, were demonstrated and their 

optical properties were studied.  

The studies presented in chapter 3 indicated that highly sodium deficient NaREF4 

particles of the cubic α-phase are formed as intermediate products before NaREF4 

particles of hexagonal β-phase are obtained as final products. This motivated us to 

examine the existence as well as the stability of highly sodium deficient cubic α-phase 

NaYF4 NCs. So Chapter 4 provides a detailed description for the synthesis of highly 

sodium deficient cubic α-phase NaYF4 NCs with sub-10 nm size. In addition, Ostwald 

ripening and size focusing of these particles were investigated in detail.   

Chapter 5 discusses the synthesis and the characterisation of monodisperse sub-10 nm 

lithium rare earth fluoride (LiREF4, RE = Y, Gd, Lu) NCs, another unique class of rare 

earth fluoride materials. We have successfully developed a new approach to prepare 

monodisperse sub-10 nm sized LiREF4 NCs using highly sodium deficient rare earth 

fluoride NCs. Also, this approach was used to check the intermediate phase formation 

during the synthesis of LiYF4 NCs, since this was not clear from previous studies. Our 

studies confirm that LiYF4 NCs are formed through an ‘available intermediate phase’ and 

formation of the available intermediate phase was determined by the available cations 

in the reaction mixture. In addition, we found that the approach is readily LiLuF4. The 

new approach was finally used to grow a shell of LiYF4 on the core particle of LiYF4:Yb,Er 

demonstrating the feasibility of the method to prepare the core/shell particles. 
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Chapter 2 

2. Theory for the Formation of Monodisperse Nanocrystals and 

Characterisation Techniques 

2.1. Formation of Monodispersed Nanocrystals in Solution  

Generally, the formation of NCs can be divided into three stages as nucleation, growth 

and ripening, and the following section may give a brief overview on these stages.  

2.1.1. Nucleation, Growth and Ripening 

In the classical model of crystal or solid growth in solution, growth is explained based on 

dissolved ‘monomers’, the term used to refer to ions, atoms or molecules present in the 

reaction medium. Nuclei are formed from these monomers and follow different growth 

regimes to form crystals or solids. Nucleation is the process whereby a new phase is 

generated in the form of ‘nuclei or seeds’. Generally, there are three kinds of nucleation 

processes. If nuclei are formed from a homogeneous supersaturated bulk solution or 

parent phase, this process is referred to as ‘primary nucleation’, whereas if nuclei are 

generated in a supersaturated bulk solution in the presence of other particles or 

materials with the same, this is called ‘secondary nucleation’. On the other hand, the 

‘heterogeneous nucleation’ process occurs due to structural inhomogeneities, that is the 

presence of foreign interfaces, like impurities, grain boundaries, dislocations and 

container surfaces. For the rest of the discussion in this section I will focus on 

homogeneous primary nucleation, which is the one to take place most likely in the 

synthesis procedure adopted for developing NCs mentioned in the thesis.  

The growth mechanism of highly uniform or monodisperse NCs or colloids from a 

homogeneous supersaturated monomer reaction medium was first studied by LaMer 

and Dinegar [165]. They pioneered the concept of ‘burst nucleation’, in which many 

nuclei are generated at the same time when the concentration of the monomers 

increases rapidly, rising above the saturation concentration for a concise period. A short 

period of time during which nucleation occurs is, in fact, very important to obtain 

narrow particle size distribution. Otherwise, if the nuclei formation occurs throughout 

the synthesis, the growth histories of particles would differ largely from one another, 

and would result in polydisperse particles. The LaMer plot, shown in Figure 2.1, is very 
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useful for understanding how burst nucleation and the subsequent growth of the seeds 

occur by consuming the monomers in the supersaturated solution with time.  

 

Figure 2.1: LaMer plot: Concentration of monomers as function of time [165]. 

As is depicted, the mechanism mainly proceeds through three different stages. In stage I, 

the concentration of monomers constantly increases with time as thermal 

decomposition of precursors occurs. However, precipitation does not happen below the 

critical supersaturation concentration        because the energy barrier for 

spontaneous homogeneous nucleation is high. In stage II, the formation of stable nuclei 

occurs because      is high enough to overcome the energy barrier for nucleation. Since 

the rate of monomer consumption resulting from nucleation and fast growth of the 

nuclei exceeds the rate of monomer supply, the monomer concentration          

decreases until it reaches the level at which the nucleation rate (the number of nuclei 

formed per unit time) is zero. This leads the system to the next growth stage (stage III), 

in which nucleation has effectively stopped and the solution now consists of the crystal 

nuclei, free monomers and any remaining precursor, which may release monomers 

further. At this stage, the existing nuclei will grow to nanocrystals with increasingly 

larger size until an equilibrium state is reached between the monomers on the surface of 

the nanocrystals and the monomers in the solution. The resulting monomer 

concentration in solution is called equilibrium concentration,    
  

. In general, the ratio 
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between the concentration of monomers,       and the equilibrium concentration,   
  

 

is called supersaturation,   (eq. 2.1).  

  
     

  
                                           

The widely accepted and simplest theory that describes the nucleation process is the 

classical nucleation theory, which was originally derived for describing the condensation 

of a vapor into a liquid. Later on, it has also been employed by analogy to explain the 

formation of crystals from supersaturated solution and melts. At the end of the 19th 

century, Gibbs developed the thermodynamic description of this process. According to 

this theory, the total free energy change required for the crystal formation      is given 

by the sum of the free energy change required for the phase transformation to a unit 

volume of the crystal       and the free energy change required for the formation of the 

surface of the crystal      . For a spherical particle with radius,   and surface energy,   

the total free energy is given by eq. 2.2. The resulting free energy diagram for nucleation 

is shown in Figure 2.2. In a saturated solution with increasing radius of the crystal, 

     becomes more negative due to the high thermodynamic stability of a solid state 

material. On the other hand, the formation of the solid/liquid interface increases the free 

energy by an amount proportional to the surface of the crystal. Since the positive surface 

free energy     dominates at small radii, the total free energy change    increases 

initially. 

However, as the crystal size increases, the total energy goes through a maximum at a 

critical size       above which the total free energy decreases continuously and growth 

of the nucleus becomes energetically favorable. 

          
 

 
                                

The crystal free energy     depends on the temperature  , the surface energy   , the 

molar volume of solid material     and the supersaturation of the solution  . 
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Eq 2.3 shows that the volume term favors the formation of crystals as long as     , that 

is,     is negative as long as the solution is supersaturated 

 

Figure 2.2: Free energy diagram for nucleation explaining the existence of ‘a critical 

nucleus’ [166]. 

However, the surface term     imposes an extra free energy requirement for the 

formation of nuclei. Due to the contribution of    , nuclei smaller than the critical radius 

      dissolve again because this decreases their total free energy   . So the critical 

radius     is the minimum size of a nucleus that can resist dissolution and grow further. 

By differentiating    with respect to   and setting the derivatives equal to zero, it is 

possible to calculate the maximum free energy        (eq. 2.4) which a nucleus will pass 

through to form a stable nucleus as well as the corresponding critical radius ( eq. 2.5). 
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The growth process involves deposition of monomers from the solution on to the 

surface of the NCs. According to the classical growth theory, the growth rate of a particle 

is determined by the number of monomers reacting at the particle surface per unit time 

by diffusion and the rate of their reaction with the particle surface. If the diffusion of 

monomers on the particle surface limits the growth rate of the particle, the reaction is 

called diffusion controlled. If the reaction of the monomers with the particle is slower 

than their transport to the surface via diffusion, the reaction is called kinetically 

controlled, reaction controlled or surface controlled. 

The growth rate of a seed or particle depends on three factors; particle size    , 

supersaturation   and the constant   , which indicates, whether the growth reaction is 

more diffusion or reaction controlled.  It is determined by the quotient of the diffusion 

coefficient   of the monomers in solution and the rate constant    of the reaction 

between the monomer and the particle surface. In 1961 Wagner has published the 

following equation for the growth rate of a particle (eq. 2.6) [167]. 

  

  
 

     
  

  
 

  
 

    

      
  

 

   
 

 

 
             

In eq. 2.6    is the ideal gas constant,   is the absolute temperature,   is the surface 

energy,    is the molar volume,   is the diffusion coefficient and     is the critical radius. 

For the limiting cases of a purely diffusion controlled and purely kinetic controlled 

reactions, eq. 2.6 simplifies to equation 2.7 and eq. 2.8 respectively. For a diffusion 

controlled reaction        and hence  

 

  

  
 

  

 
 

 

   
 

 

 
                                               

Where                                

    
     

  
  

  

  
                                              

             

Correspondingly, the reaction controlled growth, where         is explained by the 

equation (eq. 2.8), 
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Where                               

    
    

  
  

   
  

                                                  

These two equations (also derived by Wagner) were used in 1987 by Sugimoto who 

realized that eq. 2.7 leads to focussing of the particles size distribution [168]. 

Several months before Wagner, Lifshitz and Slyozov published a very similar work and 

the theory is now known as LSW theory [167, 169, 170]. However, the expression for the 

growth law given above is only valid for larger particles, since LSW theory just considers 

the linear term of the Taylor expansion of the Gibbs-Thomson equation (refer eq. 2.11). 

Wagner explained that this approximation fails only for very small particles, for 

which             , i. e., that particles whose radius is of the order of 3 x 10-7 cm or 

less [167]. Crystals of this size were considered at that time as insignificant. 

By using the Gibbs-Thompson equation without this approximation and by obeying the 

dependence of the rate constant    on particle size, Talapin and co-workers obtained 

the following modified expression for the growth rate [171].  

 

  

  
       

  
 

 
 

 
 

  
       

    
   

 

   
 
  

     
    

   
 
 
 

 
                   

 

Further, based on the modified growth law they described the temporal evolution of the 

particle size distribution of NCs by numerical simulation. Also in the modified growth 

law a NC having a radius smaller than some critical radius     dissolves and shows a 

negative growth rate. The value of this critical radius corresponding to a growth rate 

equal to zero can be easily evaluated by setting equation 2.9 (or eq. 2.6) equal to zero. 

For equation 2.9 this yields 

        
    
     

                                                                   

Consequently, particles with a radius           have a negative growth rate, consequently 

dissolve and thus release monomers in to the solution. Particles with a radius          

have a positive growth rate and as a result, they consume monomers from the solution 

and grow. Eq.2.10 shows that a high supersaturation   results in a very small critical 
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radius    . If     is smaller than the smallest particles of the size distribution, all particles 

have a positive growth rate and increase in size. The dependence of growth rate on size 

of the NCs is schematically represented in Figure 2.3 for the diffusion controlled case. 

The left hand side of the curve shows that very small crystals are unstable owing to their 

large fraction of active surface atoms, as indicated by the negative growth rate. Larger 

crystals with smaller surface to bulk ratio are stable and grow further, as illustrated by 

the positive growth rates in the right hand side of the curve. The NCs neither grow nor 

shrink at the zero-crossing point which indicates the critical size of the particles.  

 

 

Figure 2.3: The dependence of the growth rate of a spherical nanocrystal on its particle 

radius focusing for the case of high and low supersaturation. The temporal evolution of a 

particle size distribution is also sketched [172].  

If the monomer supersaturation   is sufficiently high, all particles of the size distribution 

grow because their size is larger than the critical radius. Their growth, however, 

consumes monomers and therefore decreases   and increases the critical radius. It can 

be shown mathematically that the mean radius of the particle ensemble increases 

slower than the critical radius. Therefore, after some time of the growth, the value of the 

critical radius moves into the size range covered by the particle ensemble. The fraction 

of particles with sizes smaller than the critical size now decreases in size because their 

growth rates are negative. Conversely, all particles with a size larger than the critical 
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radius still grow in size. This leads to an increase of the mean particle size of the 

ensemble, but its size distribution broadens with time. This process is called Ostwald 

ripening and was first proposed by Ostwald in 1900 [173]. Since the monomers released 

by the dissolution of the smaller particles are consumed by the larger particles, “the 

larger particles grow on the expense of the smaller particles”. 

The process of Ostwald ripening is described by the LSW model which is based on the 

Gibbs-Thompson equation.  

  
  

   
  

    
    
   

       
  

   
    
   

                         

According to the Gibbs-Thompson equation, the solubility of a small particle       
  

 

increases with decrease in size. The solubility of a “bulk” precipitate of the solid is given 

by   
  

. The solubility   
  

 corresponds to the monomer concentration in solution which 

is in equilibrium with a particle of size   . 

It is possible to recover monodisperse particles from Ostwald ripened sample or 

particles with broad sized distribution by separating out fractions of particles with a 

narrow distribution using the size selective precipitation approach [174, 175]. However, 

the concept of ‘size-distribution focusing’ (Figure 2.3) is considered a more robust 

approach to obtaining NCs with narrow size distributions. In fact, figure 2.3 shows that 

the small NCs will grow more rapidly than larger ones if monomer concentrations are 

sufficiently high. This was first predicted by Reiss and co-workers [176], several years 

before Sugimoto. As a result, the size distribution can be focused down to one that is 

nearly monodisperse, provided that supersaturation can be kept sufficiently high to 

prevent the critical radius to enter the size range of the particle ensemble [172]. So 

monodisperse NCs can be achieved by stopping the reaction, while it is still in the 

focusing regime and it is a key step in kinetic control over the NCs synthesis. Another 

way is providing monomer by secondary hot injection or fast dropping during slow 

growth conditions. The distribution of nanocrystal sizes present does not change 

immediately after injection, however, the critical size, which depends on monomer 

concentration, shifts to a smaller value. If the shift is large enough, the distribution will 

spontaneously narrow or focus. The concept of size distribution focusing has now been 

experimentally demonstrated [177].  
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2.2. Characterisation Techniques  

2.2.1. X-ray Powder Diffractometer (XRD): is one of the most powerful, non-

destructive analytical tools to identify the crystal structural of a material. When a 

monochromatic X-ray beam with a certain wavelength strikes onto a crystalline material 

at angle theta, diffraction at the lattice plane of the crystal occurs and the constructive 

interference of the diffracted x-rays, which take places only when the conditions satisfy 

Bragg’s Law,   λ            is monitored by the diffractometer. All possible 

diffractions from the crystal lattices will be captured by scanning through preferable 

   angles. Different forms of samples can be used for analysis such as powder, films, 

discs and semi-solid etc. For analyzing the samples presented in the thesis, only powder 

XRD was performed by plating the sample on the sample holder. The XRD patterns were 

recorded by an X’Pert Pro Diffractometer (Pananlytical) with Bragg-Brentano geometry 

using Cu Kα radiation (1.5406 Å), a voltage of 40 kV, a current of 40 mA and a step size 

of 0.033423°. The crystal structure of samples was deduced by comparing the position 

and intensity of the reflections of the measured diffractograms with those of a database 

(the powder diffraction files, PDF).  

2.2.2. X-ray Fluorescence (XRF) Spectrometry: is a quantitative non-destructive 

elemental analysis technique suitable for analysing solids, liquids and powder samples. 

X-ray fluorescence is the emission of characteristic X-rays from a material that has been 

excited with X-ray with sufficient photon energy. X-ray fluorescence is observed when 

the atoms in the sample absorb enough X-ray energy ejecting electrons from the lower 

(usually K and L) energy levels and creating vacancies. The vacancies can be replaced by 

electrons from an outer orbital, higher energy orbital. Inner electrons have higher 

binding energies than outer electrons. So an electron loses some energy when it drops 

from a higher electron shell to an electron shell that is closer to the nucleus. The energy 

released or lost due to the decreased binding energy is equivalent to the difference in 

energy between the two electron shells. Since these energy differences are unique with 

each element, elemental analysis is easily possible through XRF. The detection limit 

depends on the element and the sample matrix. In general heavier elements have lower 

detection limits to the ppm level. The elemental composition of the samples presented in 

this thesis was determined with a 1 kW AXIOSmAX X-ray fluorescence spectrometer 

(PANalytical). 
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2.2.3. Transmission Electron Microscopy (TEM): is used to image nanometer ranged 

particles. Owing to the small wavelength of the electrons, a much higher resolution is 

achieved compared to optical microscopy. With an additional EDAX unit, elemental 

analysis can be performed by detecting characteristic X-rays formed due to the 

interaction between the electrons and the sample. The maximum resolution of TEM is 

determined by the acceleration voltage quality of the electronic lenses.  For the work 

presented here, a TEM (JEOL 2010) with an accelerating voltage of 200 kV and a 

resolution limit of 2 Å was used to image the synthesized samples. The TEM samples 

were prepared by placing 10 μL of a dilute colloidal solution in hexane on a carbon film 

coated copper grid (200 mesh) and evaporating the solvent. Size histograms of the 

samples were derived from TEM images using the software Image-J. The TEM images 

used for this purpose are shown in appendix A2. 

