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Lanthanide-based nanoparticles are of interest for optical displays, catalysis, 

telecommunication, bio-imaging, magnetic resonance imaging, multimodal imaging, etc. 

These applications are possible partly because the preparation of lanthanide-based 

nanoparticles has made tremendous progress. Now, nanoparticles are routinely being 

made with a good control over size, crystal phase and even shape. Despite the 

achievements, little attention is given to the fundamental physical chemistry aspects, such 

as crystal structure, architecture, cation exchange, etc. The results of the study on the 

crystal structures of LnF3 nanoparticles show that the middle GdF3 and EuF3 

nanoparticles have two crystal phases, which has then been tuned by doping with La3+ 

ions. However, the required doping level is very different from the bulk. While the results 

for the bulk are well explained by thermodynamic calculations, kinetics is actually 

responsible for the results of the undoped and doped GdF3 and EuF3 nanoparticles. The 

attempt to make LnF3 core-shell nanoparticles led to the finding of cation exchange, a 

phenomenon that upon exposure of LnF3 nanoparticles to an aqueous solution containing 

Ln3+ ions, the Ln3+ ions in the nanoparticles are replaced by the Ln3+ ions in the solution. 

The consequence of the cation exchange is that LnF3 core-shell nanoparticles are unlikely 

to form in aqueous media using a core-shell synthesis procedure. It has also been verified 

that nanoparticles synthesized using an alloy procedure do not always have an alloy 

structure. This means that the core-shell and alloy structure of nanoparticles in the 

literature may not be true. The investigation of the architecture of nanoparticles 

synthesized in aqueous media is extended to those synthesized in organic media. The 

dopant ion distribution in NaGdF4 nanoparticles has been examined. It has been found 



 iv 
that they don’t have the generally assumed statistical dopant distribution. Instead, they 

have a gradient structure with one type of Ln3+ ions more concentrated towards the center 

and the other type more concentrated towards the surface of the nanoparticles. With the 

understanding of these physical insights, lanthanide-based core-shell nanoparticles are 

prepared using the cation exchange. These core-shell nanoparticles containing a 

photoluminscent core and a paramagnetic shell are promising candidates for multimodal 

imaging. 
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Chapter 1.  General introduction 

 

The lanthanides are a group of 15 elements with the atomic number increasing from 

57 to 71 corresponding to lanthanum through lutetium. They have similar ionic radii and 

chemical properties because their 4f orbitals, which contain different numbers of 

electrons for different lanthanides, are shielded by the filled 5s and 5p orbitals (Table 

1.1). These lanthanides, along with chemically similar scandium and yttrium, are 

collectively known as rare earth elements. Rare earth is a misleading term because they 

are not rare in abundance in the crust. Before the 1960s, the general problem was that 

they could not be separated from each other because of their similar properties. Thus, 

they could not be used for research and applications. Once rare earth elements could be 

separated and purified, they have become critical materials in many fields, such as 

lighting phosphors, lasers, optical amplifiers, supermagnets, catalysts, and contrast agents 

in magnetic resonance imaging (MRI).1 Tb3+ and Eu3+ are being used to generate green 

and red light, respectively.2 Nd3+-doped yttrium aluminium garnet crystals are widely 

being used for lasers.3 Er3+-doped fiber amplifiers are very important in the long-range 

optical fiber communications.4 Nd alloys are being used as powerful permanent magnet.5 

Alkyl complexes of Y3+, Lu3+ and Sc3+ are being used as catalyst for olefin 

polymerization.6 Gd3+-complexes are being used as contrast agents for magnetic 

resonance imaging (MRI).7 These elements will be referred to as lanthanides in the thesis. 

In the past decades, nanomaterials have been through a massive development, among 

which lanthanide-based nanoparticles play an important role. Lanthanide-based 

nanoparticles, as shown in Figure 1.1, consist of an insoluble lanthanide-based inorganic 



 

 

2 
core and organic ligands coordinating to the surface of the inorganic core. The organic 

ligands protect nanoparticles from aggregation and provide dispersibility in desired 

solvents. The organic ligands also offer the possibility of surface modification so that 

nanoparticles can be tuned for various applications.8 For instance, they have been 

incorporated in display panels without affecting the transparency.9 White light has been 

generated from a mixture of three types of nanoparticles producing red, green and blue 

light, respectively.10 Ce3+-based nanoparticles have been used to enhance the activity of 

catalysts.11 In addition to improving some of the traditional applications, lanthanide-

based nanoparticles have also been explored for different applications. Yb3+/Tm3+ and 

Yb3+/Er3+-based nanoparticles, which can convert two or more lower-energy near-

infrared photons into one higher-energy visible or near-infrared photon, are being studied 

for bio-imaging due to their higher photo-stability and lower auto-fluorescence than 

organic dyes and quantum dots.12 Gd3+-based nanoparticles are being investigated as MRI 

contrast agents with potentially much better performance than commercial products.13 

Multi-modal imaging, including optical bio-imaging and MRI, along with photo-thermal 

therapy, has been demonstrated with lanthanide-based nanoparticles.12   

For some applications, especially optical applications, Ln3+ ions are generally doped 

in a host matrix to achieve desirable properties.  Eu3+ has been doped in GdF3 for 

quantum cutting effect, which converts one UV photon into two visible photons.14 Tm3+ 

has been doped in LaF3 for the emission at 1.47 µm for telecommunication.15 Very often 

more than one type of emissive Ln3+ ions are doped in the host matrix for a sensitized 

emission by energy transfer from one type of Ln3+ ions with a relatively higher extinction 

coefficient to the other. Yb3+ has been co-doped with Er3+ and Tm3+ to obtain visible and 



 

 

3 
NIR emission from Er3+ and Tm3+, respectively.8 Ce3+ has been co-doped with Tb3+ to 

obtain green light from Tb3+.16 Recently, different Ln3+ ions have been doped into NaYF4 

nanoparticles to achieve different crystal phases, sizes and shapes.17  

 

Table 1.1 Lanthanide elements and their electronic configuration and ionic radii.18 

Atomic number Name (symbol) Electronic 
configuration of Ln3+ 

Ionic radius (Å) (8 
coordination) 

21 Scandium (Sc) [Ar] 0.87 
39 Yttrium (Y) [Kr] 1.015 
57 Lanthanum (La) [Xe]4f0 1.18 
58 Cerium (Ce) [Xe]4f1 1.14 
59 Praseodymium (Pr) [Xe]4f2 1.14 
60 Neodymium (Nd) [Xe]4f3 1.12 
61 Promethium (Pm) [Xe]4f4 1.10 
62 Samarium (Sm) [Xe]4f5 1.09 
63 Europium (Eu) [Xe]4f6 1.07 
64 Gadolinium (Gd) [Xe]4f7 1.06 
65 Terbium (Tb) [Xe]4f8 1.04 
66 Dysprosium (Dy) [Xe]4f9 1.03 
67 Holmium (Ho) [Xe]4f10 1.02 
68 Erbium (Er) [Xe]4f11 1.00 
69 Thulium (Tm) [Xe]4f12 0.99 
70 Ytterbium (Yb) [Xe]4f13 0.98 
71 Lutetium (Lu) [Xe]4f14 0.97 
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Figure 1.1. A schematic representation of a nanoparticle. 

 

Nanoparticles have a large surface area-to-volume ratio as compared to bulk 

materials. Consequently, there are relatively more Ln3+ ions on the surface, which are 

coordinated by organic ligands (Figure 1.1). The emissive Ln3+ ions on the surface, upon 

excitation, can easily be quenched by organic groups on the coordination ligands and 

solvent molecules, such as –OH and –CH, i.e. the energy is lost non-radiatively through 

vibration. Moreover, the emissive Ln3+ ions below the surface may transfer energy to the 

surface Ln3+ ions and thus may also be quenched effectively. This leads to reduced 

optical properties as compared to the corresponding bulk materials. A way to circumvent 

this is to separate the emissive Ln3+ ions from those organic groups by growing a 

sufficiently thick (ca. a few nm) layer of an inorganic shell between them, which is 

generally referred to as core-shell synthesis. Core-shell synthesis is widely used to 

improve the optical properties of lanthanide-based nanoparticles. The lifetime of the Eu3+ 

ions doped in LaF3 nanoparticles has increased significantly by making a LaF3 shell on 
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Eu3+-doped LaF3 nanoparticles.19 The emission intensity of Yb3+ and Er3+ (or Tm3+) co-

doped NaYF4 nanoparticles has increased nearly 15 times after growing a shell of 

NaYF4.20 The quantum yield of CePO4:Tb nanoparticles has increased from 43 % to 70 

% by making CePO4:Tb-LaPO4 core-shell nanoparticles.21  

Despite these achievements, most research seems to focus on applications and little 

attention is given to the fundamental physical chemistry aspects of lanthanide-based 

nanoparticles. The understanding of the physical insights is still limited, such as the 

crystal structure, architecture (such as core-shell and alloy structure) of the nanoparticles, 

dopant ion distribution in nanoparticles, and the difference in physical properties between 

these nanoparticles and their corresponding bulk materials,. A good understanding of 

these physical insights can in turn benefit further development and applications of these 

nanoparticles. 