2.2.4. Luminescence Spectroscopy: Lanthanides are well known for their distinct 

luminescence properties. Therefore, the emission and excitation spectra of all 

lanthanide doped samples were recorded at room temperature with a Fluorolog 3 

spectrometer (Jobin Yvon, Horiba). A 450 W xenon lamp was used as excitation source 

and the emission light was measured at the right angle to the excitation light. Powder 

samples were filled in 1 mm quartz cuvette and mounted at a 45 angle using a solid 

sample holder (model 1933, Horiba). Usually, the wavelength of maximum absorption 

was chosen as excitation wavelength, which is mentioned in the respective part of the 

thesis. For the measurement of emission spectra, a step size of 0.5 nm and a slit width of 

1 nm were used for the emission monochromator and of 3 nm for excitation 

monochromator. In order to eliminate higher order spectra, respective filters were used. 

Upconversion luminescence spectra of the synthesized samples were recorded at room 

temperature with the same spectrophotometer by replacing the 450 W xenon lamp 

against 980 nm CW- laser diode. The samples were measured as powders filled in 1 mm 

quartz cuvettes.  
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2.3. Synthesis and Chemicals   

Since several rare earth fluorides were prepared in this thesis, it is difficult to generalize 

the synthesis procedure, and therefore each synthesis method is presented in the 

respective chapter. The details of the chemicals and amount used in each reaction 

presented in this thesis are given in appendix A3. 

Table 2.2 gives the details, including purity and manufacturer, of the chemicals used for 

the synthesis.   

Table 2.2: Details of chemicals used for the synthesis  

Chemicals Manufacturer  Purity, % 

Rare earth chloride hydrated 

YCl3.6H2O;LaCl3.7H2O;CeCl3.7H2O;  

PrCl3.6H2O;NdCl3.6H2O;GdCl3.6H2O; 

YbCl3.6H2O; ErCl3.6H2O; LuCl3. 6H2O 

 

Treibacher Industries AG 

 

99.9 

Lithium hydroxide monohydrate 

(LiOH. H2O) 

Sigma-Aldrich 98 

Ammonium fluoride (NH4F) Sigma-Aldrich 98 

Sodium fluoride Sigma-Aldrich 99 

Tetramethylammonium fluoride  

(TMAF) tetrahydrate 

Alfa Aesar 98 

Sodiumoleate  Sigma-Aldrich 82 

Silver nitrate (AgNO3) Merck 99.5 

Oleic acid Alfa Aesar 90 

Octadecene Alfa Aesar 90 

n-Hexane Sigma-Aldrich 99.9 

Ethanol  AHK Alkoholhandel GmbH & 

Co KG 

99.9 
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Chapter 3 

3. Synthesis and Characterisation of Monodisperse Sub-10 nm Sodium 

Rare Earth Fluoride of Lighter Lanthanides (NaREF4, RE = La, Ce, Pr, 

Nd) Nanocrystals 

3.1. Introduction  

In recent years, as previously mentioned in the sections 1.3 and 1.4, nearly 

monodisperse nanocrystals of sodium rare earth fluorides (NaREF4) have been 

intensively investigated. The majority of papers deal with NaREF4 nanocrystals 

containing heavy or middle rare earth elements (HREE or MREE). It has been found that 

the crystal phase, size distribution, morphology and doping concentration are important 

parameters which determine the physical, chemical, and especially the optical 

properties of the particles. Generally NaREF4 particles can crystallise in two different 

crystallographic phases, the cubic α-phase (metastable at room temperature) and the 

hexagonal β-phase (thermodynamically stable). Each phase can be produced, depending 

on the synthesis conditions. In the structure of α-NaREF4, Na+ and RE3+ cations are 

randomly distributed in the cationic sub-lattice; while in the β-NaREF4, there are three 

cation sites: one site only occupied by RE3+, a  second site occupied randomly by ½ Na+ 

and ½ RE3+, and a third site occupied randomly by ½ Na+ and ½ vacancies [178]. Yb,Er 

doped NaYF4 in the hexagonal β-phase displays stronger upconversion emission than in 

the cubic α-phase.  

NaREF4 NCs of the lighter rare earth elements (LREE, RE = La, Ce, Pr, Nd), are 

significantly more difficult to prepare than those of the HREE and MREE since these 

materials are more sensitive to decomposition [179]. Mai and co-workers tried to 

synthesise the whole series of NaREF4 (RE = Y, Pr-Lu) by an oleic acid based synthesis 

method [107]. By tuning the ratio of Na/RE, the solvent compositions (oleic 

acid/octadecene/oleylamine), the reaction temperature and the reaction time, they 

succeeded to manipulate the crystal phase (cubic or hexagonal), shape, and size of the 

NaREF4 nanocrystals. Moreover, they suggested that the cubic (α) to hexagonal (β) -

phase transition occurs during the decomposition of metal trifluoroacetate and that the 

phase transition plays an important role in determining the particle size distribution 

and shape of the final particles. Even though they successfully synthesised β-NaPrF4 and 
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β-NaNdF4, there was no description for the synthesis of β-NaLaF4 and β-NaCeF4, and no 

mention about its possibility of existence. Though high quality β-NaLaF4 was 

synthesized by Chow and co-workers, they adopted drastic reaction conditions, i.e., the 

decomposition of excess metal trifluoroacetate in oleylamine at a very high temperature 

of 345 °C [180]. Li and co-workers investigated a solvothermal synthesis of β-NaCeF4 in 

oleic acid/ethanol mixtures and reported the formation of rather large nanorods with a 

length of approximately 200 nm [181]. In another work, Wu and co-workers synthesised 

small β-NaCeF4 particles by using diethylene glycol as solvent and poly(acrylic acid) 

(PAA) as stabilizer, but obtained comparatively broad size distributions [182]. Yang and 

co-workers prepared spherical and rod shaped nano as well as micrometer sized  

crystals of NaREF4 (RE = Pr-Yb, Y) using water-ethanol as solvent, oleic acid as 

stabilising agent and  prolonged heating, 12 - 24 h. They found that the F/RE ratio plays 

an important role to determine the shape of the particles [183]. However, as we 

mentioned in the previous chapter, the large particle size, the polydispersity and the 

drastic synthesis conditions may restrict use of these materials.  

So through this chapter we discuss our efforts to identify the reason for the difficulty in 

the formation of these NaREF4 nanomaterials (RE = La, Ce, Pr, Nd), further their Ostwald 

ripening, size focusing and decomposition behaviour. As in a previous work reported 

from our group on NaSmF4, NaEuF4, NaGdF4 and NaTbF4 nanocrystals, we prepared first 

sub-10 nm particles of these materials, purified them and use these particles then as 

single-source precursor for the synthesis of larger β-phase particles of the same material 

[184]. The final particles are thereby formed solely by Ostwald ripening and in the 

absence of any molecular precursors apart from the “monomers” exchanged among the 

particles during Ostwald ripening. This “clean” reaction allows us to identify the 

problems as well as the conditions to obtain nearly monodisperse β-NaREF4 particles of 

the lighter lanthanides i.e., La, Ce, Pr, Nd. Using our new approach, we have developed 

procedures to prepare not only monodisperse particles but also sub-10 nm sized 

particles of both crystal phases (β-NaLaF4, β- NaCeF4, β-NaPrF4 and β-NaNdF4, as well as 

of α-NaCeF4, α-NaPrF4 and α-NaNdF4) which may facilitate the use of these particles in 

different applications.  
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3.2. Experimental Section 

Synthesis of sodium fluoride: Sodium fluoride was freshly prepared by slowly adding 

a solution (0.05 mol/L) of NaOH in methanol to a suspension (0.05 mol/L) of NH4F in 

methanol and stirring the mixture for 30 min at room temperature. The precipitate of 

NaF was isolated by centrifugation, washed two times with methanol, and dried at room 

temperature. 

Synthesis of rare earth oleates: The rare earth oleates were prepared by reacting 

solutions of the corresponding rare earth chlorides with sodium oleate, as given in the 

literature [185]. In a typical preparation of neodymium oleate, 60 mmol of neodymium 

chloride (NdCl3∙6H2O, 21.52 g) and 180 mmol of sodium oleate (54.8 g) were dispersed 

in 120 mL of ethanol, 90 mL of water, and 210 mL of hexane, and the resulting turbid 

mixture was heated under reflux (at about 60 °C). After 14 h of heating, the transparent 

pale purple coloured organic phase containing the neodymium oleate was separated. 

The neodymium oleate was isolated as a waxy solid by removing the hexane with a 

rotavap. Praseodymium oleate (green), cerium oleate (pale brown) and lanthanum 

oleate (pale yellow) were prepared analogously. 

Synthesis of small cubic phase nanocrystals: Sub-10 nm particles of α-NaREF4 (RE = 

Ce, Pr, and Nd) were prepared by combining a 1:6 mixture (RE:Na) of rare earth oleates 

and freshly prepared sodium fluoride with oleic acid, oleylamine and octadecene (2.5 

mL of oleic acid, 2.5 mL of oleylamine, and 5 mL of octadecene per 1 mmol of rare earth 

oleate), and degassing the mixture on a vacuum Schlenk line (1 mbar) for 1 h at 100 °C 

under vigorous stirring. The reaction mixture was heated at 200 °C for 60 min under 

nitrogen flow and strong stirring. A turbid solution was obtained due to the excess of 

sparingly soluble sodium fluoride, which was removed by centrifugation after cooling to 

room temperature. The clear supernatant was merged with an equal volume of ethanol, 

leading to precipitation of the small particles, which were separated by centrifugation. 

The particles were purified by redispersing the precipitate in hexane (3 mL of hexane 

per 1 mmol of rare earth oleates), followed by precipitation with ethanol and separation 

by centrifugation. 

Synthesis of small hexagonal phase nanocrystals: Sub-10 nm particles of β-NaREF4 

(RE = La, Ce, Pr, Nd) were prepared by using rare earth oleate and sodium oleate in a 

molar ratio of 1:2.5. The combined oleates were dissolved in a mixture of oleic acid, 
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oleylamine, and octadecene (2.5 mL of oleic acid, 2.5 mL of oleylamine, and 5 mL of 

octadecene per 1 mmol of rare earth oleate), and the solution was degassed on a vacuum 

Schlenk line (1 mbar) for 1 h at 100 °C under vigorous stirring. Subsequently, 4 mmol of 

ammonium fluoride per 1 mmol of rare earth oleate was added under nitrogen flow. The 

setup was cycled three times between a nitrogen atmosphere and vacuum (vacuum was 

applied for only 5 s in each cycle) before the reaction mixture was heated at 290 °C for 

60 min under nitrogen flow and vigorous stirring. After cooling to room temperature, 

the nanocrystals were precipitated by adding an equal volume of ethanol and separated 

by centrifugation. Purification was performed as given above for particles of the cubic 

phase. 

The hexagonal NCs of 15% Tb3+ doped NaCeF4, 5% Ce3+ doped NaLaF4 and 5% Pr3+ 

doped NaLaF4 were also synthesised by the same procedure. 

Synthesis of large hexagonal phase nanocrystals: Larger particles of β-NaREF4 (RE = 

Ce, Pr, Nd) were prepared by Ostwald ripening of smaller NaREF4 particles in oleic 

acid/octadecene, as follows. The reaction was performed in a 25 mL three-neck flask 

with an attached thermo sensor and reflux condenser. After filling 5 mL of oleic acid and 

5 mL of octadecene into the flask, 2.5 mmol of small particles of the α-phase or the β-

phase was added and the setup was connected to a Schlenk line. The particles were 

redispersed in the solvent by heating the mixture at 100 °C for 60 min under vacuum. 

Thereafter, the solution was heated to 320 °C for 60 min under nitrogen flow and 

vigorous stirring. After the desired reaction time, the solution was rapidly cooled to 

room temperature. A 1:2 mixture of hexane and ethanol was added, and the 

nanocrystals were separated by centrifugation. The precipitate was purified as given 

above for the small particles. For TEM investigations, the nanocrystals were redispersed 

in hexane using ultrasonication.  

3.3. Results and Discussion  

Small NaREF4 particles of the cubic α-phase or the hexagonal β-phase were used as 

single source precursors in all of our synthesis procedures. A Considerably large 

amount, in gram level, of  nearly monodispersed sub-10 nm NaREF4 particles (RE = La, 

Ce, Pr and Nd) of the β-phase were prepared by the reaction of ammonium fluoride with 

sodium oleate and rare earth oleate dissolved in a solvent mixture of oleic acid, 

oleylamine and octadecene. TEM images of the particles are shown in Figure 3.1. It was 
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found to be crucial that oleylamine is part of the solvent mixture to obtain particles of 

the β-phase. In the case of cerium and praseodymium, CeF3 and PrF3 particles are 

formed instead, if oleylamine was omitted. Size histograms generated from 

corresponding TEM images in figure 3.1 are given in Figure 3.2. The histograms show 

that the mean particle sizes ⟨d⟩ are in the range of 5−7 nm and that narrow size 

distributions with standard deviations of σ/⟨d⟩ = 5−10 % are obtained in all cases. For 

all materials, the XRD reflections are well in accord with the hexagonal β-phase of 

NaREF4 (Figure 3.3).  

 

 

 

 

 

 

 

 

 

Figure 3.1: TEM images of nearly monodisperse sub-10 nm nanocrystals of (a) β-

NaLaF4, (b) β-NaCeF4, (c) β-NaPrF4 and (d) β-NaNdF4 nanocrystals prepared by the 

reaction of the rare metal oleates with ammonium fluoride in oleylamine/oleic 

acid/octadecene at 290 °C for 60 min. 
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Figure 3.2: Particle size histograms, as derived from TEM images, of (a) β-NaLaF4, (b) β-

NaCeF4, (c) β-NaPrF4 and (d) β-NaNdF4 nanocrystals prepared by the reaction of the 

metal oleates with ammonium fluoride in oleylamine/oleic acid/octadecene at 290 °C 

for 60 min. The values for the mean particle diameter and the relative standard 

deviation (in %) are indicated. Blue solid lines indicate Gaussian fits of the 

corresponding histogram. 

In the reaction medium containing oleylamine, Ostwald ripening of these particles is 

observed to be very slow, as is evident from the above results. To investigate the growth 

behaviour in the absence of oleylamine, the particles were precipitated with ethanol, 

washed, and subsequently redispersed in a solvent mixture containing only oleic acid 

and octadecene. We found that heating at 320 °C for 1 h increases both the mean particle 

size and the width of the size distribution. The TEM images and the corresponding size 

histograms are provided in Figure 3.4. 
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Figure 3.3: XRD data of (a) β-NaLaF4, (b) β-NaCeF4, (c) β-NaPrF4 and (d) β-NaNdF4 

nanocrystals prepared by the reaction of the metal oleates with ammonium fluoride in 

oleylamine/oleic acid/octadecene at 290 °C for 60 min. In all cases the XRD data are in 

accord with the hexagonal phase of NaREF4. 

In the case of NaCeF4, NaPrF4 and NaNdF4 particles, the XRD data display after heating 

no other phases than the hexagonal β-phase, but a smaller peak width indicates increase 

in particle size (Figure 3.5). This growth behaviour meets the expectations for Ostwald 

ripening and has already been observed for β-NaSmF4, β-NaEuF4, β-NaGdF4 and β-

NaTbF4 nanocrystals [186, 187]. In the case of NaLaF4, however, the diffractogram 

shows the presence of some LaF3 already after 60 min of heating at 290 °C. After 60 min 

of heating at 320 °C, complete decomposition into LaF3 is observed (Figure 3.6). Two 

conclusions can be drawn from these results. The first is that the β-phase of NaLaF4 is 

not stable in the more acidic solvent mixture containing no oleylamine. The second 

conclusion is that Ostwald ripening in the case of NaCeF4, NaPrF4 and NaNdF4 proceeds 

much faster than in the presence of oleylamine. The reason could be fast protonation of 

the fluoride ions by oleic acid (H-OA), resulting in faster exchange of “monomers” among 

particles, according to eq. 3.1: 

NaREF4   + 4 H-OA ↔ Na oleate + RE (OA)3 + 4 HF                    (3.1) 
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Figure 3.4: TEM images and corresponding particle size histograms of polydisperse (a) 

β-NaCeF4, (b) β-NaPrF4 and (c) β-NaNdF4 nanocrystals obtained by heating the small β-

phase particles shown in figure 3.1 in oleic acid/octadecene at 320 °C for 60 min. Values 

for the mean particle diameter and the relative standard deviation (in %) are given in 

the histograms. The blue solid lines indicate Gaussia n fits. 
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Figure 3.5: XRD data of β-NaREF4 nanocrystals after heating in oleic acid/octadecene at 

320 °C for 60 min: a) NaLaF4, b) NaCeF4 c) NaPrF4 and d) NaNdF4. In the case of NaCeF4, 

NaPrF4, and NaNdF4 the hexagonal β-phase is retained after Ostwald-ripening. NaLaF4 

displays partial decomposition into hexagonal phase LaF3.  
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Figure 3.6: XRD data of β-NaLaF4 nanocrystals after heating in oleic acid/octadecene at 

a) 290 °C and b) 320 °C for 60 min, the latter resulting in complete decomposition into 

LaF3 (hexagonal phase). 
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Ostwald ripening under acidic conditions, therefore, rapidly increases the mean size of 

NaCeF4, NaPrF4, and NaNdF4 particles but also leads to broadening of the size 

distribution. To obtain narrow particle size distribution, a high concentration of 

monomers has to be somehow maintained during particle growth (supersaturation of 

monomers) [168]. In the case of heavier lanthanides, the latter can be achieved by 

heating β- phase particles in the presence of a large amount of α-phase particles [187, 

186]. 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: TEM images of sub-10 nm nanocrystals of (a) α-NaCeF4, (b) α-NaPrF4 and (c) 

α-NaNdF4 prepared by the reaction of rare earth oleates with excess sodium fluoride in 

oleylamine/oleic acid/octadecene solvent. Values for the mean particle diameter and the 

relative standard deviation (in %) are given in the histograms. The blue solid lines 

indicate Gaussian fits. 