The goal of this thesis is to unfold the physical chemistry properties of lanthanide-

based nanoparticles, such as crystal structure, dopant ion distribution and architecture of 

the nanoparticles as well as cation exchange, which are very different from the 

corresponding bulk materials. With a deep understanding of the physical insights of the 

nanoparticles, better synthesis methods can be, and have been, developed to enhance their 

physical properties, such as optical and magnetic properties. These have been achieved 

by judiciously designed experiments and theoretical calculations of the thermodynamics 

of synthesis reactions in combination with sophisticated techniques, such as synchrotron 

radiation X-ray photo-electron spectroscopy (XPS), transmission electron microscopy 

(TEM), fluorescence spectroscopy, powder X-ray diffraction (XRD), inductively coupled 
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plasma mass spectroscopy (ICP-MS), energy-dispersive X-ray spectroscopy (EDX), and 

electron energy-loss spectroscopy (EELS). 

In chapter 2, a general review is given for different synthesis methods of core and 

core-shell nanoparticles, and their surface modification methods. A general outlook for 

Gd3+-based nanoparticles for MRI and multifunctional applications is provided. Common 

characterization techniques are also briefly described. 

In chapter 3, the synthesis of a series of LnF3 nanoparticles in aqueous media is 

described. It has been found that EuF3 and GdF3 nanoparticles, which are in the middle of 

the lanthanide fluoride series, do not only have the thermodynamically favorable 

orthorhombic crystal phase. Instead, they have both the trigonal and orthorhombic phase. 

The crystal phase of GdF3 nanoparticles has been tuned by simply doping with La3+ ions. 

However, the required doping level is significantly different from that of the bulk. 

Thermodynamic calculations explain the results for the bulk very well, whereas the un-

doped and doped EuF3 and GdF3 nanoparticles with crystal phases different from the bulk 

are due to kinetics.  

After the core LnF3 nanoparticles had been prepared, the synthesis of core-shell 

nanoparticles was attempted to enhance the optical properties of the core nanoparticles in 

aqueous media. However, it has very often been found that the crystal phase of the core 

nanoparticles changes after the core-shell synthesis. These surprising results led to an 

unprecedented finding of cation exchange in LnF3 nanoparticles, which is described in 

detail in chapter 4. As a matter of fact, upon exposure of LnF3 nanoparticles to Ln3+ ions 

in aqueous solution, the Ln3+ ions in LnF3 nanoparticles are partially replaced by the Ln3+ 

ions in the solution. This cation exchange in LnF3 nanoparticles is reversible. It has also 
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been found that the early lanthanide ions tend to replace the late lanthanide ions in 

lanthanide fluoride nanoparticles with a relatively high extent of exchange as compared 

with the reverse process. Cation exchange with lanthanide ions very close in atomic 

number results in nanoparticles with a significant amount of both types of lanthanide 

ions. The driving force of the cation exchange has been calculated based on a 

thermodynamic cycle, which is consistent with the experimental results.  

The cation exchange described in chapter 4 raises the question whether the reported 

core-shell structure for LnF3 nanoparticles that have been synthesized in aqueous media 

is actually true.  As described in chapter 5, the nanoparticles intended for a core-shell 

structure do not have a core-shell structure, and that nanoparticles intended for an alloy 

structure do not always have an alloy structure. In the literature, people tend to use the 

increased size based on TEM and/or the enhanced optical properties to prove the core-

shell structure, which is incorrect as shown in chapter 5. The enhanced optical properties 

can actually also be provided by nanoparticles with a non-core-shell structure that have 

been synthesized using a core-shell procedure.  

The results in chapter 5 raise another question whether the reported core-shell 

structure and the generally assumed statistical distribution of dopant ions are true for 

NaLnF4 nanoparticles that have been synthesized in organic media. The core-shell 

structure of these nanoparticles has been examined by other group members. Findings 

show that the shell is not uniform and that in a portion of the nanoparticles, the core is 

only partially covered by the shell.22,23 The dopant ion distribution in NaGdF4 

nanoparticles, which have been prepared using similar procedures, is investigated and 

described in chapter 6. Results show that these nanoparticles do not contain a statistical 
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mixture of Ln3+ ions. Instead, they have a gradient structure with one type of Ln3+ ion 

more concentrated towards the center and the other more concentrated towards the 

surface of nanoparticles no matter synthesis procedure and ionic radius of the dopant 

Ln3+ ions.  This gradient structure is not likely due to the cation exchange process, but 

very likely due to the slight difference in the nucleation and growth of the different 

NaLnF4 during the synthesis of the doped nanoparticles. 

With the discovery of the cation exchange and the comprehensive understanding of 

these nanoparticles synthesized using different methods, chapter 7 describes how a core-

shell structure can be made by the cation exchange and how the shell thickness can be 

controlled. By making a thin NaGdF4 shell on the top of NaYF4:Yb,Tm core using the 

cation exchange process, nanoparticles can be used for bi-modal imaging, including 

optical bio-imaging and MRI. 

A more detailed summary of the thesis is described at the end. 
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Chapter 2. Preparation, modification, and multifunctionalization 
of lanthanide-based nanoparticles  

 

2.1 Introduction 

Nanomaterials are materials with at least one dimension having a size of 1 - 100 nm.24 

Generally, they refer to nanofilms, nanowires and nanoparticles with one, two, and three 

dimensions at the nanometer scale, respectively. Nanoparticles could have very different 

properties from their bulk materials not only because of the very high surface area and 

the significant surface energy, but also because of the quantum confinement, i.e. the size 

of nanoparticles is smaller than that of the bound electron-hole pair(s) of semiconductors. 

Semiconductor nanoparticles are one of the hot research fields due to their size-dependent 

optical properties. Specifically, their emission and absorption peaks shift to the lower 

wavelength with the decreasing size.25  

In contrast, lanthanide-based nanoparticles do not have emission and absorption 

peaks that can be shifted by the change in size. The optical properties of lanthanides arise 

from the intra-orbital transitions within 4f orbitals, which are shielded from the crystal 

field effect by the filled 5s and 5p orbitals. Thus, their emission and excitation 

wavelengths are almost always at the same position irrespective of the host matrix, and 

their emission and excitation peaks have very narrow full width at half maximum. Hence, 

the emission and excitation spectra of lanthanide-based nanoparticles are actually quite 

characteristic.  Moreover, lanthanide-based nanoparticles have very good photo-stablility 

as opposed to the photo-bleaching and photo-oxidation suffered by organic dyes and 

semiconductor nanoparticles.26 On the other hand, the intra-4f transitions are parity-
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forbidden based on the selection rules. However, the intra-4f transitions do occur due to 

mixing with transitions like the allowed 4f-5d transition. As a result, they have very low 

extinction coefficients (< 10 M-1 cm-1, about 104-105 times smaller than typical organic 

dyes) and long lifetimes (up to tens of milliseconds).27  

Another advantage of lanthanide-based nanoparticles is that due to their chemical 

similarity, different lanthanide ions with different optical and magnetic properties can 

easily be incorporated into one nanoparticle. This opens the door to the design and 

development of nanomaterials with desired optical and other properties. An example of 

this is up-conversion, which is one of the research highlights of lanthanide-based 

nanoparticles. Up-conversion is a process that converts two or more lower-energy 

photons to one higher-energy photon. The process involves ground state absorption and 

subsequent excited state absorption through long-lived intermediate states followed by 

photoluminescence. This process is different from two-photon absorption in which two 

photons are absorbed simultaneously to excite a molecule. Up-conversion is also different 

from second harmonic generation that produces frequency-doubled photons by passing 

light through a non-linear crystal. Lanthanide ions are particularly suitable candidates for 

up-conversion because of their long lifetimes and many intermediate 4f energy levels 

(Figure 2.1). Among them, Yb3+/Tm3+ co-doped and Yb3+/Er3+ co-doped nanoparticles 

are most studied. The up-conversion in these nanoparticles involves an energy transfer 

process (Figure 2.2).28 For instance, in Yb3+/Tm3+ co-doped nanoparticles, Yb3+ ions are 

first excited using a 980 continuous wave (CW) laser, followed by energy transfer to 

adjacent Tm3+ ions. Tm3+ ions are thus excited to an intermediate excited energy level, 

which are then further excited to a higher energy level by another energy transfer from 
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the excited Yb3+ ions. Thus, up-conversion emission can occur. Using the up-conversion 

process, the design and manipulation of optical properties have been demonstrated with a 

broad range of colors produced by simply varying the doping concentration of Tm3+, 

Er3+, and Yb3+ ions in NaYF4 nanoparticles (Figure 2.3).29 

For optical applications, most lanthanide-based nanoparticles consist of a non-

emissive host matrix and emissive doping ions, such as Eu3+-doped LaF3,19 Er3+/Yb3+ co-

doped NaYF4,30 and Ce3+/Tb3+ co-doped LaPO4
16 nanoparticles. Intuitively, using 

emissive lanthanide ions as host matrix should produce maximum emission intensity. 