To use this method also in the case of lighter lanthanides, we developed an improved 

procedure for preparing small particles of the cubic α-phase of these materials. Similar 

to literature procedures used for the synthesis of NaSmF4, NaEuF4, NaGdF4 and NaTbF4 

a b c 
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particles [186, 188], we replaced ammonium fluoride and sodium oleate by excess 

sodium fluoride to promote the formation of the cubic phase. Additionally we replaced 

the oleic acid/octadecene solvent by a mixture of oleylamine, oleic acid, and octadecene 

to lower acidity. This modified procedure allows the preparation not only of α-NaPrF4 

and α- NaNdF4 particles but also of α-NaCeF4, which, to our knowledge, has not been 

reported yet. Figure 3.7 displays TEM images and corresponding particle size 

histograms of the resulting nanocrystals after precipitation and washing with ethanol. 

The XRD data are given in Figure 3.8. In all cases, the XRD peaks are well-indexed to the 

cubic α-phase, even for NaCeF4. 

 

Figure 3.8: XRD data of sub-10 nm nanocrystals, prepared by the reaction of rare earth 

oleates with excess sodium fluoride in oleylamine/oleic acid/octadecene at 200 °C for 

60 min. a) NaCeF4, b) NaPrF4 and c) NaNdF4. In all cases, the cubic α-phase is obtained, 

even for NaCeF4.   

We expected that heating of the α-phase particles in oleic acid/octadecene solvent 

would lead to Ostwald ripening until particles of the hexagonal β-phase nucleate in 

solution, as in the case of NaYF4: Yb,Er, NaSmF4, NaEuF4, NaGdF4 and NaTbF4 [224]. The 

resulting binary mixture of α- and β-phase particles should then show the 

aforementioned growth behaviour, that is, complete dissolution of all α-phases particles 

along with fast particle growth and focusing of the size distribution of the β-phase 

particles [226]. The particles of α- NaCeF4, α-NaPrF4 and α-NaNdF4, however, behave 
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differently. The TEM images of Figure 3.9 and the XRD data of Figure 3.10 show that 

heating of the purified α- phase particles to 320 °C in oleic acid/octadecene leads mainly 

to decomposition into lanthanide trifluoride particles. As precipitation of NaF is not 

observed, we may write as eq. 3.2 

α‐NaREF4 particle  + H-OA→ REF3 particle + Na-OA  + HF           (3.2) 

 

Figure 3.9: TEM images of products obtained by heating (a) α-NaCeF4, (b) α-NaPrF4 and 

(c) α-NaNdF4 nanocrystals in oleic acid/octadecene at 320 °C for 60 min.  

 

Figure 3.10: XRD data of sub-10nm nanocrystals of the cubic α-phase, after heating in 

oleic acid/octadecene at 320 °C for 60 min. The data for a) α-NaCeF4, b) α-NaPrF4 and c) 

α-NaNdF4 indicate complete decomposition into the corresponding lanthanide 

trifluorides in the case of α-NaCeF4, almost complete decomposition in the case of α-

NaPrF4 and partial decomposition in the case of α-NaNdF4. 

Complete decomposition is observed for cerium, whereas, in the case of praseodymium, 

a very small number of β-NaPrF4 particles can be detected among the vast majority of 
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PrF3 particles. In the case of α-NaNdF4, partial decomposition is observed, leading to a 

mixture of small NdF3 particles and a significant amount of large β-NaNdF4 particles: 

α -NaNdF4 (particles) + (1-x) H-OA→ 

 (1-x) NdF3 particles +x  β-NaNdF4 particles + (1-x) Na-OA +(1-x)  HF          (3.3) 

Note that the large particles of hexagonal phase NaNdF4 in fact display the expected 

narrow size distribution (Figure 3.9c). 

The low stability of the α-NaCeF4 and α-NaPrF4 particles is not unexpected, as the α-

phase is missing in the phase diagram of bulk NaCeF4, indicating that bulk α-NaCeF4 is 

thermodynamically instable [178]. In the case of bulk NaPrF4, the α-phase exists, but 

only within a narrow range of compositions. For all lanthanides for which the α-phase of 

NaREF4 exists, the phase is thermodynamically stable only at high temperatures and for 

sodium-deficient compositions Na1-xREF4-x. We therefore investigated the Na/RE ratio of 

our α-phase materials by X-ray fluorescence analysis (XRF). In the case of nanocrystals, 

the analysis of the Na/RE ratio is hampered by the fact that the ligand shell of the 

particles can contain some sodium oleate that cannot be washed off without negatively 

affecting the dispersibility of the particles. Nevertheless, the Na/RE value of all three 

cubic materials is significantly smaller than 1 (between 0.3 and 0.5) and 2-3 times lower 

compared to the corresponding β-phase particles. The high sodium deficiency of the α-

phase particles is surprising, as these particles are prepared in the presence of a 6-fold 

excess of sodium ions (refer to the Experimental Section). In the acidic oleic 

acid/octadecene solvent mixture, the sodium ions are obviously not easily incorporated 

into the Na1-xREF4-x lattice, at least not in case of the larger RE-ions, La, Ce, Pr, and Nd. 

Consequently, only partial conversion to the β-phase is possible. 

                          α-Na1-xREF4-x  →  (1 - x) β-NaREF4 +  x REF3     (3.4) 

The absence of β-phase particles in figure 3.9a and b indicates, however, that the sodium 

released by the sodium deficient α-phase particles of NaCeF4 and NaPrF4 is not even 

sufficient to form any significant number of β-phase particles. We therefore investigated 

the conversion of the α-phase particles in the presence of additional sodium fluoride in 

the solvent, since an excess of sodium and fluoride should favour the formation of the 

reactants on the left-hand side of the reaction 3.4. Thus, α-phase particles of NaCeF4, 

NaPrF4 or NaNdF4 were redispersed in oleic acid/octadecene, freshly prepared NaF was 
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added, and the mixture was heated to 320 °C as above. As shown by the XRD data in 

Figure 3.11, complete conversion of the α-phase to the β-phase occurs. TEM images and 

particle size histograms of the resulting particles are shown in Figure 3.12. In all cases, 

phase-pure β-phase particles with a fairly narrow size distribution are obtained. This 

result shows how strongly the formation of β-NaREF4 particles is affected by the 

exchange of sodium ions between the crystal lattice of the particles and the acidic oleic 

acid/octadecene solvent. In addition, the procedure represents a convenient method to 

prepare NaCeF4, NaPrF4 or NaNdF4 particles with larger sizes than the sub-10 nm 

particles shown in figure 3.1. 

  

 

 

 

 

 

 

 

 

 

Figure 3.11: XRD data of a) β-NaCeF4, b) β-NaPrF4 and c) β-NaNdF4 obtained by heating 

sub-10 nm nanocrystals of α-NaCeF4, α-NaPrF4 and α-NaNdF4, respectively, in the 

presence of sodium fluoride at 320 °C in oleic acid/octadecene for 60 min. The data 

indicate complete conversion to the α-phase without decomposition into lanthanide 

trifluorides. 
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Figure 3.12: TEM images and corresponding particle size histograms of a) β-NaCeF4, b) 

β-NaPrF4 and c) β-NaNdF4 obtained by heating sub-10 nm nanocrystals of α-NaCeF4, α-

NaPrF4 and α-NaNdF4, respectively, in the presence of sodium fluoride in oleic 

acid/octadecene at 320 °C for 60 min. Values for the mean particle diameter and the 

relative standard deviation (in %) are given in the histograms. The blue solid lines 

indicate Gaussian fits.  

Nanocrystals of NaLaF4 are very suitable host materials for luminescent rare earth ions 

such as Ce3+, Pr3+ and Nd3+ since they have similar ionic radii. Materials doped with 

Pr3+and Nd3+ may be used as scintillators [189, 190] and lamp phosphors [191]. In 

several host materials, Pr3+ shows the phenomenon of quantum cutting. These materials 

may therefore be used as spectral convertor for improving the efficiency of solar cells 

[79, 78]. Materials doped with, Ce3+/Tb3+ are also well established and are used for 

phosphor applications [80].   

To demonstrate the versatility of our new synthesis procedure, we synthesised Ce3+ and 

Pr3+ doped β-NaLaF4 as well as Ce3+/Tb3+ doped NaCeF4 nanocrystals and characterized 

them in detail. Nearly monodisperse particles with sizes ranging from 5-8 nm are 

obtained, as is evident from the TEM images, which are shown in Figure 3.13. The XRD 

pattern corresponding nanocrystals are shown in Figure 3.14. 
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Figure 3.13: TEM images of a) β-NaLaF4:Ce b) β-NaLaF4:Pr and c) β-NaCeF4:Tb 

nanocrystals prepared by the reaction of the metal oleates with ammonium fluoride in 

oleylamine/oleic acid/octadecene at 290 °C for 60 min. 
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Figure 3.14: XRD data of a) β-NaCeF4:Tb b) β-NaLaF4:Pr and c) β-NaLaF4:Ce 

nanocrystals prepared by the reaction of the metal oleates with ammonium fluoride in 

oleylamine/oleic acid/octadecene at 290 °C for 60 min. In all cases the XRD data are in 

accord with the hexagonal phase of NaREF4. 

The optical properties of these RE3+ doped NaLaF4 nanocrystals (dispersed in hexane, 1 

wt %) were examined using UV-vis absorption and fluorescence spectroscopy. The 

absorption and emission spectrum (excitation at 243 nm), of NaCeF4:Tb (15%) 

nanocrystals are dispersed in hexane are shown in Figure 3.15. The emission peaks at 

490, 544, 584 and 622 nm correspond to the 5D4-7Fj (J = 6, 5, 4, 3) transitions of Tb3+ 
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ions, respectively. The broad and weak emission band between 290 and 350 nm is due 

to the d-f transition of Ce3+. Excitation with 254 nm UV light results in clearly visible 

bright green luminescence, which is consistent with the emission spectrum shown as the 

most intense peak at 545 nm of the colloidal solution (see digital photograph provided 

in the inset of the figure). The photoluminescence quantum yield of the sample was 

measured by comparing the emission intensity with that of the standard Rhodamine 6G 

dye. For measuring the emission spectra of the samples, the optical density of both, the 

colloidal dispersion of the nanocrystals and the solution of the dye, was adjusted to 0.1 

at the excitation wavelength of 277 nm and  all  other parameters such as slit width, 

integration time and step size were kept constant. We obtained a quantum yield of 30%, 

which is considerably lower than for CePO4:Tb/LaPO4 core/shell nanocrystals (80%)  

[192]. Of course one should keep in mind that core/shell system displaying enhanced 

the quantum yield as the optically inactive shell provides passivation of the optically 

active particle core, which helps to decrease the energy losses on the particle surface. 

Probably also the quantum yield of these fluoride NCs can be enhanced by forming an 

optically inactive shell, for instance of NaLaF4 on the optically active NaCeF4:Tb core 

particles.  

 

 

 

 

 

 

 

 

Figure 3.15: Absorption (a) and luminescence emission (b) spectra of NaCeF4:Tb 

nanocrystals dispersed in hexane (the inset photo shows the green luminescence from 

the sample). 

The excitation and emission spectra of Ce3+ doped (5%) NaLaF4 nanocrystals dispersed 

in hexane were also measured, and the corresponding spectra are shown in Figure 3.16. 
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Ce3+ into the NaLaF4 matrix as the broad peak observed corresponds to the 7F7/2-5d 

transition of Ce3+ . The emission spectrum recorded under 243 nm excitation, consists of 

a broad peak with maxima at 310 nm as a result of the radiative transition from the 5d 

state to the 2F7/2 level, as already observed for the co-doped sample. 

 

 

 

 

 

 

Figure 3.16: Excitation (a) and luminescence emission (b) spectra of NaLaF4: Ce 

nanocrystals. 

Figure 3.17 displays luminescence excitation (λem = 606 nm) and emission (λex = 443 

nm) of the 1% Pr3+ doped NaLaF4. Excitation at an emission wavelength of 606 nm 

results in transition from ground state term 3H to different 3P excited state levels which 

are indexed in the spectrum. The emission spectrum consists of several narrow lines in 

the visible region 470-750 nm and these lines correspond to transitions from the 3P0 and 

1D2 levels to the various 3H and 3F levels.  

 

 

 

 

 

 

 

 

Figure 3.17: Excitation (a) and luminescence emission (b) spectra of NaLaF4: Pr 

nanocrystals. 
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3.4. Conclusions 

We have investigated the synthesis and Ostwald ripening of NaLaF4, NaCeF4, NaPrF4 and 

NaNdF4 nanocrystals in oleic acid based solvent mixtures. Sub-10 nm particles of the 

hexagonal β-phase can be prepared for all four compounds by the reaction of the 

corresponding metal oleates with ammonium fluoride in oleylamine/oleic 

acid/octadecene mixtures. In the presence of oleylamine, Ostwald ripening of the 

particles is very slow. In the absence of oleylamine, that is, when the particles are 

redispersed and heated in the more acidic oleic acid/octadecene solvent, broadening of 

the size distribution due to Ostwald ripening takes place in the case of NaCeF4, NaPrF4, 

and NaNdF4, whereas decomposition to LaF3 is observed for NaLaF4. Decomposition to 

the trifluorides is also observed when sub-10 nm particles of the cubic α-phase of 

NaNdF4, NaPrF4 and NaCeF4 are heated in oleic acid/octadecene solvent. Only in the case 

of α-NaNdF4, a significant amount of nearly monodisperse β-NaNdF4 particles is formed 

in addition to small NdF3 particles. This decomposition of the α-phase particles can be 

suppressed by the addition of sodium fluoride to the acidic solvent mixture. In this case, 

Ostwald ripening in connection with the α/β-phase transition leads to the formation of 

larger β-phase particles with a narrow particle size distribution, similar to the heavier 

lanthanides. Further, the versatility of the developed process has been demonstrated by 

doping luminescent rare earth ions containing higher radii, particularly Ce3+, Pr3+ and 

Ce3+/Tb3+.These doped nanocrystals show excellent luminescence properties and we 

believe that the newly developed process to develop these NCs may facilitate its use in 

various applications. 
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Chapter 4 

4. Synthesis and Characterisation of Monodisperse Sub-10 nm Highly 

Sodium Deficient Cubic Sodium Yttrium Fluoride (α-NaYF4) 

Nanocrystals 
 

4.1. Introduction 

An important peculiarity of sodium rare earth fluoride (NaREF4) is their polymorphism, 

that is, these materials can either crystallize in the cubic α-phase or the hexagonal β-

phase. It has been found that the sodium to rare earth ratio plays a crucial role in the 

synthesis of these phases. For example, in the case of sodium yttrium fluoride (NaYF4), a 

very suitable host material for upconverting ions [193, 65, 74], and the sodium to 

yttrium (Na/Y) ratio should be larger than 0.55, to obtain the α-phase. This is in accord 

with the bulk phase diagram, where the existence of the α-phase below this ratio is not 

reported [178]. While the upconversion efficiency of α-phase particles is very low 

compared to particles of the β-phase, the α-phase is very important from a preparative 

and mechanistic point of view since it has been found that α-phase particles form at low 

temperatures as an intermediate product during the synthesis of β-phase particles. The 

α-phase particles convert to the final β-phase particles only at high temperatures 

present at later stage of the synthesis [107]. In addition, the number of β-phase seeds 

that nucleate during Ostwald-ripening of the α-phase particles determines the final size 

of the β-NaREF4 nanoparticles [187, 184]. It has also been reported that the α/β-phase 

transition is required to obtain β-NaYF4 particles with narrow size distribution, which is 

necessary to enable their use in many applications [107]. Hence, many researchers have 

prepared α-phase NaYF4 separately and used them as a single source precursor for the 

synthesis of β-phase particles [184] as well as for core/shell particles [194].  