However, this is not the case because of the concentration quenching in which process 

energy migrates through emissive ions due to very close distances between them, leading 

to the increased possibilities of quenching. For example, it has been found that a 30 % 

Eu3+ doping level in LaF3 nanoparticles reaches maximum emission intensity as 

compared to other doping levels.31 

For the same reason of chemical similarity, paramagnetic lanthanide ions, such as 

Gd3+ and Dy3+, can be incorporated into one nanoparticle with optically-active 

lanthanides to achieve multifunctional nanoparticles. This will be addressed in details in 

section 2.4.4.  
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Figure 2.1. Energy level diagram of lanthanide ions. (Reprinted with the permission from ref. 32 

Copyright 1989, American Institute of Physics) 
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Figure 2.2. Schematic diagram of the up-conversion process of lanthanide-based nanoparticle co-

doped with Yb3+/Tm3+. 

 

 

Figure 2.3. Room temperature up-conversion emission spectra of (a) NaYF4:Yb/Er (18/2%), (b) 

NaYF4:Yb/Tm (20/0.2%), (c) NaYF4:Yb/Er (25-60/2%), and (d) NaYF4:Yb/Tm/Er (20/0.2/0.2-

1.5%) particles in ethanol solutions (10 mM). The spectra in (c) and (d) were normalized to Er3+ 

650 nm and Tm3+ 480 nm emissions, respectively. (e-n) Photos showing the corresponding 

colloidal solutions of (e) NaYF4:Yb/Tm (20/0.2%), (f-j) NaYF4:Yb/Tm/Er (20/0.2/0.2-1.5%), and 

(k-n) NaYF4:Yb/Er (18-60/2%). The samples were excited at 980 nm with a CW laser. The 

atomic percentrage is in relation to the total lanthanide concentration. (Reprinted with permission 

from ref. 29 Copyright 2008, American Chemical Society)   
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2.2 Synthesis of lanthanide-based nanoparticles 

Synthesis of nanoparticles has made tremendous progress since the invention of 

scanning tunnelling microscope (STM) in 1981, which provides images of the surface of 

materials at the atomic level. The wet chemistry method that produces colloidal 

dispersions is particularly popular because of the prevention of aggregation, the ease of 

dispersing in various solvents, and the ease of further chemical modification. The ligands 

are generally coordinated to the surface of the nanoparticles via a negatively charged 

group, such as  carboxylate33 and phosphate,34 or via the negative side of a dipole, such as 

phosphine35 and amine36. The wet chemistry methods that have been used for the 

synthesis of lanthanide-based nanoparticles are briefly reviewed below. 

2.2.1 Co-precipitation 

Generally, lanthanide salts (typically lanthanide chlorides, acetates or nitrates) and/or 

sodium salts (typically NaF or NaOH) are dissolved in a solvent, to which the anion salts, 

such as NaF, NH4F, H3PO4 and Na3VO4 are added. The solvent, in some syntheses, acts 

as coordination ligand as well. Otherwise, the required ligand is normally added. The 

resulting mixture is stirred at an elevated temperature for a few hours to form 

nanoparticles. Depending on the boiling point of the reaction medium used, the reaction 

temperature can vary from room temperature to ca. 300 °C. For instance, in aqueous 

medium, reaction mixture is normally stirred at a relatively low temperature, such as 75 

°C. This method has been used to synthesize LnF3
37,38

, NaYF4,39 and LnVO4 

nanoparticles40. Another reaction medium that has often been used is polyol such as 

glycol, glycerol, diethylene glycol, etc. The polyol has a higher boiling point than water, 

which allows for reaction mixture to be heated to higher temperatures (140-200 ºC). This 
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method is often called the polyol method because of the use of the polyol reaction 

medium acting both as solvent and coordination ligand of nanoparticles. Using this 

method, water-dispersible Ln3+-doped Ln2O3,41 LnF3,42 NaYF4,43 and LaPO4
44 

nanocrystals have been synthesized. With similar heating temperatures to the polyol 

method, co-precipitation can be done in two steps. The first step is making premature 

nanocrystals in a regular glassware, followed by the second step that transfers the 

reaction mixture into an autoclave for a hydrothermal treatment at an elevated 

temperature (100-200 ºC) for a prolonged period of time. Hydrothermal treatment 

improves the crystallinity of nanoparticles and generally benefits the optical properties.45 

Using this method, Ln3+-doped LnF3,46 NaYF4,47 KYF4,48 LnPO4,
49 LnVO4

50
, YBO3

51 and 

Ln(OH)3
52 nanocrystals have been synthesized. A very interesting example of the 

hydrothermal treatment, as shown in Figure 2.4, is NaYF4 nanorods, nanotubes, and 

flower-patterned nanodisks.53 Another co-precipitation method, recently the most popular 

one, is using organic solvents with very high boiling points, such as oleic acid, 

oleylamine, and 1-octadecene (360, 350 and 315 °C, respectively). The synthesis is 

normally carried out at ca. 300 °C with oleic acid and/or oleylamine acting both as 

solvent and coordination ligand along with octadecene as co-solvent. The prepared 

nanoparticles are stabilized with oleate or with both oleate and oleylamine, and thus 

dispersible in non-polar organic solvent, such as chloroform, toluene, cyclohexane, 

hexane, etc. Depending on the conditions used for synthesis, such as reaction 

temperature, reaction time, solvent, concentration of the precursor, etc. various sizes and 

different crystal structures can be obtained.54 
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Figure 2.4. (a) Scanning electron microscopy (SEM) image of arrays of flower-patterned 

hexagonal disks of β-NaYF4. (b) The top- and side-view SEM images of the disk. (c), (d) SEM 

images of arrays of β-NaYF4 hexagonal nanotube and nanorods, respectively. (Reprinted with 

permission from ref. 53 Copyright 2007, Wiley-VCH Verlag GmbH & Co. KGaA). 

  

2.2.2 Co-thermolysis 

Co-thermolysis involves the preparation of powdery precursor(s), such as 

Ln(trifluoroacetate)3, followed by dissolving in oleic acid and 1-octadecene under 

heating. The resulting solution of the precursors is then injected into a hot organic 

mixture of oleic acid and 1-octadecene (and oleylamine in some cases), followed by 

stirring at ca. 300 ºC for a few hours. The precursor(s) decompose(s) in the hot organic 

medium to produce nanoparticles. Depending on the composition of the precursors, 

nanoparticles with different compositions can be made. NaLnF4 nanoparticles,30,55  Ln2O3 

nanoparticles,56 and LnF3 nanoparticles57 have been prepared by the thermolysis of 
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lanthanide trifluoroacetate/sodium trifluoroacetate, lanthanide benzoylacetonate, and 

lanthanide trifluoroacetate, respectively. The prepared nanocrystals are coordinated with 

oleate, or with both oleate and oleylamine. Thus, they are dispersible in non-polar organic 

solvent, such as hexane, toluene, chloroform, etc. Similar to the high-temperature co-

precipitation method, by tuning the synthesis conditions, such as reaction temperature, 

reaction time, solvent, concentration of the precursor, etc. various shapes, sizes as well as 

different crystal structures have been obtained.55 This method produces toxic fluoride 

species during decomposition. Hence, the co-precipitation method using oleate and 

octadecene (and/or oleylamine) at ca. 300 °C is preferred.54 

2.2.3 Microemulsion 

Microemulsions are created by mixing an organic solvent (such as cyclohexane), 

water, and amphiphilic surfactant (e.g. polyoxyethylene isooctylphenyl ether) in an 

appropriate ratio. The organic phase is continuous, and the aqueous phase with lanthanide 

chloride is trapped in the microemulsions. Upon the addition of the fluoride source, such 

as NH4HF2, nanoparticles form in the microemulsions. By varying the ratio of 

cyclohexane/water/surfactant, different shapes and sizes of nanoparticles have been 

obtained.58 Unfortunately, it is hard to do any post-processing with these nanoparticles 

because nanoparticles obtained after purification from the microemulsion barely have any 

coordination ligands that can be used for further chemical modification or 

functionalization.  