In chapter 2 we have already shown that α-NaREF4 (RE = Ce, Pr, Nd) nanoparticles can 

be prepared which are extremely sodium deficient (Na/RE < 0.55). This motivated us to 

investigate the existence and stability of NCs of highly sodium deficient α-phase NaYF4 

which, to be best of our knowledge, has not been reported before. So the focus of the 

work presented in this chapter is the synthesis of highly sodium deficient α-phase NaYF4 

NCs containing Na+ and Y3+ in a ratio of only 0.1 to 0.55. Furthermore, we discuss how 
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these highly sodium deficient NaYF4 NCs behave in acidic oleic acid/octadecene solvent, 

as well as their Oswald ripening and decomposition during heating. Also, we discuss the 

conversion of highly sodium deficient α-phase NaYF4 to β-NaYF4 particles, and measures 

required to achieve monodisperse NCs. Our synthetic approach yields not only NCs of 

highly sodium deficient α-phase NaYF4 but also new insights regarding their existence in 

the nanoscale regime. 

4.2. Experimental Section 

Synthesis of yttrium oleate (Y-oleate): For the preparation of Y-oleate, ammonium 

hydroxide solution (25%) was added slowly to a solution of yttrium chloride that was 

dissolved in distilled water (1 mmol/1 mL) until no further yttrium hydroxide 

precipitated. The precipitate was collected by centrifugation and washed with 2M 

ammonium hydroxide solution until it was free of chloride ions. A standard silver nitrate 

test was conducted to check the presence of chloride ions. Then a final washing step was 

conducted with acetone and the precipitate was dried at 80 °C for 2 h. Thereafter, the 

yttrium hydroxide was dissolved in oleic acid under vacuum at 100 °C on Schlenk line. 

For 1 mmol of yttrium hydroxide, 6 mL of oleic acid was used and the resulting stock 

solution of Y-oleate was used in the further reactions. 

Synthesis of highly sodium deficient cubic α-NaYF4 nanocrystals: Na-oleate and Y-

oleate were dissolved in equal amounts of oleic acid and octadecene (5 ml of each 

solvent for 1 mmol of Y-oleate). Different amounts of Na-oleate were added in order to 

vary the Na/Y ratio between 0.1 to 0.55 mmol. The reaction mixture was connected to a 

Schlenk line apparatus and degassed under vacuum at 100 °C for 60 min. After 

degassing, ammonium fluoride was added to the solution under nitrogen flow. The 

amount of NH4F was chosen such that all Na and Y ions in the system were converted to 

metal fluorides. Immediately after the addition of NH4F, the system was cycled three 

times between vacuum and N2, applying vacuum for only 5 s in each cycle. The 

temperature was increased to 240 °C and the reaction mixture was further heated for 60 

min under N2 atmosphere with stirring. After natural cooling to room temperature, the 

particles were precipitated by the addition of an equal volume of ethanol. Subsequently, 

the precipitated particles were easily collected by centrifugation. The particles were 

purified by re-dispersing in hexane (3 mL for 1 mmol) followed by precipitation with 

ethanol and separation by centrifugation. The purified particles were dried at 80 °C for 
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14 h in an oven. Five sets of highly sodium deficient cubic α-NaYF4 (Na/Y = 0.1 to 0.55) 

particles were prepared using an amount of Na-oleate corresponds to 10, 20, 30, 40 and 

55% of yttrium oleate respectively.  

Synthesis of hexagonal β-NaYF4 nanocrystals: The highly sodium deficient NCs 

prepared as given above were used as precursors for the preparation of hexagonal β-

NaYF4 NCs. For that, equal molar ratios of cubic α-NaYF4, Na-oleate and ammonium 

fluoride were dissolved in oleic acid and octadecene, and degassed under vacuum at 100 

°C for 60 min at a Schlenk line setup. Then, the reaction mixture was heated to 300 °C 

under N2 atmosphere under stirring and kept at this temperature for 80 min. Then the 

solution was cooled down to room temperature and was precipitated by the addition of 

an equal volume of ethanol. The particles were collected and purified as described 

above. 

4.3. Result and Discussion 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: XRD data of sodium deficient α-NaYF4 nanocrystals prepared by heating 

sodium oleate, yttrium oleate and ammonium fluoride in oleic acid and octadecene at 

240 °C for 60 min. Different amounts of Na-oleate were used in the synthesis resulting in 

Na/Y ratios of a) 0.1, b) 0.2, c) 0.3, d) 0.4 and e) 0.55. The diffraction peaks of all the 

samples are well indexed with the cubic phase of α-NaYF4.  
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The crystal structure of the as-prepared highly sodium deficient α-NaYF4 NCs was 

determined by XRD and the corresponding diffractograms are shown in Figure 4.1. The 

diffraction peaks for all five samples (Na/Y ratio between 0.1 and 0.55) are well indexed 

with the cubic phase of α-NaYF4 [PDF no. 027-0142], which indicates that α-phase NaYF4 

with extremely low sodium content have been successfully synthesised. Presumably, the 

particles obtained are a kinetic product because α-NaYF4 with such low sodium content 

is not known from the thermodynamic phase diagram. 

The broad XRD peaks indicate a very small size of the synthesized particles and the TEM 

images shown in Figure 4.2 are well in accord with this observation. As we can see from 

the micrographs very small NaYF4particles are obtained and the size histogram derived 

from the TEM images confirm that the average size of particles is in the range of ~ 3-4 

nm. 

 

Figure 4.2: TEM images of sodium deficient α-NaYF4 nanocrystals prepared by heating 

sodium oleate, yttrium oleate and ammonium fluoride in oleic acid and octadecene at 

240 °C for 60 min. Different amounts of Na-oleate were used in the synthesis resulting in 

Na/Y ratios of a) 0.1, b) 0.2, c) 0.3, d) 0.4 and e) 0.55.  

The elemental composition of all samples was determined by XRF. All samples were 

washed three times before the analysis. The Na/Y ratio determined by XRF is plotted in 

Figure 4.3 against the Na/Y ratio employed in the synthesis of the α-NaYF4 NCs. The 

a b c 

e d 
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Na/Y ratios obtained from the XRF analysis are in good agreement with the ratios used 

in the reactions. The XRF analysis therefore proves the high sodium deficiency of the 

synthesised α-NaYF4 NCs.  
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Figure 4.3: XRF data of sodium deficient α-NaYF4 nanocrystals prepared by the reaction 

of sodium oleate, yttrium oleate and ammonium fluoride in oleic acid and octadecene at 

240 °C for 60 min. The Na/Y ratio measured by XRF is plotted against the ratio of Na-

oleate and Y-oleate used in the synthesis. 

We have studied the growth behavior of these sodium deficient α-NaYF4 NCs by heating 

(300 °C for 60 min) of the redispersed particles in oleic acid/octadecene solvent. The 

XRD patterns of the resulting products are shown in Figure 4.4. The diffractogram 

reveals that the NCs with the lowest Na/Y ratios of 0.1 and 0.2 partially decompose to 

yttrium trifluoride (YF3) during heating (Figure 4.4a and b). The α-NaYF4 with higher 

Na/Y ratios of 0.3, 0.4 and 0.55 remain α-phase particles but grow in size, as is evident 

from the decreased peak width compared to figure 4.1. The heating experiments 

therefore show that the α-NaYF4 NCs with mild Na-deficiency, i.e. Na/Y ratio=0.3 and 0.4 

are stable in acidic condition, whereas the other two samples with extremely high Na-

deficiency of Na/Y=0.1 and 0.2 undergo partial decomposition at high temperatures. The 

decomposition of these particles may be represented by the equation (eq. 4.1). 

α-Na1-x YF4-x   →  x YF3  + (1-x) α-NaYF4                 (4.1) 
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Figure 4.4: XRD data of product particles obtained after heating sodium deficient cubic 

α-NaYF4 nanocrystals in oleic acid and octadecene at 300 °C for 60 min. Particles with 

Na/Y ratio of 0.1 (a) and 0.2 (b) undergo partial decomposition into orthorhombic YF3 

while particles with Na/Y ratio of 0.3 (c), 0.4 (d) and 0.55 (e) retain the cubic crystal 

structure but undergo Ostwald ripening. 

The corresponding TEM images are shown in Figure 4.5. The partial decomposition to 

YF3 (Figure 4.5a and b) observed for particles with Na/Y ratios of 0.1 and 0.2 is well 

supported by the TEM images because the particles with bipyramidal shape can be 

assigned to orthorhombic YF3 and the round shaped particles to remaining cubic α-

NaYF4. Compared to the TEM images of the parent particles given in figure 4.2, the 

particles are larger in size and display a broader size distribution. This indicates that the 

particles grow in the acidic solvent mixture by Ostwald ripening (Figure 4.5c to e). The 

narrow XRD peaks in figure 4.4, compared to those of the parent particles (refer Figure 

4.1), are also in accord with the particle growth during heat treatment.   
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Figure 4.5: TEM images of product particles obtained after heating of sodium deficient 

cubic α-NaYF4 nanocrystals in oleic acid and octadecene at 300 °C for 60 min. The Na/Y 

ratio used in the synthesis of sodium deficient α-NaYF4 particles was a) 0.1, b) 0.2, c) 0.3, 

d) 0.4 and e) 0.55. Micrographs of a and b show bipyramidal shaped YF3 and round 

shaped cubic α-NaYF4, whereas  c, d and e display round shaped α-NaYF4 nanocrystals. 

Interestingly, none of the Na-deficient cubic phase α-NaYF4 NCs convert to the hexagonal 

β-phase. This observation is well in accord with the literature as only α-NaYF4 particles 

containing sufficient sodium (Na/Y ratio of 1 or higher) undergo the cubic to hexagonal 

phase transition whereas sodium deficient [α-Na5Y9F32 (Na/Y=0.55)] particles do not 

[195].  

We find, however, that the transformation of α-phase to β-phase particles can be 

achieved even for highly sodium deficient α-NaYF4 NCs by supplying additional sodium 

and fluoride ions during the conversion. By our new approach we successfully 

synthesised monodisperse hexagonal β-NaYF4 NCs by adding equimolar amounts (1:1) 

of Na-oleate and NH4F to the colloidal solution of redispersed sodium-deficient α-NaYF4 

particles and heating this mixture in oleic acid and octadecene at 300 °C for 60 min. The 

XRD patterns of the products obtained are shown in Figure 4.6, and all the diffraction 

peaks are well indexed with the hexagonal β-NaYF4 crystal structure [PDF No: 016-

0334]. The addition of extra sodium and fluoride ions compensate the deficiencies of the 

a b 

e c d 
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α-phase nanocrystals and allow to form monodisperse hexagonal β-phase particles. This 

can be represented by the equation 4.2. 

α-Na1-x YF4-x   + x Na+ + x F- → β-NaYF4  (4.2) 
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Figure 4.6: XRD data of hexagonal β-NaYF4 nanocrystals obtained after heating sodium 

deficient cubic α-NaYF4 nanocrystals in the presence of additional Na-oleate and 

ammonium fluoride in oleic acid and octadecene at 300 °C for 80 min. The Na/Y ratio 

used in the synthesis of sodium deficient α-NaYF4 nanocrystals was a) 0.1, b) 0.2, c) 0.3, 

d) 0.4 and e) 0.55 the Na/Y ratio of a) 0.1, b) 0.2, c) 0.3, d) 0.4 and e) 0.55. 

The narrow size distribution of the β-phase NCs is clearly visible in their TEM images, 

which are presented in Figure 4.7. The particles display a well-defined elongated 

morphology. The average particle size and the size histograms of these NCs were 

calculated from TEM images, and are also shown in figure 4.7. The higher concentration 

of dissociated sodium and fluoride ions seem to interact differently with the different 

facets of the nanocrystals, resulting in fast growth in c-direction and an elongated 

morphology. 
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Figure 4.7: TEM images of hexagonal β-NaYF4 nanocrystals obtained after heating of 

sodium deficient cubic α-NaYF4 nanocrystals in the presence of additional Na-oleate and 

ammonium fluoride in oleic acid and octadecene at 300 °C for 80 min. The Na/Y ratio 

used in the synthesis of sodium deficient α-NaYF4 nanocrystals was a) 0.1, b) 0.2, c) 0.3, 

d) 0.4 and e) 0.55. Values for the mean particle size and the relative standard deviation 

(in %) are given in the histograms. The blue solid lines indicate Gaussian fits.  

4.4. Conclusions 

In conclusion, we have successfully synthesised sub-5 nm α-Na1-xYF4-x particles with 

extremely low sodium content not known from bulk material. Our results show that the 

ratios of Na/Y in α-NaYF4 nanocrystals have a strong influence on the growth behaviour 

of the particles in acidic OA/ODE solvent. In all cases Ostwald ripening of the α-NaYF4 
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particles is observed but this is accompanied by partial decomposition into yttrium 

trifluoride for the particles with very low Na/Y ratio. Additional supply of sodium as 

sodium oleate to highly sodium deficient α-NaYF4, sub-5 nm, NCs results in α/β-phase 

transition during heating and the formation of monodisperse β-phase NaYF4 NCs.   
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Chapter 5 

5. Synthesis and Characterisation of Monodisperse Sub-10 nm Lithium 

Rare Earth Fluoride (LiREF4, RE = Y, Gd, Lu) Nanocrystals using Highly 

Sodium Deficient Cubic α-NaREF4 Nanocrystals 

5.1. Introduction 

Similar to sodium rare earth fluorides (NaREF4), also lithium rare earth fluorides 

(LiREF4), display low phonon frequencies. In particular LiYF4, LiGdF4 and LiLuF4 are 

therefore also considered as suitable host materials for luminescent lanthanide (Ln3+) 

ions [65]. In contrast to NaREF4, however, the crystal structure of LiREF4 exists only in 

one phase with tetragonal crystal structure. The optical properties of doped lithium 

yttrium fluoride (LiYF4) have been extensively investigated for different applications. 

Bulk LiYF4, doped with Yb3+, Nd3+ or Pr3+ is widely used as solid state laser material 

[196, 197]. Nd3+ or Tm3+ doped LiLuF4 is also used for slab/thin-disk lasers [198]. LiYF4 

is also a well known host material for quantum cutting ions, whereby one high energy 

photon is cut into two lower energy photons, resulting in values for quantum yield of 

200%.  For example, a quantum yield of 168% has been reported for Yb3+, Pr3+ doped 

bulk LiYF4 [199, 200]. Meijerink and co-workers doped red emitting Eu3+ into bulk 

lithium gadolinium fluoride (LiGdF4) and reported a quantum yield of 200% for the 

quantum cutting process [68]. Another material, Ce3+ doped LiLuF4, gained much 

attention due to its strong emission in the UV spectral region ranging from 305 to 340 

nm. The emission of UV-B and UV-A radiations allow this material to be used as light 

source for photochemical processes as well as the treatment of skin diseases and 

cosmetic application. LiYF4 bulk phosphors doped with up-converting ions are also 

investigated extensively by various groups [201]. 

Owing to these excellent optical properties, several researchers have been synthesizing 

and investigating its nanocrystalline counterpart. Er3+ doped LiYF4 NCs have been 

synthesised by Mahalingam and co-workers using a thermal decomposition method 

[123]. The luminescence of the particles can be excited at 1490 nm, an important 

wavelength for telecommunication purposes, and the particles also display 

upconversion (UC) emission. They reported a total UC luminescence quantum yield, 

which is 4 times higher than that of standard hexagonal NaYF4: Yb, Er NCs under 980 

nm. In fact, the standard up-converting ions (Yb/Er or Yb/Tm) used for NaYF4 NCs can 
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also be used for LiYF4 NCs and show comparable luminescence spectra. In addition, 

LiYF4 engenders enhanced emission in the deep-UV (294 nm) and NIR region (792 nm) 

when doped with Yb/Tm ions [122, 123, 202]. The LiYF4 UC emission, particularly in the 

UV region, has gained much interest in life science, especially for photodynamic therapy 

[203], markers and imaging [204] applications. The NIR to NIR UC emission of these NCs 

has been used to study the hydrogel degradation in tissues [202]. It has also been 

reported that the multicolour emission of Eu3+, Ce3+ and Tb3+ co-doped LiYF4 core/shell 

NCs is beneficial not only for multicolour labeling but also for display device applications 

[205]. Analogous to LiYF4, LiLuF4:Yb,Er/Tm core/shell NCs have also been used as nano 

bio-probes for biomarkers and bio-imaging [204]. These studies indicate that suitable 

selection of dopants/sensitizers combination in LiREF4 NCs provides nanomaterials for 

different applications. 