2.2.4 Synthesis of core-shell nanoparticles 

Synthesis of core-shell nanoparticles is very similar to the synthesis of the core 

nanoparticles except that one extra step is needed for the shell growth using either a one-
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pot procedure or by two separate steps. Typically, core-shell nanoparticles are made by 

adding the respective ions of the shell into the dispersion of the core nanoparticles using 

the co-precipitation or co-thermolysis method described above. The shell grows 

epitaxially on the core nanoparticles. Consequently, as shown in Figure 2.5, the emissive 

Ln3+ ions in the core nanoparticles are separated from the possible quenching groups on 

the surface. The optical properties of the nanoparticles are thus enhanced. Unlike other 

nanoparticles, such as semiconductor nanoparticles, of which care has to be taken for the  

choice of the shell to have the least lattice mismatch,59 the shell of lanthanide-based core-

shell nanoparticles naturally has very similar lattice parameters to the core due to their 

similar ionic radius. Thus, the lattice strain caused by the shell is mimimal and doesn’t 

affect the optical properties significantly.  Lanthanide-based core-shell nanoparticles have 

been reported for LnPO4,60 Ln2O3,61 LaF3,62 LaVO4,63 YOF,64 and NaYF4 nanoparticles65. 

However, the mechanism of the shell growth has not fully been understood. Moreover, 

the core-shell structure has very often been inferred from the size increase and the 

enhanced optical properties, which is incorrect. This issue will be addressed in the 

chapter 4 and 5 in detail. 
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Figure 2.5. A schematic representation of a core-shell nanoparticle 

 

2.2.5 Cation exchange and its use for the preparation of core-shell nanoparticles   

Cation exchange in solid state chemistry is a solid state reaction in which cations in 

the inorganic solid are replaced by cations in the solution. It requires a very high 

temperature and high pressure to occur for bulk materials because of the high activation 

energy for cations to move in the solid.66 However, when it comes to nanoparticles, the 

activation energy could be reduced significantly because of the high surface energy. 

Thus, it could occur at ambient conditions. Cation exchange at room temperature in 

nanoparticles was first reported on CdS semiconductor nanoparticles exchanging with 

Hg+ to make CdS-HgS core-shell nanoparticles, which is followed by the growth of CdS 

to make CdS-HgS-CdS core-shell-shell nanoparticles with a layered structure.67 Later on, 

a complete and reversible cation exchange of CdSe semiconductor nanoparticles with 

Ag+ at room temperature was reported (Figure 2.6).68 It has been found that the 
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nanocrystals keep their original shapes (hollow, tetrapod or nanorod) after cation 

exchange as long as it is above a critical size.68,69  

 

Figure 2.6. Schematic representation of cation exchange (Top) and TEM images of (A) initial 

CdSe, (B) Ag2Se transformed from the forward cation exchange reaction, and (C) recovered 

CdSe nanocrystals from the reverse cation exchange reaction. (Reprinted with permission from 

ref. 68 Copyright 2004, American Chemical Society)  

 

 
Following the report on the cation exchange of CdSe semiconductor nanoparticles, 

many different types of semiconductor nanomaterials that often cannot be synthesized 

directly have been made, such as HgxCd1-xTe nanoalloy,70 CdE (CdE = CdS, CdSe, and 

CdTe) octapod nanocrystals,71 and PtTe2 nanotubes.72 Among them, a core-shell structure 

is practically interesting because it improves the quantum efficiency of nanoparticles.72 

Se-MSe (M=Ag, Cd, Pd, Zn),73,74 PbSe-CdSe,75 and PbS-CdS76 core-shell nanoparticles 

have been prepared using the cation exchange technique. Despite the development of the 

cation exchange technique in the semiconductor nanomaterials, it has not been reported 
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for lanthanide-based nanoparticles until we recently discovered it and used it to make 

lanthanide-based core-shell nanoparticles (chapter 4 and chapter 7).  

2.3 Surface modification of lanthanide-based nanoparticles 

As aforementioned, these colloidal nanoparticles are easy to modify to serve the 

application purposes. The as-synthesized nanoparticles are very often modified to obtain 

the functionality such as dispersibility, stability, biocompatibility, and enhanced optical 

properties. The commonly used methods, such as ligand exchange, intercalation, covalent 

modification, and silica coating, are briefly reviewed. 

2.3.1 Ligand exchange 

In general, nanoparticles are stabilized through coordination of organic ligands on 

their surface. The coordination is generally not as strong as chemical bonds like covalent 

bonds. Thus, very often it is feasible to replace the ligand on the surface by other ligands. 

Ligand exchange is to replace the original coordination ligands with other ligands so that 

the desired dispersibility or functional group(s) can be achieved for nanoparticles. The 

experimental procedure of ligand exchange is relatively simple. Typically, a dispersion of 

nanoparticles is mixed with ligands of interest in a mixed accommodative solvent, 

followed by stirring for a few hours. The ligands of interest are normally used in large 

excess for the completion of the exchange. For instance, LaF3 nanoparticles stabilized 

with a dithiophosphate bearing an alkyl chain and an aromatic ring at the end have 

undergone a ligand exchange reaction with oleate. After exchange, they became 

dispersible in apolar solvent, such as hexane and pentane.38 Oleate-stabilized NaYF4 and 

NaGdF4 nanoparticles turned water-dispersible after ligand exchange with 

polyvinylpyrrolidone77, poly(acrylic acid) (PAA)78, PEG–phosphate (PEG = polyethylene 
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glycol) 20 and 3-mercaptopropionic acid.79 Water-dispersible NaYF4 nanoparticles have 

also been obtained by exchanging the original oleylamine ligand with PEG 600 diacid.80 

Tris(ethylhexyl) phosphate-stabilized LaPO4 nanoparticles became water-dispersible after 

ligand exchange with 6-aminohexanoic acid.81 Ligand exchange has also been applied to 

enhance the luminescent properties of nanoparticles. 6-carboxy-5’-methyl-2,2’-

bipyridine, an organic dye that has a much higher extinction co-efficient of absorption 

than Ln3+ ions, has been used to do ligand exchange with AEP (aminoethyl dihydrogen 

phosphate)-coordinated LaF3 nanoparticles containing Eu3+ dopant.82 After the ligand 

exchange, upon excitation of the organic dye, energy transfers from the dye to Eu3+ ions, 

leading to a luminescence increase of over 2 orders of magnitude as compared with the 

original AEP-coated nanoparticles. Likewise, the luminescence of Nd3+ and Yb3+ dopant 

ions in oleate-stabilized NaYF4 nanoparticles have been boosted after ligand exchange 

with organic tropolonate.83 

2.3.2 Intercalation 

The intercalation method is mostly used to achieve water-dispersibility for 

nanoparticles that are coordinated with hydrophobic organic ligands and are thus 

dispersible only in apolar organic solvent. It involves mixing of an amphiphilic polymer 

(or oligomer) with nanoparticles in an organic solvent. Driven by the hydrophobic 

effect,84 the hydrophobic part of the polymer (or oligomer) intercalates with the 

hydrophobic ligand coordinating to the surface of nanoparticles, and hydrophilic part of 

the polymer (or oligomer) “sticks out”. Nanoparticles can then be dispersed in water due 

to the hydrophilic part being hydrated in water. Oleate-stabilized NaYF4 nanoparticles 

have undergone intercalation with PEG-phospholipid85 and PAA that has been modified 
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with octylamine and isopropylamine86 to achieve water-dispersibility. This method 

basically adds another layer of organic coating on the nanoparticles and keeps the 

hydrophobic layer between nanoparticles and aqueous medium, which could make a 

difference in the performance of nanoparticles. For instance, Gd3+-based MRI contrast 

agents require water access to the surface of the inorganic part of the nanoparticles, and 

thus, the hydrophobic layer could undermine the performance of the nanoparticles.  

2.3.3 Covalent modification 

Nanoparticles stabilized with coordination ligands bearing functional groups, such as 

amine, hydroxyl, and double bond, can be modified covalently by a reaction on the 

surface of nanoparticles. For instance, phosphate groups on the surface of LaPO4 

nanoparticles were reacted with phosphorus oxychloride to form a reactive P-Cl bond, 

which was subsequently reacted with dodecanol to introduce alkyl chains. Before the 

reaction, nanoparticles were dispersible in polar organic solvent, such as DMSO and 

DMF, but after this surface reaction, they became dispersible in apolar solvents, such as 

toluene, chloroform, and dichloromethane.38  The double bonds of the oleate ligands on 

the surface of NaGdF4 nanoparticles were oxidized by permanganate into carboxylic acid, 

rendering the nanoparticles dispersible in water.78 The double bonds of the oleate ligands 

on LaF3 nanoparticles were also oxidized by 3-chloroperoxybenzoic acid into highly 

reactive epoxides, which were subsequently reacted with PEG-OH, resulting in good 

water dispersibility.87 Other than to achieve dispersibility, covalent reaction can also be 

used to introduce a specifically desired functional group. For instance, AEP ligands 

containing primary amine groups on the surface of LaF3 nanoparticles have been reacted 
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with N-hydroxysuccinimide-ended PEG to introduce PEG units on the surface of 

nanoparticles so as to minimize non-specific binding to protein.88 

2.3.4 Silica coating 

Silica coating is based on the Stöber method, in which tetraethyl orthosilicate is 

hydrolyzed to silicate with silanol groups (-Si-OH). The silanol groups condense to 

siloxane bonds (-Si-O-Si-) to form silica, leaving unreacted silanol groups on the surface 

of the silica for further chemical modifications.89 Typically, ethanol is used as solvent 

and ammonium hydroxide used as the catalyst of the hydrolysis.  A small amount of 

water is added for hydrolysis. To this mixture, nanoparticles and TEOS are added, 

followed by stirring for a day or so for the reaction to go to completion. Silica coating 

using this method has been done with Gd2O3 nanoparticles,90 LaF3 nanoparticles,91 and 

NaYF4 nanoparticles92. To achieve a better control over the silica coating, such as 

uniformity and thickness, a reverse microemulsion method has been introduced. 

Typically, a surfactant is introduced to create microemulsions in which, ideally, 

individual nanoparticles are trapped and silica coats on the individual nanoparticles.93 In 

addition to a better control over uniformity and thickness of silica coating, the reverse 

microemulsion method can be applied to nanoparticles of different sizes without causing 

much work for fine tuning.94 The method has been used to NaYF4 nanoparticles from 

different groups.95-97 The advantage of silica coating is three-fold. Firstly, silica coating 

renders nanoparticles dispersible in water. Secondly, the cross-linked silica coating 

provides stability and compatibility in biological systems. Thirdly, the surface silanol 

groups can react readily with other silanes that contain a functional group, such as amine, 

carboxylic acid, polyethyl glycol, etc. so that nanoparticles can be further modified for 
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applications like bio-imaging.98 However, one critical disadvantage of the silica coating 

is that silica-coated nanoparticles tend to aggregate over time probably due to the high 

reactivity of the surface silanol group. 

2.4 Gd3+-based nanoparticles and their applications as MRI contrast agents 

2.4.1 Introduction to MRI 

MRI (magnetic resonance imaging) is a medical imaging technique used in radiology 

to visualize the internal structure of body tissues. It is based on the same principle as 

nuclear magnetic resonance (NMR), but it deals almost exclusively with protons of water 

molecules. The spin of water protons generates small magnetizations, which, upon 

applying a strong external magnetic field, align parallel or anti-parallel with the external 

magnetic field and reach an equilibrium state. The alignment is then perturbed by a radio-

frequency (r.f.) electromagnetic field, leading to the excitation of some protons from the 

parallel to the anti-parallel. Once the r.f. field is turned off, protons start relaxing to the 

orginal equilibrium state. There are two types of relaxation, spin-lattice relaxation (or 

longitudinal relaxation) and spin-spin relaxation (or transverse relaxation), the relaxation 

time of which is called T1 and T2, respectively. The difference in relaxation time accounts 

for the contrast between tissues. Because MRI uses only magnetic field and radio-

frequency electromagnetic field, it is considered a non-invasive imaging technique in 

contrast to computed tomography that uses X-ray radiation and likely leads to ionization.  

2.4.2 Introduction to MRI contrast agents and their basic principles 

Contrast agents are often used to enhance the imaging contrast of MRI. Based on the 

effect on relaxation type (spin-lattice or spin-spin relaxation), they can be categorized 

into two types, positive and negative contrast agents, which provide a brightening effect 
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and darkening effect, respectively. Positive contrast agents are preferred to negative 

contrast agents because it is easier to distinguish from other biological conditions. The 

positive contrast agents that are being clinically used are Gd3+-based complexes, such as 

Magnevist® and Dotarem®. 

Gd3+ ion has 7 unpaired 4f electrons, which is among the highest in all known metal 

ions. These 7 unpaired electrons in Gd3+ ion generate an electronic magnetization that 

interacts with the nuclear magnetization of the protons of water molecules to reduce the 

relaxation time of water protons. The water molecules with contrast agents nearby thus 

have a shorter relaxation time than the other water molecules. As a result, the tissues that 

contain the water with contrast agents nearby have different MRI signal intensity than 

other tissues without contrast agents or even without water molecules, leading to the 

contrast between tissues. 

Some Gd3+-complexes contrast agents are commercially available for clinical use. 

They are based on polyaminocarboxylate ligands, and generally in the form of 8-

coordinate complexes. Gd3+ ion in an organic complex form can generally have 

maximum 9 coordinates and thus, one water molecule can be bound directly to Gd3+ ion 

on the Gd3+-complex. The relaxation by this Gd3+-bound water molecule is defined as the 

inner-sphere (IS) contribution. Those water molecules that are not directly bound to Gd3+ 

ion but diffuse close to complex are called the outer-sphere (OS) contribution. Those 

localized in a well-defined position with respect to Gd3+ ion via hydrogen bonding are 

called the second-sphere (SS) contribution. The total relaxivity (relaxivity is the 

reciprocal of the relaxation time) is expressed as follows:99 

SSOSIS rrrr ++=                                                                                                             (1) 
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For clinically used Gd3+-complexes, the inner sphere contribution account for most of the 

total relaxivity, but the other two terms may represent a sizable contribution. The major 

inner sphere contribution is expressed by the following equation: 

MM
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τ+
=

1

1
6.55
][

 
                                                                                                     (2) 

Where [CA] is the concentration of contrast agents, q is the hydration number of Gd3+-

bound water, τM is the mean residence lifetime of the Gd3+-bound water, and T1M 

describes the time fluctuation of the proton-Gd3+ interaction. From this equation, it can be 

seen that the relaxivity is directly proportional to the concentration of the contrast agent. 

However, given a sufficiently high contrast, the concentration [CA] should be kept as low 

as possible because Gd3+ ion, if leaked out from complex, is highly toxic.99 The standard 

dose of the commercial Gd3+-complexes is 0.1 mmol/kg body weight. The hydration 

number q is mostly one to keep complexes stable so that Gd3+ does not leak out as the 

hydrated ion before excretion. T1M is a relatively complicated term, which has three main 

factors: (i) the rotation of complexes, (27) the exchange rate of the bound water, and (iii) 

the electron paramagnetic relaxation. For Gd3+-complexes, the rotation of complexes is a 

few orders of magnitude faster than the other two.99 Increasing the rotational time leads 

to the increase in relaxivity. As a matter of fact, one general strategy to enhance the 

relaxivity of contrast agents is to slow down the rotation of complexes by increasing the 

molecular weight of complexes, such as coupling complexes to a polymer.100  

2.4.3 Gd3+-based nanoparticles as contrast agents 

The most effective way of slowing down the rotation of complexes is to make 

nanoparticles that contain many Gd3+-complexes or Gd3+ ions. By doing so, not only is 
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the rotation slowed down, but also the local concentration of Gd3+ ion is drastically 

increased. As a result, the relaxivity per contrast agent is substantially enhanced. These 

nanoparticles can be categorized into two types: organic Gd3+-based nanoparticle and 

inorganic Gd3+-based nanoparticles. 

2.4.3.1 Organic Gd3+-based nanostructure  
This type of Gd3+-based nanoparticles is generally prepared by coupling or physical 

trapping of many Gd3+-complexes into one nanoparticle. There are a few kinds of them, 

such as dendrimers, liposomes, and silica nanoparticles.  