There are only very few reports available on the particle size tuning of monodispersed 

LiREF4 NCs although particles with well defined size are  important to enable their use 

in many applications. Liu and co-workers synthesised lanthanide doped LiYF4 NCs in 

high temperature solvents using the corresponding metal chlorides and ammonium 

fluoride [206]. Further, they were able to control the particle size by changing the ratio 

of fluoride (F-) to rare earth ions (RE3+). With increasing F- to RE3+ ratio, they observed a 

decrease in size from 40 to 12 nm. Another research group, Kim and co-workers, 

employed Eu3+ doping for the alteration of particle size, and 10, 30 and 35% of doping 

resulted in 8, 10 and 68 nm sized particles respectively [205]. For their synthesis in oleic 

acid and octadecene solvent, they used the corresponding metal oleates and ammonium 

fluoride as precursor materials. By a solvothermal technique, Ohishi and co-workers 

prepared 16 nm to 2 µm sized particles with broader size distribution using different 

amounts of lithium hydroxide (LiOH) in the reaction [207]. By changing the molar ratio 

of oleic acid and oleylamine in their solvent mixture, Chen and co-workers succeeded in 

controlling the particle size of LiYF4:Yb,Er NCs which were prepared by thermal 

decomposition of the corresponding metal trifluoroacetate [203]. As the acidity of the 

solvent mixture increases, they found that the size of the particles increases from 8 to 47 

nm. The same group also developed a strategy based on successive layer-by-layer (LBL) 

injection of shell precursors for the synthesis of LiLuF4:Ln/LiLuF4 core/shell UCNCs 

[204].  



56 
 

The limited literature in this regard may be due to the lack of in-depth knowledge of the 

respective particle formation mechanism. As discussed in chapter 3, the formation of 

hexagonal β-NaYF4 NCs occurs through the intermediate formation of cubic α-NaYF4 

particles, which is also necessary to obtain monodisperse NCs. We mentioned in the 

beginning of the chapter, however, that bulk LiYF4 crystallizes in no other phase than the 

tetragonal phase. Murray and coworkers observed, however, that orthorhombic YF3 NCs 

are formed as intermediate product when yttrium-90 labeled LiYF4 NCs are synthesised 

in OA/OED solvent from YCl3 and LiF as precursors [208]. 

While synthesizing Li+ doped hexagonal NaYF4:Yb,Er [Na1-x LixYF4:Yb/Er] NCs to study 

the doping effect on its crystal structure and the upconversion emission, Zhang and co-

workers observed that the phases formed varied from hexagonal to cubic to tetragonal 

with an increasing amount of Li+ [209]. Li and co-workers tried the reverse process, they 

synthesized Na+ doped tetragonal LiYF4: Yb,Ln [Li1-xNaxYF4: Yb/Ln] NCs by thermal 

decomposition of the corresponding metal trifluoroacetate and tried to control the size 

of the particles by the degree of sodium doping [210]. They noted that the size of the 

particles is reduced from 67 to 20 nm when the concentration of sodium is increased 

from 2 to 30%. The studies further indicated that the tetragonal crystal phase tended to 

form cubic NaYF4 along with tetragonal LiYF4 if more than 40% of the Li ions are 

replaced by Na ions. 

Though these studies give a first hint on the phase transformations occurring during the 

formation of LiYF4 NCs, there is no conclusive study how important they are for the 

synthesis of the particles. So in the work presented in this chapter we demonstrate a 

new approach where we provide purified NCs as intermediate precursor particles for 

the formation of LiYF4, LiLuF4 and LiGdF4 NCs. For this, we use the highly sodium 

deficient cubic α-NaYF4 NCs which we derived from the study presented in chapter 3, 

along with additional molecular precursors. In the same way, orthorhombic YF3 NCs 

were separately prepared and investigated as precursor particles. We are able to 

confirm that the formation of LiYF4 and LiLuF4 occurs through an intermediate phase. 

The composition of this intermediate phase depends on the ions available in the reaction 

mixture. The formation of intermediate particles is also confirmed by another set of 

studies, where molecular precursors for Na+, Y3+, Li+ and Lu3+ ions instead of precursor 

particles are used. Using these methods we successfully synthesised highly 

monodisperse sub-10 nm LiYF4 as well as LiLuF4 NCs. Our effort to synthesise the 
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corresponding LiGdF4 NCs was unsuccessful, which is also discussed in the chapter. 

Furthermore, we extended our new approach to the synthesis of upconverting LiYF4:Yb, 

Er core and core/shell NCs and these results are also presented in the chapter.  

5.2. Experimental Section 

Synthesis of lithium oleate (Li-oleate): Lithium hydroxide monohydrate (LiOH.H2O) 

and oleic acid were combined in a molar ratio of 1:3. The suspension was heated at a 

Schlenk line at 100 °C under vacuum until a clear solution was obtained. This solution 

was used as stock solution for further reactions.  

Synthesis of yttrium oleate (Y-oleate), lutetium oleate (Lu-oleate) and gadolinium 

oleate (Gd-oleate): A detailed synthesis procedure for Y-oleate is given in chapter 4, 

section 4.2. The same procedure was also adopted for the synthesis of Lu-oleate and Gd-

oleate, where LuCl3.6H2O and GdCl3.6H2O were used as starting materials. 

Synthesis of LiYF4 nanocrystals using sodium deficient cubic α-NaYF4 precursor 

particles: The preparation of sodium deficient cubic α-NaYF4 (Na/Y ratio=0.1, 0.2, 0.3 

and 0.4) NCs was described in detail in chapter 4. LiYF4 NCs were prepared by using 

these NCs as precursor particles. For a typical synthesis, equimolar amounts of sodium 

deficient cubic α-NaYF4, Li-oleate and ammonium fluoride (1:1:1) were used. Li-oleate 

and sodium deficient cubic α-NaYF4 were dissolved in oleic acid and octadecene solvent 

(5 mL of each for 1 mmol of Li-oleate). The solution was degassed on a Schlenk line 

apparatus by applying vacuum (1 mbar) for 60 min at 100 °C under vigorous stirring. 

After degassing, ammonium fluoride was added to the solution under nitrogen flow. 

Immediately after the addition of NH4F, the system was cycled three times between 

vacuum and N2, applying vacuum for only 5 s in each cycle. Afterwards the reaction 

mixture was heated at 300 °C for 90 min under nitrogen flow. Then the system was 

cooled down to room temperature and the NCs dispersed in the solution were 

precipitated with the addition of an equal amount of ethanol and separated by 

centrifugation. The particles were purified from the insoluble by-products by 

redispersing the precipitate in hexane (1 mL of hexane per 1 mmol of NCs), centrifuged 

the suspension for 30 s. The particles were precipitated from the clear supernatant 

solution with twice the amount of ethanol. Then the nanocrystals were separated by 

centrifugation. 
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Tetragonal LiLuF4 NCs were prepared in an analogous way. The sodium deficient cubic 

α-NaLuF4 NCs required in this case, were prepared by the same method as described in 

chapter 4 for the synthesis sodium deficient cubic α-NaYF4 NCs.  

Synthesis of LiYF4 nanocrystals using molecular precursors: Here we used lithium 

oleate, sodium oleate and yttrium oleate as precursors instead of cubic nanocrystals. 

Equimolar amounts of yttrium oleate and lithium oleate were combined with oleic acid 

and octadecene (5 mL of each solvent per 1 mmol of rare earth oleate). An appropriate 

amount of sodium oleate was added to obtain a Na/Y ratio of 0.1, 0.2, 0.3 or 0.4. The 

solution was degassed on a Schlenk line apparatus by applying vacuum (1 mbar) for 60 

min at 100 °C under vigorous stirring. After degassing, ammonium fluoride was added to 

the solution under nitrogen flow. The amount of ammonium fluoride was calculated to 

be sufficient to convert all lithium, sodium and yttrium ions into fluoride. Immediately 

after the addition of NH4F, the system was cycled three times between vacuum and N2, 

applying vacuum for only 5 s in each cycle.  Then the reaction mixture was heated at 300 

°C for 90 min under nitrogen flow. After that the system was cooled down to room 

temperature and the NCs dispersed in the solution were precipitated with the addition 

of an equal amount of ethanol and separated by centrifugation. The particles were 

further purified by the washing steps described above.  

LiLuF4 and LiGdF4 NCs were prepared analogously by using separately prepared oleates 

of lutetium and gadolinium as precursors. 

Synthesis of small orthorhombic YF3 nanocrystal precursor: For the preparation of 

small YF3 NCs, yttrium oleate and tetramethylammonium fluoride tetrahydrate [TMAF, 

(CH3)4NF·4H2O] were used as starting materials. A stock solution of TMAF was prepared 

by dissolving TMAF in a solvent mixture consisting of two volume parts of octadecene, 

one part of oleic acid and one part of oleylamine (for 1 mmol TMAF per 10 mL of solvent 

mixture) in a three-necked round bottom flask. To remove water and dissolved oxygen, 

the dispersion was degassed on a vacuum Schlenk line for 60 min at 50 °C and for 

another 60 min at 100 °C under vigorous stirring. Subsequently, the turbid suspension 

was cycled three times between vacuum and nitrogen atmosphere, and the solution 

thereafter kept under nitrogen flow at 100 °C. In a separate setup, yttrium oleate was 

dissolved in oleic acid and octadecene (5 mL of each of the solvent for 1 mmol of yttrium 

oleate) in a three-necked round bottom flask. The solution further degassed for 60 min 
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at 100 °C under vacuum and strong stirring. Afterwards, the solution was cycled three 

times between vacuum and nitrogen atmosphere and TMAF stock solution was added to 

the yttrium oleate solution using a syringe under N2 flow. The amount of TMAF added 

corresponds to three times the molar amount of yttrium oleate. Then the reaction 

mixture was heated at 220 °C for 60 min under nitrogen flow. After cooling down to 

room temperature, the obtained clear yellowish solution was mixed with an equal 

amount of ethanol to precipitate the small YF3 particles, which were separated by 

centrifugation. Purification of the samples was carried out as described above. The 

samples were dried at 80 °C for 14 h before they were used for further reactions.  

An analogous procedure was used to prepare small orthorhombic LuF3 NCs. 

Synthesis of LiYF4 nanocrystals using small orthorhombic YF3 nanocrystal 

precursors: LiYF4 NCs were prepared by using small YF3 NCs as precursor material 

along with equimolar amounts of Li-oleate and ammonium fluoride. For a typical 

synthesis, equimolar amounts of YF3 and Li-oleate were dissolved in oleic acid and 

octadecene (5 mL of each solvent for 1 mmol of YF3). The solution was degassed for 60 

min at 100 °C on a vacuum Schlenk line apparatus under vigorous stirring. Thereafter, 

the ammonium fluoride was added to the solution under N2 flow and the solution was 

cycled between vacuum and N2 for three times. Then the reaction mixture was heated at 

300 °C for 60 min under nitrogen flow. The solution was allowed to cool down to room 

temperature and followed by the addition of an equal amount of ethanol to precipitate 

the LiYF4 NCs, which were collected by centrifugation. The particles were further 

purified by the washing steps described above.  

LiLuF4 NCs were synthesized similarly by using small orthorhombic LuF3 NCs as 

precursor. 

Synthesis of LiYF4 nanocrystals using molecular precursors without sodium: For 

the synthesis of LiYF4 NCs, molecular precursors such as Li-oleate, Y-oleate and 

ammonium fluoride were used. In a typical synthesis, equimolar amounts of Y-oleate 

and Li-oleate were dissolved in oleic acid and octadecene (5 mL of each solvent for 1 

mmol of Y-oleate) in a three-necked round bottom flask.  The solution was degassed for 

60 min at 100 °C on a vacuum Schlenk line apparatus under vigorous stirring. 

Thereafter, the stoichiometric amount of ammonium fluoride was added to the solution 

under N2 flow and the solution was cycled between vacuum and N2 for three times. Then 
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the reaction mixture was heated at 300 °C for 90 min under nitrogen flow. The solution 

was allowed to cool down to room temperature and followed by the addition of an equal 

amount of ethanol to precipitate the LiYF4 NCs, which were collected by centrifugation. 

The particles were further purified by the washing steps described above. 

The same method was used to prepare LiLuF4 and LiGdF4 NCs, using the corresponding 

oleates. 

Synthesis of LiYF4:Yb,Er/LiYF4 core/shell nanocrystals: First LiYF4:Yb,Er core NCs 

were prepared by using corresponding sodium deficient cubic α-NaYF4:Yb,Er 

(Na/Y=0.2) NCs as precursor particles as described above. For the synthesis of 

core/shell NCs, 0.5 mmol of the core particles were combined with 5 mL of oleic acid 

and 5 mL of octadecene along with 3 mmol of Li-oleate and 3 mmol of Y-oleate in a 

three-necked round bottom flask. The solution was degassed for 60 min at 100 °C on a 

vacuum Schlenk line apparatus under vigorous stirring. Thereafter, 12 mmol of 

ammonium fluoride was added to the solution under N2 flow and the solution was 

cycled between vacuum and N2 for three times. Then the reaction mixture was heated at 

300 °C for 40 min under N2 flow. The solution was allowed to cool down to room 

temperature and followed by the addition of an equal amount of ethanol to precipitate 

the NCs, which were collected by centrifugation. The particles were further purified by 

the washing steps described above. The purification step was repeated for 3 times. NCs 

were dried at 80 °C for 14 h and powdered well for the luminescence measurements.  

5.3. Results and Discussion 

XRD patterns of tetragonal LiYF4 NCs are shown in Figure 5.1. The particles were 

prepared in oleic acid/octadecene solvent using highly sodium deficient (N/Y ratio of 

0.1, 0.2, 0.3 and 0.4) sub-5 nm sized cubic α-NaYF4 NCs as precursor particles along with 

Li-oleate and ammonium fluoride. The diffractograms a, b and c shown in the figure 

belong to particles that were synthesised from cubic α-NaYF4 NCs having N/Y ratio of 

0.1, 0.2 and 0.3 respectively. The diffractograms show that the cubic NCs are completely 

transformed into tetragonal LiYF4 since the reflections are well indexed with the 

corresponding standard powder diffraction data [PDF no: 01-077-0816]. However, 

when cubic α-NaYF4 NCs with a Na/Y ratio of 0.4 were used as precursor, the respective 

diffractogram (Figure 5.1d) indicates that LiYF4 is formed along with some cubic NaYF4 

[PDF no: 01-077-2042]. It is important to note that the XRD patterns do not give any 
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indication of the presence of YF3 or other phases, except the presence of cubic NaYF4 

when the precursor NCs have a Na/Y ratio higher than 0.3.  
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Figure 5.1: XRD data of nanocrystals obtained by the reaction of sodium deficient cubic 

α-NaYF4 with Li-oleate and ammonium fluoride in oleic acid and octadecene at 300 °C 

for 90 min. The Na/Y ratio used in the synthesis of sodium deficient α-NaYF4 particles 

was a) 0.1, b) 0.2, c) 0.3, d) 0.4 and e) 0.55. The reflections of a, b and c are indexed with 

the tetragonal phase of LiYF4 whereas the reflections of d) indicate with tetragonal 

phase of LiYF4 and cubic phase of α-NaYF4.  

The former samples were also analyzed through TEM and the corresponding 

micrographs are shown in Figure 5.2. It is clearly visible from the micrographs that the 

particles formed are monodisperse with an average size of equal to or less than 100 nm. 

When cubic α-NaYF4 NCs with a N/Y ratio of 0.4 used as precursor, LiYF4 particles with 

characteristic, bipyramidal shape are formed along with smaller spherical particles 

(Figure 5.2d). The observation is well corroborated with the XRD diffractogram 

provided in figure 5.1d. From the width of the XRD reflexes, the round shaped, 

polydispersed, particles with an average size range of 12-35 nm can be assigned to cubic 

α-NaYF4 NCs and the larger particles with an average size of 100 nm to tetragonal LiYF4. 

The XRD peaks of cubic α-NaYF4 NCs (refer Figure 5.1d) are more narrow than those of 

the parent particles, (refer Figure 4.1, in chapter 4) proving that the cubic particles grow 

during the synthesis. Due to their high sodium deficiency, however, the particles remain 
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in the cubic phase, as we also observed in the studies presented in chapter 4 and are not 

converting into the corresponding hexagonal phase. 

 

Figure 5.2: TEM images of nanocrystals obtained by the reaction of sodium deficient 

cubic α-NaYF4 with Li-oleate and ammonium fluoride in oleic acid and octadecene at 300 

°C for 90 min. The Na/Y ratio used in the synthesis of sodium deficient α-NaYF4 particles 

was a) 0.1, b) 0.2, c) 0.3, d) 0.4 and e) 0.55. Samples a, b and c contain only tetragonal 

LiYF4 whereas sample (d) consist of mixture of tetragonal LiYF4 and cubic α-NaYF4. 

Further, XRF analysis was carried out to check the presence of sodium, if any, in the 

LiYF4 NCs. The data provided in Figure 5.3 shows that a small amount of sodium is 

evident, and the amount is similar in all NCs. The form of the sodium present in these 

NCs is difficult to assign. It may be contained as Na-oleate in the organic ligand layer or it 

may exist as sodium ions doped into the LiYF4 matrix as Li1-xNaxYF4. Doped phases such 

as tetragonal Li1-xNaxYF4 and cubic/hexagonal Na1-xLixYF4 have been reported, as we 

mentioned in the introduction [210, 209]. However, here we could not detect any change 

or shift in the XRD reflections of our LiYF4 samples as expected. If a significant amount of 

Li+ ions are replaced against larger Na+ ions, detailed and in-depth study using different 

analytical tools and mathematical calculations is required to investigate the influence of 

Na doping on the lattice parameters, which is at this point out of scope of the thesis. 