Dendrimers are branched polymers with polydispersibility ranging between 1.000002 

and 1.005.101 As shown in Figure 2.7 as an example, they are made up of core, branching 

units, and surface groups. By increasing the branching units, their sizes can be increased 

accordingly, which is referred to as generations. Through G1 – G10, the size of 

polyaminoamine dendrimer increases from 1.1 to 12.4 nm.102 Their surface amine groups 

can readily be reacted with Gd3+-complexes. Hence, high generation dendrimers have so 

many amine groups on the surface and can thus hold up so many Gd3+-complexes.103 The 

attachment of Gd3+-complexes to dendrimers leads to a substantial increase in 

relaxivity.104,105 
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Figure 2.7.  Commercially available diaminobutane dendrimers.  (Reprinted with the permission 

from ref. 106 Copyright 2007, the Royal Society of Chemistry) 

 

Liposomes are colloidal spherical vesicles with a bilayer structure made of 

amphiphilic phospholipid with a hydrophilic head and a hydrophobic tail. Easy surface 

modification and modulation of the size make liposomes very popular for applications in 

drug delivery.107 Liposomes have a hydrophobic bilayer and hydrophilic interior. 

Depending on the hydrophilicity of Gd3+-complexes, they can be incorporated into the 

hydrophobic bilayer108 or the hydrophilic interior.109 However, one vital drawback of 

liposomes is their relatively short shelf life because of poor stability and aggregation at 

high lipid concentration.107 

Silica nanoparticles can easily be made using the Stöber method.89 The surface of 

these nanoparticles can be modified to attach Gd3+-complexes. It has been estimated that 

63200 Gd-complexes have been attached on a 40-nm silica nanoparticle, which shows a 

much higher relaxivity than commercial complexes.110 Gd3+ ions have also been doped 
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into silica nanoparticles111 or as silica-Gd3+-silica core-shell nanostructure.112 The porous 

nature of silica nanoparticles still allows for water exchange and thus they show a higher 

relaxivity than complexes.  

There are some other types of nanostructured materials that carry a high payload of 

Gd3+ ions or Gd3+-complexes, such as nano-zeolites,113 carbon nanotubes,114 and 

fullerenes.115 Recently, nanostructured Gd3+-benzenedicarboxylate (or 

benzenehexacarboxylate) metal-organic frameworks have been synthesized using a 

microemulsion method and relaxivity has been increased by an order of magnitude.116,117 

These nanomaterials all have a much higher relaxivity per contrast agent as compared to 

commercial Gd3+-complexes. 

2.4.3.2 Inorganic Gd3+-based nanoparticles  
In an inorganic nanoparticle, thousands of Gd3+ ions can easily be incorporated either 

as host material or as dopant ions. This was first reported with GdF3 nanoparticles by our 

group.118 Although the size of nanoparticles is ca. 50 nm and most of Gd3+ ions are not on 

the surface of nanoparticles, the relaxivity per Gd3+ ion is still comparable to commercial 

Gd3+-complexes. These intriguing results have been followed by other inorganic 

nanoparticles, such as Gd2O3,90,119,120 GdPO4,121 and NaGdF4 nanoparticles13. All these 

nanoparticles have shown promising relaxivities. One of the advantages of these 

inorganic nanoparticles is their tunable sizes. With a series of sizes, it has been proved 

that Gd3+ ions on the surface of nanoparticles are main contributers to the 

relaxivity,13,85,90  which is consistent with the above theory for Gd3+-complexes. What’s 

promising about inorganic Gd3+-based nanoparticles is that the relaxivity per nanoparticle 

are up to a few thousand times higher than commercial complexes.13 This provides very 
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high local relaxivity, which is very useful for the targeted imaging.122 In addition, these 

nanoparticles are robust with versatile coordination ligands so that further chemical 

functionalization can be done on the surface of nanoparticles for bio-imaging 

applications.123,124  

2.4.4 Multifunctional lanthanide-based nanoparticles 

Nanoparticles are often prepared and modified in such a way that they have multiple 

functions, such as optical, magnetic, thermal, electronic, and radioactive properties. 

Multifunctional nanoparticles are very advantageous over single-functional nanoparticles. 

For instance, for biological applications, optical properties can be used for imaging, 

magnetic and electronic properties used for targeting, and thermal and radioactive 

properties used for treatment. In the case of lanthanide-based nanoparticles, 

multifunctional nanoparticles can easily be made because of the ease of doping different 

lanthanide ions with different properties, such as optical, magnetic, and radioactive 

properties. One of the research frontlines is to include paramagnetic Gd3+ ions into 

lanthanide-based nanoparticles with emissive dopant ions so as to make nanoparticles 

with both optical and magnetic properties. This has been achieved by simply doping Gd3+ 

ions into nanoparticles that contain emissive lanthanide ions.36,85,125-128 The resulting 

nanoparticles have a relaxivity per Gd3+ ion comparable to Gd3+-complexes and at the 

same time, have optical properties. They have been explored further to include the 

radioactive 18F in NaYF4 nanoparticles, and can thus also be used for positron emission 

tomography.36,128  These lanthanide-based nanoparticles have also been coupled with 

other nanomaterials such as gold and iron oxide nanoparticles to achieve photothermal 

treatment in addition to MRI and optical imaging.127 
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For multifunctional lanthanide-based nanoparticles that include MRI and optical 

properties, Gd3+ ions can be incorporated as dopant ions in a host matrix. Suppose that all 

lanthanide ions in the host matrix are evenly distributed, then not all surface sites are 

occupied by Gd3+ ions and the relaxivity is thus compromised. In the meanwhile, the 

Gd3+ ions inside the nanoparticles that do not contribute to the relaxivity occupy the sites 

that should be occupied by the emissive lanthanide ions, resulting in compromised optical 

properties. This can be overcome and further improved by making core-shell 

nanoparticles with the core containing emissive Ln3+ ions and the shell containing Gd3+ 

ions. By doing so, the optical properties can be improved not only by taking over the 

Gd3+ ion-occupied sites inside the nanoparticles, but also by the core-shell structure that 

reduces quenching as described earlier. At the same time, the relaxivity can be enhanced 

by maximizing the surface occupation of the nanoparticles by Gd3+ ions.  This concept 

has been demonstrated with NaYF4-NaGdF4 core-shell nanoparticles by a few 

groups.129,130 The core-shell nanoparticles do overall have higher relaxivity per Gd3+ ion 

and higher optical intensity than the core-only nanoparticles with Gd3+ as dopant ions. 

However, these core-shell nanoparticles were all made using a core-shell synthesis 

procedure and the shell containing Gd3+ ions is not uniform with a portion of the core 

nanoparticles being only partially covered by the shell.22 Core-shell nanoparticles with a 

uniform Gd3+-based shell are needed to achieve a better relaxivity. This issue is addressed 

in chapter 7 in detail.  

2.5 Common characterization techniques of nanoparticles 

The invention of STM opened the door to the visualization of nanomaterials. 

Following STM, many other techniques have also made substantial progress towards the 
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characterization of nanomaterials. These include, but are not limited to, transmission 

electron microscopy (TEM), powder X-ray diffraction (XRD), energy-dispersive X-ray 

spectroscopy (EDX), inductively coupled plasma mass spectroscopy (ICP-MS), electron 

energy-loss spectroscopy (EELS), X-ray photo-electron spectroscopy (XPS), and 

fluorescence spectroscopy. 

TEM is a microscopy technique that provides images of a sample based on the 

transmitted electrons as an electron beam passes through the sample. It is one of the most 

commonly-used techniques for the characterization of nanomaterials because it allows for 

the visualization of the morphology of nanomaterials, which is often directly related to 

the properties of nanomaterials. In particular, High Resolution TEM (HR-TEM) provides 

atomic resolution images with lattice fringes, atomic arrangement and electron diffraction 

pattern, which disclose information about the core-shell architecture, crystal structure, 

lattice pattern, etc. For nanoparticles that consist of an inorganic grain and coordination 

ligands, only the inorganic grain can be seen in a TEM image since the organic ligands 

do not typically provide enough contrast.  

XRD is a technique that is based on the elastic scattering of an X-ray beam by 

crystallites and the resulting constructive and destructive interferences, giving rise to a 

diffraction pattern as incident angle varies. It provides information about crystal structure 

and chemical composition. As aforementioned, HR-TEM can provide some information 

about crystal phases. However, it is not as conclusive as the well-established XRD. In 

addition, with the Rietveld refinement,131 lattice parameters and even percentages of 

different crystal phases, if more than one, can be obtained. Based on the Scherrer 

equation (DBcosθ = kλ, where D is the crystallite size, B is the broadness of the peaks 
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measured as full width at half maximum, θ is the incident angle, k is the shape factor, and 

λ is the X-ray wavelength), the broadness of the XRD peaks is often used to calculate the 

crystallite size of nanoparticles, which is normally consistent with the size from TEM.  

EDX is an elemental analysis technique for solid samples, which is generally 

combined with a scanning TEM (STEM) or SEM. It is based on the characteristic X-ray 

emission from the elements of a sample that are illuminated by an electron beam. 

Basically, the electron beam creates electron holes in an inner shell of the elements, 

which are then filled by electrons from an outer shell. In that process, X-rays are 

produced with energy equal to the difference in binding energy between the electrons in 

the inner shell and the electrons in the outer shell. EDX identifies the elements in a 

sample and provides the concentration of the each element quantitatively. However, the 

absolute concentration from EDX is very often not used because of the possible 

interference from substrate and air in a relatively low vacuum, and only the atomic ratio 

of the elements of interest is taken. 

EELS is a spectroscopy technique which is normally combined with STEM. It uses an 

electron beam with a known kinetic energy to excite electrons in the inner shell of the 

elements and thus some of the excitation electrons lose a certain amount of kinetic 

energy. This energy loss corresponds to the binding energy of the electrons of the 

elements, and can thus be used to identify chemical composition, oxidation state, etc. 

Modern TEM with a very small probe size (less than 0.1 nm) along with improved 

detector efficiency allows EELS to do 2-dimentional elemental mapping by selectively 

collecting signal from elements of interest.132 
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ICP-MS is a type of mass spectrometry coupled with an inductively coupled plasma. 

The plasma is the source of producing ions and mass spectrometer is the method of 

separating and detecting the ions. It is highly sensitive and capable of the determination 

of elements with a concentration as low as parts per trillion. This trace elemental analysis 

technique measures the concentration of elements in solution. Nanoparticles can be 

digested by nitric acid to make a solution. ICP-MS is much more sensitive than EDX. 

However, the measurement is relatively expensive and sample preparation is time-

consuming. 

XPS is a quantitative spectroscopic technique that provides information on elemental 

composition and chemical states of the elements on the surface of materials. It uses X-

rays with a known photon energy to excite core electrons to produce photo-electrons with 

kinetic energies that can easily be determined. Due to the relatively short mean free path 

of the photo-electrons, XPS is basically a surface chemical analysis technique with the 

detection depth of up to 10 nm.  Conventional XPS can be used to study the architecture 

of films or coatings on a flat surface by varying the emission angle of the photoelectrons 

to the surface plane and thus surface sensitivity. However, this angle-dependent XPS 

technique cannot be used to study the architecture (such as core-shell structure) of 

nanoparticles because of their spherical shape. In this case, synchrotron radiation XPS 

with variable energy of incident X-ray photons can be used. In addition, synchrotron 

radiation XPS have a much higher resolution and intensity than conventional XPS. Very 

often synchrotron radiation XPS spectra contain some fine features, which can be used to 

extract information about the interfaces and the architecture of nanoparticles. 
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Fluorescence spectroscopy is for the study of optical materials. For lanthanide-based 

nanoparticles, emission, excitation, and lifetime measurements are often performed. 

These measurements demonstrate the optical properties of these nanoparticles. They are 

also often used to extract information about core-shell structure of nanoparticles. 

The above techniques are very often used collectively for a conclusive 

characterization. 

2.6 Summary 

In this chapter, the optical properties of lanthanide ions are first briefly introduced.  

Synthesis methods of the core and core-shell nanoparticles and common surface 

modification methods are then discussed in detail with their advantages and 

disadvantages. It is widely accepted that the high temperature synthesis produces high 

quality nanoparticles with a good control of monodispersity and crystal phases as well as 

morphology although it is not fully understood. The surface modification methods are 

routinely used. The ligand exchange and intercalation methods are particularly popular 

for their simiplicity and versatility. Although the high-quality nanoparticles are routinely 

being made, the physical chemistry aspects, such as the dopant ion distribution in 

nanoparticles and the architecture like core-shell structure, have been given very little 

attention. A systematic study of these aspects is needed so that synthesis methods can be 

optimized to achieve better optical and other properties like magnetic properties.  

Among the whole lanthanide series, Gd3+ ion is special for its 7 unpaired 4f electrons, 

which is among the highest in all known metal ions. The resulting promising magnetic 

properties make Gd3+ ion suitable for MRI contrast agents. As a matter of fact, some 

Gd3+-complexes are already used clinically. Gd3+-based nanoparticles as potentially 
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better contrast agents than Gd3+-complexes are discussed in detail along with the 

introduction of the basic principles of MRI contrast agents. The inorganic Gd3+-based 

nanoparticles are intriguing due to their robustness and the ease of further chemical 

modification.  In particular, the inorganic Gd3+-based nanoparticles that incorporate 

emissive lanthanide ions to make up multifunctional nanoparticles are also discussed in 

detail. Finally, the common characterization techniques of nanomaterials are discussed 

with emphasis on their capacities and differences as well as their complementary nature.    
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Chapter 3. Kinetically-determined crystal structure of undoped 
and La3+-doped LnF3 nanoparticles 

(This chapter is reproduced with permission from ref. 37 Copyright 2009 American 

Chemical Society.) 

 

3.1 Introduction  

Nanoparticles of lanthanide salts are increasingly being used in many applications 

such as biolabels, lasers, optical amplifiers, and optical-display phosphors,15,91,98,133,134 

because of their photo-stability and non-overlapping, relatively sharp emission and 

excitation peaks. By virtue of their unpaired 4f-electrons, lanthanide-based nanoparticles 

also find application as contrast agents in magnetic resonance imaging. One advantage is 

that in one nanoparticle, there are thousands of paramagnetic ions, such as Gd3+, which is 

much more concentrated than Gd3+ complexes, giving rise to very high proton 

relaxivities.118    

There are a few different types of nanoparticles of lanthanide salts reported in the 

literature. A series of lanthanide phosphate nanoparticles that are dispersible in organic 

solvent have been synthesized using a hydrothermal method.135,136 Some lanthanide oxide 

nanoparticles, such as Nd2O3,137 Eu2O3,41,138 Gd2O3,41,90 Tb2O3
139 and Y2O3,41 have also 

been synthesized using the hydrothermal and polyol method. However, lanthanide 

fluoride nanoparticles are receiving more attention because of their low phonon energy, 

and thus minimum quenching of emissive Ln3+ ions, leading to suitable host materials for 

many optical applications. A few procedures, such as hydrothermal treatment,46,47,140 

thermolysis,57 and microemulsion58,141 have been used to synthesize lanthanide fluoride 

nanoparticles (see chapter 2 for details).  However, the resulting nanoparticles are only 
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dispersible in organic solvent and some syntheses require temperatures higher than 200 

°C. A few syntheses have been presented to make water-dispersible nanoparticles with 

polyol,42 chitosan142 as stabilizer and even without using any ligand.143 Our group has 

developed water-dispersible nanoparticles using citrate and a phosphate ester by an 

arrested precipitation of dissolved Ln3+ and F-.10,88,144 Most of them are focused on 

lanthanum fluoride. 

In the lanthanide field, doping with emissive Ln3+ is very common, because the whole 

series of lanthanides have similar chemical properties, and evidence has been provided 

that Eu3+ ions distribute evenly in the matrix.19,145 It is normally observed that the crystal 

structure of the matrix is the same, with or without dopant ions. One study of the bulk 

LaxGd1-xF3 system (x = 0-1), has shown that LaxGd1-xF3 has the LaF3 trigonal phase with 

x ≥ 0.5, the GdF3 orthorhombic phase with x ≤ 0.25, and both trigonal and orthorhombic 

phases with 0.25< x <0.5, indicative of the possibility of the tuning of crystal structure by 

the doping of another lanthanide ion.146  

In this chapter, a series of highly dispersible lanthanide fluoride nanoparticles 

synthesized in aqueous systems at 75 °C are presented. Their crystal structure study 

shows that GdF3 and EuF3 nanoparticles synthesized with this method are kinetic 

products. The effect of dopant ions on the crystal structure of nanoparticles is studied, 

and results show a very different doping level for the kinetically formed GdF3 

nanoparticles from bulk materials so as to change to the LaF3 trigonal structure. Finally, 

lattice energies of all the lanthanides fluorides are calculated using the Born-Habor cycle, 

and a thermodynamic cycle is set up to evaluate the effect of the dopant ions on the 

crystal structure. 
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3.2 Results and Discussion 