What we want to stress as a point here, however, is that the highly sodium deficient 

c d

ba
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cubic α-NaYF4 NCs can be used as precursor particles to form monodisperse sub-10 nm 

sized tetragonal LiYF4 NCs. This raises the question whether these cubic particles are 

always formed as intermediate product, when LiYF4 particles are prepared from the 

molecular precursors.  
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Figure 5.3: Sodium content of LiYF4 nanocrystals prepared by the reaction of sodium 

deficient cubic α-NaYF4 nanocrystals with Li-oleate and ammonium fluoride in oleic acid 

and octadecene at 300 °C for 90 min. The sodium to yttrium ratio of the LiYF4 

nanocrystals was measured by XRF. The ratio is plotted against the ratio of Na/Y that 

was present in the synthesis of α-NaYF4 precursor particles.  

We therefore repeated the above reactions with the corresponding molecular 

precursors instead of sodium deficient cubic α- NaYF4 NCs. To keep the Na/Y ratio to the 

above values of 0.1, 0.2, 0.3 and 0.4, an appropriate amount of Na-oleate was used along 

with Y-oleate, Li-oleate and ammonium fluoride in oleic acid/octadecene solvent. Also, 

we kept all other parameters the same as in the other synthesis and a detailed synthesis 

procedure is described in section 5.2. XRD and TEM images of the final particles derived 

from these reactions are given in Figure 5.4 and 5.5 respectively. The XRD analysis 

already indicates that the LiYF4 particles formed are similar to those formed when we 

use NCs as precursor. Again all peaks are well indexed with the corresponding LiYF4 

standard patterns, also plotted with the figure. Well faceted highly monodisperse 

tetragonal LiYF4 NCs are obtained, as is clearly evident from the micrographs presented 
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in figure 5.5. The average size of the NCs is found to be increasing with the Na/Y ratio. 

The LiYF4 NCs synthesised with a Na/Y ratio of 0.1 have an average size of 10 nm, which 

is similar to the particle size obtained with the corresponding cubic NCs precursor 

particles. Higher Na/Y ratios of 0. 2 and 0.3 yield the particle size of 16 and 32 nm 

respectively. As we mentioned in the introduction part of the chapter, size tuning of 

LiYF4 particles was studied by doping different cations [210, 209, 207].  Among them, Li 

and co-workers successfully reduced the size of tetragonal LiYF4: Yb, Ln NCs from 67 to 

20 nm by doping with sodium ions [Li1-xNaxYF4:Yb/Ln] using doping concentration 

between 2 and 30% [210]. However, here we have noticed an increase in size as the 

amount of sodium increases. This is the opposite to what Li et.al reported. We feel that, 

as we mentioned above, the variation of size with the sodium content is difficult to 

explain at this point with the data available. Nevertheless, it is clear that the presence of 

sodium affects the nucleation of the LiYF4 particles and, therefore, their final size.  
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Figure 5.4: XRD data of LiYF4 nanocrystals prepared by the reaction of the molecular 

precursors Li-oleate, Na-oleate, Y-oleate and ammonium fluoride in oleic acid and 

octadecene at 300 °C for 90 min. The sodium oleate used in the synthesis corresponded 

to Na/Y ratios of a) 0.1, b) 0.2, c) 0.3 and d) 0.4. Nanocrystals of tetragonal LiYF4 were 

obtained in the case of Na/Y ratios of 0.1, 0.2 and 0.3 (a, b and c). In the case of a Na/Y 

ratio of 0.4, mixture of tetragonal LiYF4 and cubic NaYF4 is formed (d). 
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Figure 5.5: TEM images of LiYF4 NCs prepared by the reaction of the molecular 

precursors Li-oleate, Na-oleate, Y-oleate and ammonium fluoride in oleic acid and 

octadecene at 300 °C for 90 min. The sodium oleate was chosen to obtain a Na/Y ratio of 

a) 0.1, b) 0.2 and c) 0.3 in the synthesis.  

It is clear from the above two sets of experiments with different precursors, one with 

sodium deficient cubic NaYF4 NCs and another with corresponding molecular 

precursors, LiYF4 NCs with similar sizes formed. The question now is whether in the 

presence of sodium, cubic α-NaYF4 is formed as an intermediate phase before LiYF4 NCs 

are observed. This was investigated by a temperature and time dependent reaction 

study, where molecular precursors with a Na/Y ratio of 0.2 are heated at different 

temperatures in oleic acid/octadecene solvent. For that, the molecular precursors 

dissolved in the solvent mixture were heated at temperature above 270 °C for 30 min. 

During the reaction, the samples were withdrawn at different time and temperature. 

The products were purified and analyzed with XRD. The XRD data shown in Figure 5.6 

confirms that small cubic α-NaYF4 NCs are formed as an intermediate product at lower 

temperatures, as is evident from the diffractogram of the sample that was drawn when 

the temperature reached 280 °C (280 °C/0 min, Figure 5.6a). The stronger broadened 

reflections indicate that the particles are very small, probably less than 5 nm. During 

further heating to 300 °C, these small cubic α-NaYF4 particles are slowly converted to 

tetragonal LiYF4. We think that, when dissolution of these small cubic α-NaYF4 particles 

occurs at high temperatures, the availability of the Li+ ions in solution helps to form 

stable nuclei of LiYF4. These nuclei further grow to NCs by using monomers available in 

the solution during the dissolution of the α-phase particles at high temperatures. As we 

described in the above sections, a study has already been published by Li et. al., where 

sodium oleate used in the preparation of doped LiYF4:Yb, Ln (Li1-xNaxYF4: Yb/Ln) NCs. 

There it was noted that, when the doping concentration of sodium increases, the 

bipyramidal shape of the LiYF4 particles is gradually changing, but not the crystal 

b c 



66 
 

structure, and above 40% a two products, LiYF4 along with α-NaYF4, were obtained 

[210]. However, as such this result gives no clear indication of the presence of any 

intermediate phase. In our studies, however, it was confirmed that cubic α-NaYF4 

particles are formed as an intermediate product during the reaction, which undergoes 

dissolution and in presence of Li-oleate recrystallises as tetragonal LiYF4 NCs. 
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Figure 5.6:  XRD data of nanocrystals that formed intermediately during the reaction of 

the molecular precursors Na-oleate, Li-oleate, Y-oleate, and ammonium fluoride in oleic 

acid and octadecene at different temperatures and time. Small nanocrystals of cubic α-

NaYF4 are formed as an intermediate phase at 280 °C/0 min (a), a mixture of cubic α-

NaYF4 and tetragonal LiYF4 particles is formed at 300 °C/0 min (b). After 30 min at 300 

°C the intermediately formed cubic α-NaYF4 particles are completely converted to 

tetragonal LiYF4 at 300 °C/30 min(c). 

As we mentioned in the introduction, Murray and co-workers detected the intermediate 

formation of orthorhombic YF3 when they prepared LiYF4 from the molecular 

precursors, YCl3 and commercially available LiF [208]. Our diffractograms given above, 

however, do not indicate the formation of YF3 as intermediate. We therefore also 

investigated the formation of intermediate phases when LiYF4 NCs are prepared in the 

absence of sodium ions. For that, we have prepared small orthorhombic YF3 NCs 

precursor particles using a synthesis procedure presented in section 5.2. It is clear from 

the corresponding XRD presented in Figure 5.7 that very small YF3 are formed 

presumably of the orthorhombic phase. The reflections are very broad in accord with 
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the TEM micrograph of the particles presented in the right part of the figure showing 

sub-5 nm particles. 

These YF3 NCs were then combined with Li-oleate and ammonium fluoride to produce 

LiYF4 in a mixture of oleic acid and octadecene at 300 °C for 60 min. It is clearly evident 

from the respective XRD provided in Figure 5.8 that the YF3 NCs used as precursor are 

completely converted into tetragonal LiYF4. The obtained products consist of well 

faceted tetragonal LiYF4 NCs with an average size of 12 nm, as is obvious from the 

micrograph presented on the right side of the figure (right, Figure 5.8.). 
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Figure 5.7: XRD data (left) and TEM image (right) of YF3 nanocrystals prepared by the 

reaction of Y-oleate and tetramethylammonium fluoride tetrahydrate in oleic acid and 

octadecene at 220 °C for 60 min. The diffraction peaks are in accord with the 

orthorhombic phase of YF3 and an average particle size of 2-3 nm. 

The formation of LiYF4 NCs is further studied by using the corresponding molecular 

precursors, i.e. Y-oleate instead of YF3 NCs precursor particles, along with Li-oleate and 

ammonium fluoride. The XRD diffractogram and TEM microgram of the obtained 

particles are shown in Figure 5.9. All XRD peaks of samples are well indexed with the 

corresponding standard of LiYF4. The TEM image shows that the samples consist in fact 

of well faceted LiYF4 NCs with an average size of 12 nm, which is comparable to the size 

of the particles obtained with YF3 particles as precursor. 
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Figure 5.8: XRD data (left) and TEM image (right) of LiYF4 nanocrystals prepared by the 

reaction of small YF3 nanocrystals with Li-oleate and ammonium fluoride in oleic acid 

and octadecene at 300 °C for 60 min. The diffraction peaks were in accord with the 

tetragonal phase of LiYF4 and an average particle size of 12 nm. 
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Figure 5.9: XRD data (left) and TEM image (right) of LiYF4 nanocrystals prepared by the 

reaction of the molecular precursors Li-oleate, Y-oleate and ammonium fluoride in oleic 

acid and octadecene at 300 °C for 90 min. The diffraction peaks are indexed with the 

tetragonal phase of LiYF4 and an average particle size of 12 nm. 

This way indicates that YF3 is formed as intermediate phase in this synthesis of LiYF4 

NCs when sodium is absent. This becomes more evident by a temperature and time 

dependent reaction study, where the molecular precursors were heated at different 

temperatures in oleic acid/octadecene solvent and samples were drawn at different 

times and temperatures. Each purified product was analyzed with XRD; the 

corresponding diffractograms are shown in Figure 5.10. Clearly orthorhombic YF3 is 
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formed as an intermediate product, as is evident from the XRD analysis of the sample 

drawn immediately after a temperature of 300 °C was reached (300 °C/0 min, Figure 

5.10a). The unmatched sharp peaks presented in the diffractogram (see asterix), are 

caused by a small amount of LiF formed by the reaction of Li-oleate and NH4F. When we 

analyzed the XRD data of the samples drawn at low temperature, than 300 °C, we could 

find that intermediate phases or particles had not started to form.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: XRD data of nanocrystals formed at different time during the reaction of 

the molecular precursors Li-oleate, Y-oleate and ammonium fluoride in oleic acid and 

octadecene at 300 °C. Small particles of orthorhombic YF3 are formed as  intermediate 

product at 300 °C (a) but these particles are completely converted to tetragonal LiYF4 at 

after 30 min (b)(* = LiF peaks).  
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The above study, with sodium deficient α-NaYF4 particles and YF3 particles as well as the 

corresponding molecular precursors give clear evidence that LiYF4 NCs are formed 

through an intermediate nanocrystalline phase and the nature of the intermediate phase 

is determined by the metal ions available in the reaction mixture. That is, if sodium ions 

are present in the mixture, α-NaYF4 particles are formed as intermediate phase whereas 

YF3 particles are formed in the absence of sodium ions.  

In the next step, we investigated whether these findings also apply to the isomorphous 

materials LiLuF4 and LiGdF4. For that, we first prepared sodium deficient (Na/Lu=0.3) 

cubic α-NaLuF4 NCs as precursor particles as per the synthesis procedure presented in 

the experimental section 5.2. The XRD data and the TEM image of the precursor NCs are 

shown in Figure 5.11. The XRD pattern display well defined reflexes, which are well 

indexed with the standard pattern of cubic α-NaLuF4 [PDF No: 027-072]. The broadness 

of the diffraction peaks indicate that the synthesised particles are very small, in accord 

with the TEM micrograph showing a mean particle size of less than 5 nm.  

Now we used these NCs as precursor particles for the synthesis of tetragonal LiLuF4 

according to a procedure described in the experimental section 5.2. The diffractogram 

and the TEM image of the resulting tetragonal LiLuF4 NCs are shown in Figure 5.12. The 

particles were prepared by using the sodium deficient sub-5 nm sized cubic α-NaLuF4 

NCs as precursor particles along with Li-oleate and ammonium fluoride in oleic acid and 

octadecene solvent. The XRD analysis shows that the cubic α-NaLuF4 precursor particles 

are completely transformed into the tetragonal phase of LiLuF4, and the reflections are 

well indexed with the corresponding standard data of LiLuF4 [PDF no: 00-027-1251]. 

Also, monodisperse particles with an average size of 12 nm are observed in the TEM 

micrograph presented on the right side of the figure. 
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Figure 5.11: XRD data (left) and TEM image (right) of sodium deficient cubic α-NaLuF4 

nanocrystals (Na/Y ratio=0.3) prepared by the reaction of Lu-oleate, Na-oleate and 

ammonium fluoride in oleic acid and octadecene at 240 °C for 90 min. The diffraction 

peaks are in accord with the orthorhombic phase of LuF3 and an average particle size of 

3-4 nm. 
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Figure 5.12: XRD data (left) and TEM image (right) of LiLuF4 nanocrystals prepared by 

the reaction of sodium deficient α-NaLuF4 particles with Li-oleate and ammonium 

fluoride in oleic acid and octadecene at 300 °C for 60 min. The diffraction peaks are 

indexed with the tetragonal phase of LiLuF4 and an average particle size of 12 nm. 

To check the presence of α-NaLuF4 as intermediate particles during the formation of 

LiLuF4 NCs, we repeated the above reactions with the corresponding molecular 

precursors. Thus, Na-oleate and Lu-oleate were combined in a molar ratio to 0.3 and 

heated at 300 °C in oleic acid and octadecene solvent for 60 min along with Li-oleate and 

ammonium fluoride. The XRD and the TEM image of the particles derived from the 

reaction are provided in Figure 5.13. The XRD analysis shows that all the peaks are well 
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matched with the corresponding standard data of LiLuF4, which is also plotted with the 

diffractogram. In fact, well faceted highly monodisperse tetragonal LiLuF4 NCs are 

obtained, as is clearly evident from the micrograph. The average size of the NCs is 12 nm 

and, hence, very similar to the size obtained with α-NaLuF4 particles as precursor. 

The above two sets of experiments show that LiYF4 and LiLuF4 particles behave similar 

insofar as sodium containing intermediate phases, α-NaYF4 and α-NaLuF4, are formed in 

both cases in presence of sodium oleate. In the next step we studied the formation of 

LiLuF4 particles in the absence of sodium. For that, we have prepared small 

orthorhombic LuF3 precursor particles as in the synthesis procedure presented in 

section 5.2. The purified products of this synthesis were analyzed by XRD and TEM as 

shown in Figure 5.14. It is clear from the XRD that very small LuF3 are formed, as the 

reflections are very broad. The width of the XRD peaks is too broad to identify the 

crystal phase with certainty but the pattern is at least not in contradiction to the 

orthorhombic phase of LuF3. Then TEM results are well correlated with these 

observations, as the size of the particles is less than 5 nm.  
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Figure 5.13: XRD data (left) and TEM image (right) of LiLuF4 nanocrystals prepared by 

the reaction of the molecular precursors, Li-oleate, Na-oleate, Lu-oleate and ammonium 

fluoride in oleic acid and octadecene at 300 °C for 90 min. Na-oleate and Y-oleate were 

used in a molar ratio of 0.3. The diffraction peaks are indexed with the tetragonal phase 

of LiLuF4 and an average particle size of 12 nm. 
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Figure 5.14: XRD data (left) and TEM image (right) of LuF3 nanocrystals prepared by 

the reaction of Lu-oleate and tetramethylammonium fluoride tetrahydrate in oleic acid 

and octadecene at 220 °C for 60 min. The diffraction peaks are indexed with the 

orthorhombic phase of LuF3 and an average particle size of 3-4 nm. 

The small LuF3 NCs obtained were used along with Li-oleate and ammonium fluoride to 

produce LiLuF4 in oleic acid and octadecene at 300 °C. It is clearly visible from the 

corresponding XRD provided in Figure 5.15 that the LuF3 NCs are completely converted 

into tetragonal LiLuF4. The obtained particles are well faceted tetragonal LiLuF4 NCs 

with an average size of 12 nm, as is evident from the micrograph and the XRD data 

(Figure 5.15). 
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Figure 5.15: XRD data (left) and TEM image (right) of LiLuF4 nanocrystals prepared by 

heating small LuF3 nanocrystals with Li-oleate and ammonium fluoride in oleic acid and 

octadecene at 300 °C for 60 min. The diffraction peaks are indexed with the tetragonal 

phase of LiLuF4 and an average particle size of 12 nm. 
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Finally LiLuF4 NCs were also prepared by using the corresponding molecular 

precursors, i.e. in the presence of Lu-oleate instead of LuF3 NCs precursor particles, 

along with Li-oleate and ammonium fluoride. The XRD diffractogram and the TEM 

micrograph of the particles obtained are shown in Figure 5.16. All reflections from the 

particles are well indexed with the corresponding standard data of LiLuF4, which is also 

drawn in the figure. Again, well faceted tetragonal LiLuF4 NCs with an average size of 12 

nm are obtained. This size is identical to the size obtained with the precursor particles.  
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Figure 5.16: XRD data (left) and TEM image (right) of LiLuF4 nanocrystals prepared by 

heating the molecular precursors Li-oleate, Lu-oleate and ammonium fluoride in oleic 

acid and octadecene at 300 °C for 90 min. The diffraction peaks are indexed with the 

tetragonal phase of LiLuF4 and an average particle size of 12 nm. 

It is clear from these results that NCs of LiLuF4 also behave similar to LiYF4 NCs as both 

can be formed through an intermediate phase. The composition of this intermediate 

phase depends on the metal ions available in the reaction mixture. Further, we checked 

whether this principle is extendable to LiGdF4, one of the best host materials for 

quantum cutting ions. LiGdF4 is believed to be difficult to prepare as nanocrystalline 

material and no researcher has reported corresponding nanoparticles yet [211]. 

Unfortunately, our efforts to synthesise LiGdF4 NCs were also ineffective and the 

reaction of the molecular precursors, Li-oleate and Gd-oleate with ammonium fluoride, 

resulted in the formation of GdF3 particles. The corresponding XRD data and a TEM 

image are shown in Figure 5.17. We also tried to convert these NCs into LiGdF4 by 

heating them in the presence of Li-oleate and NH4F. However, it was unsuccessful. Since 

it has been reported that sodium deficient α-NaGdF4 NCs (Na/Gd ratio below 0.4) cannot 
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be prepared, we did not attempt to prepare LiGdF4 NCs via highly sodium deficient α-

NaGdF4 [212]. 
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Figure 5.17: Attempt to synthesise LiGdF4 nanocrystals by heating the molecular 

precursors Li-oleate, Gd-oleate and ammonium fluoride in oleic acid and octadecene at 

300 °C for 90 min. The XRD data (left) shows that orthorhombic GdF3 nanocrystals are 

formed instead of tetragonal LiGdF4. The corresponding the TEM image is shown on the 

right. 

Further, we used our new approach based on sodium deficient cubic α-NaREF4 NCs as 

precursor to synthesise optically active LiYF4 NCs, that is, upconverting ions (Yb/Er) 

doped monodisperse sub-15 sized tetragonal LiYF4. Using these as core particles, an 

optically inactive shell of LiYF4 was deposited onto the LiYF4:Yb,Er core particles as 

core/shell NCs (LiYF4:Yb,Er/LiYF4). The XRD diffractogram and the TEM micrograph of 

the core and the core/shell particles are shown in Figure 5.18. 
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Figure 5.18: XRD data (top) and TEM images (bottom) of a) LiYF4:Yb,Er core and b) 

LiYF4:Yb,Er/LiYF4 core/shell nanocrystals. The diffraction peaks of both core and 

core/shell nanocrystals are in accord with the tetragonal phase of LiYF4. The core 

particles have an average size of 12 nm which increases to 20 nm after the shell 

formation. A schematic illustration of the core and the core/shell NCs are shown in the 

left bottom of each micrograph. 

The optical properties of the NCs revealed that, NCs of LiYF4 also act as an effective host 

material for upconverting ions. The LiYF4:Yb,Er core particles and the precursor of the 

LiYF4 shell were employed in a molar ratio of 1 to 6. The shell should therefore increase 

the volume of the particle by a factor of 7 or the size by a factor of 71/3= 1.9, resulting in 

an expected increase from 12 nm of the core particles to 23 nm of the core/shell 

particles. The TEM images in figure 5.18 show a somewhat smaller increase in size from 

12 to 20 nm indicating that not all of the LiYF4 material was deposited as shell. The 

corresponding luminescence spectra in Figure 5.19, nevertheless, show that the shell 
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enhances the luminescence intensity of the particles by a factor of 35 (Excitation of 980 

nm with 1 W/cm2). This clearly shows that the energy loss processes at the particle 

surface are strongly reduced by the inert LiYF4 shell. 
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Figure 5.19: Luminescence spectra of LiYF4:Yb,Er upconversion core (black) and 

LiYF4:Yb,Er/LiYF4 core/shell nanocrystals (red). The inert LiYF4 shell enhances the 

luminescence intensity of the core particles by a factor of 35. 

5.4. Conclusions 

We have successfully developed a new approach to prepare monodisperse sub-10 nm 

sized LiYF4 NCs using sodium deficient α-NaYF4 NCs as precursor particles. The 

synthesis of NCs of LiYF4 was also conducted with yttrium trifluorid NCs, YF3, as 

precursor as well as molecular precursors. Also, we have successfully used the new 

approach to study intermediate phases formation during the synthesis of LiYF4 NCs. Our 

studies confirm that LiYF4 NCs are formed through an ‘available intermediate phase’ 

having a composition which is determined by the available cations in the reaction 

mixture. Moreover, we found that our approach is readily extendable to the 

isomorphous system LiLuF4. However, our efforts to synthesise the corresponding 

LiGdF4 NCs by these methods were unsuccessful. To demonstrate that also the synthesis 

of core/shell particle is feasible with our approach, upconversion particles with 

LiYF4:Yb,Er/LiYF4 core/shell structure were successfully prepared. The shell enhances 

the luminescence intensity by a factor of 35.  
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III. Summary  

Main topics of this thesis are the synthesis and the characterization of monodisperse 

sub-10 nm sized alkali metal rare earth fluoride nanocrystals. In particular, nanocrystals 

of NaREF4 (RE = La, Ce, Pr, Nd) and LiREF4 (RE = Y, Gd, Lu) were studied, because their 

synthesis is hampered by instable polymorphs, decomposition reactions and the lack of 

conclusive information about the growth mechanism. In Chapter 1, a short introduction 

on nanoparticles, rare earth elements and rare earth fluoride nanocrystals is provided 

with special emphasis on the synthesis of alkali metal rare earth fluoride nanocrystals. 

Also, a detailed description of the aims of this work is given in this chapter. The theory 

for the formation of monodisperse nanocrystals and a short description on different 

analytical techniques used for the characterisation of the synthesised nanocrystals are 

given in Chapter 2.  

Chapter 3 deals with the synthesis and characterisation of monodisperse sub-10 nm 

sized sodium rare earth fluoride nanocrystals of the lighter rare earths, NaREF4 (RE = La, 

Ce, Pr, Nd). Synthesis procedures for the preparation of both polymorphs, hexagonal and 

cubic, of NaLaF4, NaCeF4, NaPrF4 and NaNdF4 nanocrystals are presented in detail. It is 

worthwhile to mention that some of these polymorphs are not reported in the 

thermodynamic phase diagrams of the bulk materials. Obviously, these materials are 

obtained as metastable compounds due to the low synthesis temperatures (200-300 °C). 

A detailed study on Ostwald ripening, size focusing and decomposition effects of these 

nanocrystals are also addressed in this chapter. It is found that Ostwald ripening of the 

β-phase of these nanomaterials is slow in basic reaction medium, whereas it is more 

pronounced in acid medium. As expected, Ostwald ripening leads to a broad size 

distribution. The stability of the cubic polymorphs was studied by heating the α-NaREF4 

nanocrystals in oleic acid/octadecene mixture at 300 °C, and it is found that these 

nanocrystals undergo decomposition into the corresponding trifluorides, REF3. 

However, by supplying additional sodium fluoride, the decomposition can be avoided 

and the α-phase is effectively converted to its hexagonal polymorph with narrow size 

distribution. Further, the versatility of this procedure has been demonstrated by also 

preparing doped, especially Ce3+, Pr3+ and Ce3+/Tb3+ doped NaREF4 nanocrystals, which 

show excellent luminescence properties.  
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It is known that the amount of sodium in sodium rare earth fluorides (NaREF4) plays an 

important role in their phase stability, their phase transition from cubic to hexagonal, 

and their final size distribution. The phase diagram of NaYF4 bulk material shows that 

the cubic phase of NaYF4 (α-NaYF4) is stable only at high temperatures and that its 

composition can be varied from NaYF4 to α-Na5Y9F32, i.e., Na/Y ratios from 1 to 0.55. In 

this thesis, however, extremely sodium deficient α-NaYF4 nanocrystals (Na/Y ratio down 

to 0.1) with sizes of less than 10 nm could be prepared through a synthesis method 

presented in Chapter 4. The material is metastable at room temperature as is the cubic 

α-phase in general. The stability of these sodium deficient α-NaYF4 nanocrystals were 

also studied by further heating in oleic acid/octadecene mixture at 300 °C. It is observed 

that the nanocrystals having Na/Y ratios of 0.3, 0.4 and 0.55 undergo classic Ostwald 

ripening, which leads to polydisperse nanocrystals. However, nanocrystals with Na/Y 

ratios smaller than 0.3 undergo partial decomposition into yttrium trifluoride, YF3. 

Again, these highly sodium deficient α-phase NaYF4 nanocrystals could be converted to 

the corresponding monodisperse β-phase particles by providing additional sodium 

compounds during the conversion.   

In Chapter 5, approaches to synthesise monodisperse sub-10 nm lithium rare earth 

fluoride (LiREF4, RE = Y, Gd and Lu) nanocrystals which are based on different precursor 

materials are described. Nanocrystals of highly sodium deficient cubic α-NaYF4 

(described in chapter 4), orthorhombic YF3 nanocrystals (size less than 5 nm) or 

corresponding molecular precursors (Li-oleate, Na-oleate, Y-oleate and ammonium 

fluoride) were used as starting material for the preparation of tetragonal LiYF4 

nanocrystals in oleic acid and octadecene mixture. When highly sodium deficient α-

NaYF4 nanocrystals (Na/Y ratio 0.1, 0.2 and 0.3) were used as precursor particles, the 

formation of monodisperse sub-10 nm tetragonal LiYF4 nanocrystals is observed, while 

precursor particles with a higher Na/Y ratio of 0.4 resulted in a mixture of tetragonal 

LiYF4 and cubic α-NaYF4 nanocrystals. When molecular precursors such as Na-oleate, Li-

oleate, Y-oleate and ammonium fluoride were employed, cubic α-NaYF4 nanocrystals are 

formed first as intermediate product which converts to tetragonal LiYF4 particles at 

higher temperatures. Tetragonal LiYF4 nanocrystals with a size of 12 nm are also 

obtained when small nanocrystals of orthorhombic YF3 were used as precursor particles 

along with Li-oleate and ammonium fluoride. Such orthorhombic YF3 particles are also 

formed at low temperatures as intermediate products if the corresponding molecular 
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precursors were used. So this approach provides new insights into the formation of 

intermediate phases during the synthesis of nanocrystals, which were not clear from 

previous studies. This thesis confirms that LiYF4 nanocrystals are formed through an 

‘available intermediate phase’ and formation of this ‘available phase’ is determined by 

the cations available in the reaction mixture. The same approach was successfully 

carried out for the preparation of tetragonal LiLuF4 nanocrystals. The new approach can 

also be used for the synthesis of core/shell nanocrystals as demonstrated by the 

preparation of LiYF4:Yb,Er/LiYF4 upconversion nanocrystals. This core/shell 

nanocrystals show a 35 times enhancement in luminescence compared to the 

corresponding core particles. Finally, unsuccessful trials to synthesise LiGdF4 

nanocrystals are also mentioned in this chapter.  

We believe that the newly developed synthesis methods and our studies on the 

formation intermediate phase may further facilitate research in the area.  
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A.2. TEM Histogram  

 

 

 

Figure A. 1: Black and white images of the TEM micrograph for the determination of the 

histogram in the case of NCs of hexagonal β-NaNdF4 obtained the reaction of the rare 

earth oleates with ammonium fluoride in oleylamine/oleic acid/octadecene for 90 min 

at 240 °C. The original micrograph is presented at the bottom right to show the scaling. 
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Figure A. 2: Black and white images of the TEM micrographs for the determination of 

the histogram in the case of NCs of hexagonal β-NaLaF4 obtained the reaction of the rare 

earth oleates with ammonium fluoride in oleylamine/oleic acid/octadecene for 90 min 

at 240 °C. The original micrographs are presented at the upper and bottom right to show 

the scaling.  
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Figure A. 3: Black and white images of the TEM micrograph for the determination of the 

histogram in the case of NCs of hexagonal β-NaCeF4 obtained the reaction of the rare 

earth oleates with ammonium fluoride in oleylamine/oleic acid/octadecene for 90 min 

at 240 °C. The original micrograph is presented at the bottom right to show the scaling. 
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Figure A. 4: Black and white images of the TEM micrographs for the determination of 

the histogram in the case of NCs of hexagonal β-NaPrF4 obtained the reaction of the rare 

earth oleates with ammonium fluoride in oleylamine/oleic acid/octadecene for 90 min 

at 240 °C. The original micrographs are presented at the upper and bottom right to show 

the scaling.  
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Figure A. 5: Black and white images of the TEM micrograph for the determination of the 

histogram in the case of NCs of hexagonal β-NaPrF4 obtained by heating small β-NaPrF4 

precursor particles in oleic acid/octadecene for one hour at 320 °C. The original 

micrograph is presented at the bottom right to show the scaling. 
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Figure A. 6: Black and white images of the TEM micrograph for the determination of the 

histogram in the case of NCs of hexagonal β-NaCeF4 obtained by heating small β-NaCeF4 

precursor particles in oleic acid/octadecene for one hour at 320 °C. The original 

micrograph is presented at the bottom to show the scaling. 
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Figure A. 7: Black and white images of the TEM micrograph for the determination of the 

histogram in the case of NCs of hexagonal β-NaNdF4 obtained by heating of small β-

NaNdF4 precursor particles in in oleic acid/octadecene for one hour at 320 °C. The 

original micrograph is presented at the bottom to show the scaling. 
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Figure A. 8: Black and white images of the TEM micrograph for the determination of the 

histogram in the case of NCs of hexagonal β-NaNdF4 obtained by heating sub-10 nm 

particles of α-NaNdF4 precursor particles in the presence of sodium fluoride at 320 °C in 

oleic acid/octadecene for one hour. The original micrograph is presented at the bottom 

right to show the scaling. 
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Figure A. 9: Black and white images of the TEM micrograph for the determination of the 

histogram in the case of NCs of hexagonal β-NaPrF4 obtained by heating sub-10 nm 

particles of α-NaPrF4 precursor particles in the presence of sodium fluoride at 320 °C in 

oleic acid/octadecene for one hour. The original micrograph is presented at the bottom 

to show the scaling. 
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Figure A. 10: Black and white images of the TEM micrograph for the determination of 

the histogram in the case of NCs of hexagonal β-NaCeF4 obtained by heating sub-10 nm 

particles of α-NaCeF4 precursor particles in the presence of sodium fluoride at 320 °C in 

oleic acid/octadecene for one hour. The original micrograph is presented at the bottom 

to show the scaling. 
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Figure A. 11: Black and white images of the TEM micrograph for the determination of 

the histogram in the case of NCs of hexagonal β-NaYF4 obtained by heating sub-10 nm 

particles of α-NaYF4 (Na/Y ratio 0.1) precursor particles in the presence of sodium 

fluoride at 320 °C in oleic acid/octadecene for one hour. The original micrograph is 

presented at right to show the scaling. 
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Figure A. 12: Black and white images of the TEM micrograph for the determination of 

the histogram in the case of NCs of hexagonal β-NaYF4 obtained by heating sub-10 nm 

particles of α-NaYF4 (Na/Y ratio 0.2) precursor particles in the presence of sodium 

fluoride at 320 °C in oleic acid/octadecene for one hour. The original micrograph is 

presented at the bottom right to show the scaling. 
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Figure A. 13: Black and white images of the TEM micrograph for the determination of 

the histogram in the case of NCs of hexagonal β-NaYF4 obtained by heating sub-10 nm 

particles of α-NaYF4 (Na/Y ratio 0.3) precursor particles in the presence of sodium 

fluoride at 320 °C in oleic acid/octadecene for one hour. The original micrograph is 

presented at the bottom to show the scaling. 
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Figure A. 14: Black and white images of the TEM micrograph for the determination of 

the histogram in the case of NCs of hexagonal β-NaYF4 obtained by heating sub-10 nm 

particles of α-NaYF4 (Na/Y ratio 0.4) precursor particles in the presence of sodium 

fluoride at 320 °C in oleic acid/octadecene for one hour. The original micrograph is 

presented at the bottom right to show the scaling. 
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Figure A. 15: Black and white images of the TEM micrograph for the determination of 

the histogram in the case of NCs of hexagonal β-NaYF4 obtained by heating sub-10 nm 

particles of α-NaYF4 (Na/Y ratio 0.55) precursor particles in the presence of sodium 

fluoride at 320 °C in oleic acid/octadecene for one hour. The original micrograph is 

presented at the bottom to show the scaling. 
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A.3. Overview of the Synthesis of Nanocrystals 

Small hexagonal β-NaREF4 (RE = Ce, Pr, Nd), 290°C/60min 

Sample Sample 
code 

Amount 
(mmol) 

RE-oleate 
( g) 

Na-oleate 
( g) 

OA/OM/ODE 
(mL) 

Restmass.  
TG (%) 

β-NaLaF4 ANR_341 20 19.63 15.2 50/50/100 50 
β-NaCeF4 ANR_348 20 19.69 15.2 50/50/100 50 
β-NaPrF4 ANR_311 20 19.70 15.2 50/50/100 50 
β-NaNdF4 ANR_312 20 19.77 15.2 50/50/100 50 

       
        
        

Large hexagonal β-NaREF4 by heating small β-NaREF4 precursor particles 
 

Sample Sample 
code 

Amount 
mmol 

Small 
precursor 
β-NaREF4 

Amou
nt 

mmol 

Weight 
(g) 

OA/ ODE 
(mL) 

Temp./ 
Time 

(°C/Min.) 
β-NaLaF4 ANR_343 3 ANR_341 6.25 2.24 12.5/12.5 320/30 
β-NaCeF4 ANR_432 3 ANR_431 6.25 2.24 12.5/12.5 320/30 
β-NaPrF4 ANR_320a 3 ANR_311 6.25 2.88 12.5/12.5 320/30 
β-NaNdF4 ANR_313 3 ANR_312 6.25 2.28 12.5/12.5 320/30 

        
        

 
Small cubic α-NaREF4, 200 °C, 60min 
 

Sample 
Name 

Sample 
code 

Amount 
(mmol) 

RE-oleate 
(g) 

NaF 
(g) 

OA/OM/ODE 
(mL) 

Restmass, 
TG (%) 

α-NaCeF4 ANR_335 20 19.69 5.04 50/50/100 30 
α-NaPrF4 ANR_328 20 19.7 5.04 50/50/100 57 
α-NaNdF4 ANR_329 20 19.77 5.04 50/50/100 52 

       
       
       

Product obtained by heating of small cubic α-NaREF4 in OA/ODE 
 

Sample 
Name 

Sample 
code 

Small 
precursor 
β-NaREF4 

Amount 
(mmol) 

Weight 
(g) 

OA/ ODE 
(mL) 

Temp./ 
Time 

(°C/Min.) 
       

NaPr3 ANR_337 ANR_328 6.25 2.354 12.5/12.5 320/30 
NaNdF4+NdF3 ANR_333 ANR_329 6.25 2.31 12.5/12.5 320/30 
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Large Hexagonal β-NaREF4 from small  α-NaREF4 (320°C/30min) 
 

Sample Sample 
code 

Small 
precursor 
β-NaREF4 

Amount 
(mmol) 

Weight 
(g) 

NaF 
(g) 

OA/ ODE 
(mL) 

β-NaCeF4 ANR_409 ANR_395 1 1.761 0.315 6/6 
β-NaPrF4 ANR_364 ANR_326 0.5 0.262 0.021 5/5 
β-NaNdF4 ANR_437 ANR_417 2 1.360 0.840 5/5 

       
       
       

Hexagonal Ln3+ doped NaREF4 (290°C/60min) 
 

Sample 

(for 1mmol) 

Sample 

code 

RE-oleate 

(g) 

Na-oleate 

(g) 

NH4F 

(g) 

OA/OM/ 

ODE (mL) 

NaLaF4:Pr0.05 ANR_283 La:Pr=0.934:0.4926 0.76 0.148 5/5/10 

NaCeF4 :Tb0.15 ANR_244 Ce/Tb oleat-=0.98 0.76 1.482 5/5/10 

NaLaF4:Ce0.05 ANR_225 La:Ce=0.934:0.4922 0.76 1.482 5/5/10 

      

      

Highly sodium deficient small α-NaYF4 

stock solution : Y-oleate  59 mmol in 500 mL OA/ODE, 240 °C/90 min 

Na/Y 
ratio 

Sample 
code 

Amount 
(mmol) 

RE-
oleate 

(g) 

Na-
oleate 

(g) 

NH4F 
(g) 

OA/ODE 
(mL) 

Rest- 
mass, 

TG (%) 
0.1 ANR_644 13 110 0.5670 1.4926 23/10 55.9 
0.2 ANR_643 13 110 0.7915 1.5407 23/10 60.66 
0.3 ANR_642 13 110 1.1873 1.5888 23/10 60.79 
0.4 ANR_682 13 110 1.5830 1.6370 23/10 60 

0.55 ANR_549 13 110 2.1767 1.7093 23/10 60.61 
        

        
        

Decomposition of highly sodium deficient α-NaYF4 

 
Na/Y 
ratio 

Sample 
code 

Cubic 
precursor 

 

Amount 
(mmol) 

Weight (g) OA/ODE 
(mL) 

Temp./Time 
(°C/Min.) 

0.1 ANR_673 ANR_644 1 0.2685 5/5 300/90 
0.2 ANR_675 ANR_643 1 0.2543 5/5 300/90 
0.3 ANR_677 ANR_642 1 0.2607 5/5 300/90 
0.4 ANR_692 ANR_682 1 0.2707 5/5 300/90 

0.55 ANR_574 ANR_549 1 0.2788 5/5 300/90 
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Heating of highly sodium deficient small α-NaYF4 

Na-oleate and NH4F (1:1); 300 °C/80 min 

Na/Y 
ratio 

Sample 
code 

precursor 
(mmol) 

Weight 
(g) 

Na-oleate 
(g) 

NH4F 
(g) 

OA/ODE 
(mL) 

0.1 ANR_678 1 0.2685 0.3044 0.0370 5/5 
0.2 ANR_679 1 0.2543 0.3044 0.0370 5/5 
0.3 ANR_680 1 0.2607 0.3044 0.0370 5/5 
0.4 ANR_693 1 0.2707 0.3044 0.0370 5/5 

0.55 ANR_681 1 0.2788 0.3044 0.0370 5/5 
       
       
       

LiYF4 NCs using sodium deficient α-NaYF4 precursor particles 

Stock solution: 10 mmol LiOH.H2O in 10 mL OA 

Na/Y 
ratio 

Precursor 
(1mmol) 

Sample 
code 

Weight 
(g) 

Li-oleate 
(mL) 

NH4F 
(g) 

OA/ODE 
(mL) 

0.1 ANR_644 ANR_650 0.2685 1 0.037 5/5 
0.2 ANR_643 ANR_649 0.2543 1 0.037 5/5 
0.3 ANR_642 ANR_647 0.2607 1 0.037 5/5 
0.4 ANR_682 ANR_683 0.2707 1 0.037 5/5 

       

 
 

LiYF4 nanocrystals using YF3 

Stock solution: 10 mmol LiOH.H2O in 10 mL OA 

Sample 
code 

Amount 
(mmol) 

Li-oleate 
(mL) 

YF3 

(g) 
NH4F 

(g) 
OA/ODE 

(mL) 
Temp./Time 

(°C/Min.) 

ANR_595 2 2 0.2918 
restmass46.73% 

0.07407 10/10 300/60 

       
       
       

LiYF4 nanocrystals using molecular precursors with sodium 

Stock solution:10 mmol LiOH.H2O in 10 mL OA; 3 mmol  Y-oleate in 18 mL OA, 300 °C/90min 

Na/Y 
ratio 

Sample 
code 

Amount 
(mmol) 

Y-oleate 
(mL) 

Na-oleate 
(g) 

NH4F 
(g) 

OA/ODE 
(mL) 

0.1 ANR_581 3 18 0.0913 0.4777 0/15 
0.2 ANR_610 3 18 0.1827 0.5111 0/15 
0.3 ANR_640 3 18 0.2739 0.5444 0/15 
0.4 ANR_645 3 18 0.3653 0.5777 0/15 

       



113 
 

       
       
       

LiYF4 nanocrystals using molecular precursor 

Stock solution: 10 mmol LiOH.H2O in 10 mL OA 

Sample 
code 

Amount 
(mmol) 

Li-oleate 
(mL) 

Y-oleate 
(mL) 

NH4F 
(g) 

OA/ODE 
(mL) 

Temp./Time 
(°C/Min.) 

ANR_621 3 3 18 0.4444 0/15 300/60 

 
      

LiLuF4 nanocrystals using LF3 

Stock solution: 10 mmol LiOH.H2O in 10 mL OA 

Sample 
code 

Amount 
(mmol) 

Li-oleate 
(mL) 

LuF3 
(g) 

NH4F 
(g) 

OA/ODE 
(mL) 

Temp./Time 
(°C/Min.) 

ANR_600 2 2 0.49392 
Restmass61.35% 

0.07407 10/10 300/60 

  
 

 

   

LiLuF4 nanocrystals using molecular precursor 

Stock solution: 10 mmol LiOH.H2O in 10mL OA; 3 mmol  Lu-oleate in 18 mL OA 

Sample 
code 

Amount 
(mmol) 

Li-oleate 
(mL) 

Lu-oleate 
(mL) 

NH4F 
(g) 

OA/ODE 
(mL) 

Temp./Time 

(°C/Min.) 

ANR_537 3 3 18 0.4444 0/15 300/90 

 
      

       

LiLuF4 NCs using sodium deficient α-NaLuF4 precursor particles 

Stock solution: 10 mmol LiOH.H2O in 10 mL OA, 300 °C/90 min 

Na/Y 
ratio 

Sample 
(1mmol) 

precursor Weight 
(g) 

Li-oleate 
(mL) 

NH4F 
(g) 

OA/ODE 
(mL) 

 

0.3 ANR_695 ANR_686 0.3465 
Restmass 70.58 % 

1 0.037 5/5 

 
  

 

   

       
       



114 
 

 

 

 

 

 

 

  

       

Highly sodium deficient small α-NaLuF4 

Lu-oleate stock solution: 30 mmol in 120 mL OA/ODE), 240 °C/90 min, (TG 60.79 %) 

Na/Y 
ratio 

Sample 
code 

Amount 
(mmol) 

RE-oleate 
(g) 

Na-oleate 
(g) 

NH4F 
(g) 

OA/ODE 
(mL) 

 
0.3 

 
ANR_686 

 
10 

 
40 

 
1.1873 

 
1.2222 

 
10/50 

 
       
       
       

Core/shell LiYF4:Yb,Er/LiYF4 
 
Li-oleate stock solution  10 mmol in 10 mL OA 

Sample Precursors Li-oleate 
(mL) 

NH4F 
(g) 

OA/ODE 
(mL) 

Temp./Time 

(°C/Min.) 

Core 
ANR_572 
(3 mmol) 

NaYF4:Yb,Er(Na/Y=0.2) 
60 % Rest mass 

0.8634 g 

 
3 

 
0.111 

 
15/15 

 

300/60 

 
Core/ shell 
ANR_573 

Core LYF4:Yb,Er 
(0.5mmol) 

3 0.111 5/5 300/40 
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A.4. List of Chemicals 

 

Properties Oleic aicd 1-octadecene n-Hexane Ethanol 

CAS Nr. 112-80-1 112-88-9 110-54-3 64-17-5 

Formula  C18H34O2 C18H36 C6H14 C2H6O 

Molarmass 282.47 g/mol 252.49 g/mol 86.178 g/mol 46,07 g/mol 

Form  Liquid Liquid Liquid Liquid 

Melting point 13-14 °C 14-16 °C -95.35 °C -114.5 °C 

Boiling point 360°C 315 °C 28.5 °C 78.325 °C 

Density 0.887 g/mL 0.789 g/mL 0.6606 g/mL 0.78939g/mL 

Flash point 189°C 148 °C -22 °C 12 °C 

Hazard 

Statement 

H315-H319 H304 H225 H361f H304 
H373 H315 H336 
H411 

H225 

Precautionary 

Statement 

P280-P264-

P305+P351+P3

38-P362-P321-

P332+P313-

P337+P313-

P302+P352 

P301 + P310-

P331 

P201 P202 P210 
P240 P241 P242 
P243 P260 P261 
P264 P271 P273 
P280 P281 
P301+310 
P302+352 
P303+361+353 
P304+340 
P308+313 P312 
P314 P321 P331 
P332+313 P362 
P370+378 P391 
P403+233 
P403+235 P405 
P501 

P210 P233 
P240 
P241 P242 
P243 
P280 
P303+361+3
53 
P370+378 
P403+235 

P501 
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Properties Sodium oleate Sodium 

fluoride 

Ammonium 

fluoride 

Silver nitrate 

CAS Nr. 143-19-1 7681-49-4 12125-01-8 7761-88-8 

Formula  C18H33NaO2 NaF NH4F AgNO3 

Molarmass 304.45 g/mol 41.99 g/mol 37.04 g/mol 169.87 g/mol 

Form  White to yellowish 

solid  

White solid White solid  White solid 

Melting 

point 

232-235 °C 993 °C 100 °C 209.7 °C 

Boiling point 530 °C 1704 °C  440 °C 

Density  2.79 g/cm3 1.009 g/cm3 4.35  g/cm3 

Hazard 

Statement 

H319 H301 H319 

H315 

H331 H311 

H301 

H272, H314,  

H410 

Precautiona-

ry Statement 

P305+P351+P338 P261 P264 
P270 
P271 P280 
P301+310 
P302+352 
P304+340 
P305+351+
338 
P311 P312 
P321 
P322 P330 
P332+313 
P337+313 
P361 
P362 P363 
P403+233 
P405 
P501 

P261 P280 
P301+P310 P311 

P220, P273, P280,

  

P305+351+338, 

 P310, P501 
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Properties Lanthanum 

chloride -7-

hydrate 

Cerium chloride 

chloride-7-

hydrate 

Praseodymium 

chloride-7-

hydrate 

Neodymium 

chloride-6-

hydrate 

CAS Nr. 20211-76-1 18618-55-8 10361-79-2 13477-89-9 

Formula  LaCl3. 7H2O CeCl3. 7H2O PrCl3. 7H2O NdCl3·6H2O 

Molarmass 371.37 g/mol 372.58 g/mol 373.77 g/mol 250.598 g/mol 

Form  White solid White solid Light green solid Mauve solid 

Melting 

point 

371.37 g/mol 817 °C 786 °C 758 °C 

Boiling point 1000 °C 1727 °C 1710 °C 1600 °C 

Density 3.84 g/cm3 3.97 g/cm3 2.25 g/cm3 4.13 g/cm3 

Hazard 

Statement 

H315-H319-

H335 

H315-H319-H335-

H303 

H319 H315-H319-

H335 

Precautiona-

ry Statement 

P261-P280-

P305+P351+

P338-

P304+P340-

P362-P312-

P321-P405-

P403+P233-

P501a 

P261-P280-

P305+P351+P338

-P304+P340-

P362-P312-P321-

P405-P403+P233-

P501a 

P280-P264-

P305+P351+P338

-P337+P313 

P261-P305 + 

P351 + P338 
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Properties Yttrium 

chloride-

6- hydrate 

Gadolinium 

chloride -6-

hydrate 

Lutetium 

chloride-6-

hydrate 

Erbium 

chloride-6-

hydrate 

Ytterbium 

chloride-6-

hydrate 

CAS Nr. 10361-92-9 13450-84-5 15230-79-2 10025-75-9 10035-01-5 

Formula  YCl3.6H2O GdCl3. 6H2O LuCl3.6H2O ErCl3.6H2O YbCl3.6H2O 

Molarmass 303.26g/mol 371.61g/mol 389.33g/mol 381.62g/mol 387.34g/mol 

Form  White solid White solid White solid Violet  solid White solid 

Melting 

point 

721 °C 609 °C 905 °C 776 °C 854 °C 

Boiling 

point 

1507 °C 1580 °C sublimes 

above 750°C 

1500 °C 1453 °C 

Density 2.67 g/cm3 2.42 g/cm3 3.98 g/cm3 4.1 g/cm3 2.58 g/cm3 

Hazard 

Statement 

H315-H319-

H335 

  H315-H319-

H335 

 

Precautio-

nary 

Statement 

P261-P280-

P305+P351+

P338-

P304+P340-

P362-P312-

P321-P405-

P403+P233-

P501a 

  P261-P280-

P305+P351+

P338-

P304+P340-

P362-P312-

P321-P405-

P403+P233-

P501a 
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Properties Lithium hydroxide-

1-hydrare 

Tetra methyl ammonium 

fluoride-4-hydrate 

CAS Nr. 1310-66-3 17787-40-5 

Formula  LiOH.H2O C4H12FN·4H2O 

Molarmass 41.962 g/mol 165.20 g/mol 

Form  White solid White solid 

Melting point 450-471°C 39-42 ° 

Hazard Statement H314,318,331,H361,H

370,H372 

H302, H315, H319 

Precautionary Statement P280-P305 + P351 + 

P338-P310 

P261-P305 + P351 + P338 
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