LnF3 nanoparticles 

In the thermodynamically stable bulk LnF3 materials, due to the decrease of ionic 

radius of lanthanide, LnF3 with Ln from La to Pm crystallize at room temperature in the 

trigonal tysonite P 3c1 space group, while LnF3 with Ln from Sm to Lu crystallize in the 

orthorhombic Pnma space group.147 In this article, a series of lanthanide fluoride 

nanoparticles (Ln = La, Ce, Nd, Eu, Gd, Dy, Ho, Er, and Yb) were synthesized using the 

same precipitation procedure, which are all highly water-dispersible because of the citrate 

molecules on the surface of the nanoparticles. X-ray diffraction (XRD) measurements 

were performed and three different patterns were identified (Figure 3.1). LaF3, CeF3 and 

NdF3 nanoparticles have the same trigonal crystal structure as the corresponding bulk 

materials with broadened peaks due to the nanometer size of the particles (see also Figure 

S3.1). A slight peak shift can be observed from LaF3 to NdF3 due to the decrease of ionic 

radius.18 XRD patterns of GdF3 and EuF3 nanoparticles display severely broadened 

features, which will be discussed in detail below. However, for the late lanthanides (Dy, 

Ho, Er, and Yb), the lanthanide trifluoride phase was not formed. Instead, non-

stoichiometric cubic structures of NaxLnyFz composition were identified. For example, in 

the case of Dy, stoichiometric DyF3 and NaDyF4 do not fit at all (Figure S3.2). However, 

Na0.395Dy0.605F2.21 with two cubic lattice parameters of 5.8022 and 5.6299 Å in the space 

group Fm 3 m fits well (Figure 3.2). Similarly, in the case of Yb, Na0.446Yb0.554F2.108 fits 

well (Figure 3.3). Again the broadened peaks are due to the nanometer size of the 

particles. 
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Figure 3.1. XRD patterns of the series of lanthanide fluoride nanoparticles. 
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Figure 3.2. Rietveld refinement of XRD pattern of non-stoichiometric sodium dysprosium 

fluoride, and non-stoichiometric sodium ytterbium fluoride. (a) top black line, observed pattern; 

(b) top red solid line through observed line, calculated pattern; (c,d) solid lines below pattern, 

background-subtracted calculated pattern; (e) solid black line at bottom, difference curve; (f) 

vertical bars at the bottom, positions of all the Bragg reflections, (two extraneous peaks on the 

left, attributed to surface ligand). 
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Figure 3.3. Rietveld refinement of XRD pattern of non-stoichiometric sodium ytterbium fluoride. 

(a) top black line, observed pattern; (b) top red solid line through observed line, calculated 

pattern; (c) solid purple line below pattern, background-subtracted calculated pattern; (d) solid 

black line at bottom, difference curve; (e) vertical bars at the bottom, positions of all the Bragg 

reflections . 

 

High resolution transmission electron microscopy (HR-TEM) images show sizes in 

the range of 3-10 nm with clear lattice fringes, indicative of the crystallinity of the 

lanthanide fluoride nanoparticles (Figure 3.4). In particular, GdF3 and EuF3 nanoparticles 

are also crystalline although their diffraction patterns display severely broadened 

features. Hence, these broad features of the nanoparticles cannot be due to an amorphous 

phase. In addition, lattice stacking faults and distortions of surface atoms are barely seen 

in the HR-TEM images (Figure 3.4b), which was given as reason for the unidentifiable 

diffractograms of EuPO4 to HoPO4.135 The authors argued that the spatial arrangement of 

surface atoms of the nanoparticles is distorted from the standard crystal sites due to the 

stabilizing ligand, which, along with the lattice faults, causes the unidentifiable XRD 
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patterns. Unfortunately, HR-TEM failed to provide supporting evidence. This reason is 

clearly not responsible in this case. In order to investigate the effect of the surface ligand 

on the crystal structure in more detail, a different surface ligand, i.e. 2-aminoethyl 

dihydrogen phosphate (AEP), was also used to make GdF3 nanoparticle. XRD shows that 

AEP-stabilized GdF3 nanoparticles have an identical pattern to the citrate-stabilized GdF3 

nanoparticles (Figure 3.5). Therefore, the surface ligands are not responsible for the 

highly broadened features in the XRD patterns of GdF3 nanoparticles. 

      
(a)                                                                     (b) 

 
(c) 

 
Figure 3.4. HR-TEM images of (a) LaF3, (b) GdF3 and (c) Na0.446Yb0.554F2.108 nanoparticles. 
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Figure 3.5. XRD patterns of GdF3 nanoparticles stabilized with AEP and citrate. 

 

GdF3 nanoparticles with a single orthorhombic phase have been reported by Fan et 

al.148 These GdF3 nanoparticles were made by carrying out the reaction in ethanol, where 

Gd3+ and F- have much lower solubility than in water. Thus, the reaction rate in ethanol 

was reduced because of the fact that the concentrations of Gd3+ and F- are lower than in 

water. The growth of nanoparticles was thus slowed down and as a result these GdF3 

nanoparticles have the thermodynamically stable orthorhombic phase. In this case, 

reactions were performed in aqueous solutions, and thus the reaction rate was very fast. 

Therefore, GdF3 (and EuF3) could crystallize kinetically into both the trigonal and the 

orthorhombic phase. This is not surprising because GdF3 is in the transition region from 

the trigonal to the orthorhombic phase, and the lattice energies of the two phases of GdF3 

are very close, 5122 kJ/mol for the orthorhombic phase and 5108 kJ/mol for the trigonal 

phase (see appendix A for details). In order to test this, submicron-sized GdF3 particles 

with the size of 0.65 ± 0.20 μm, as determined by Atomic force microscopy (AFM), were 
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synthesized without using any stabilizing ligands, so that crystal phase could be identified 

by XRD without much line broadening. Figure S3.3 shows the corresponding image and 

the calculated histogram. Examination of the diffraction pattern of these submicron-sized 

GdF3 particles showed both trigonal and orthorhombic phases with a ratio of 40/60 

(Figure 3.6). These results strongly suggest that GdF3 particles were indeed formed 

kinetically. To confirm this, these submicron-sized GdF3 particles were baked in air at 

300 °C for 24 hours. Only a single orthorhombic phase was found in XRD pattern 

(Figure S3.4), indicating that the kinetically formed particles had been transformed into 

the thermodynamically most stable phase. It can thus be concluded that GdF3 

nanoparticles synthesized by this colloidal procedure are kinetic products with both 

trigonal and orthorhombic phases. These two phases, along with the line broadening 

resulting from the nanometer size, make the diffraction lines of GdF3 nanoparticles 

severely broadened and consequently, hard to indentify. 
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Figure 3.6. Rietveld refinement of XRD pattern of the submicron-sized GdF3 particles (a) blue 

line, observed pattern; (b) red solid line through observed line, calculated pattern; (c,d) purple and 

green solid line below pattern, background-subtracted calculated pattern; (e) solid black line at 

bottom, difference curve; (f) vertical bars at the bottom, positions of all the Bragg reflections). 
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La3+-doped GdF3 nanoparticles 

In order to investigate the effect of dopant ions on the crystal structure at the 

nanometer scale, a series of AEP-stabilized GdF3 nanoparticles were prepared with La3+ 

doping levels of 5, 10, 15, and 20 %, respectively, which were confirmed by energy 

dispersive X-ray spectroscopy to be 5.7 ± 0.4, 10.2 ± 0.3, 15.4 ± 0.2, and 20.4 ± 0.6 %, 

respectively. These nanoparticles are also highly water-dispersible with their sizes in the 

range of 3-10 nm albeit with some agglomerations (Figure 3.7). The XRD patterns show 

that with 15 % and 20 % doping, GdF3 nanoparticles crystallize in the LaF3 trigonal phase 

whereas with 5 % and 10 % La3+ doping, the crystal structure remains the same as the un-

doped GdF3 nanoparticles (Figure 3.8). This is markedly different from the bulk in which 

50 % La3+ is needed to obtain the trigonal phase. Note the very obvious shift of the 

diffraction peaks upon the comparison of the XRD pattern of LaF3 nanoparticles with that 

of 20 % (or 15 %) La3+ doped GdF3 nanoparticles despite the same crystal phase.  This is 

because of the larger ionic radius of La3+ compared to that of Gd3+. The kinetically 

trapped crystal structure in mixture of two LnF3 salts has been observed before,149 but the 

change in the crystal structure by changing the doping level has not, as far as I know. 

Furthermore, to the best of my knowledge, this work is the first to show that the transition 

from one crystal structure to another as a function of the doping level that is significantly 

different from the bulk. 
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(a)                                                            (b) 

   

    (c)                                                                 (d) 

Figure 3.7. TEM images of GdF3 with La3+ doping of (a) 5 %, (b) 10 %, (c) 15 % and (d) 20 %. 
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Figure 3.8. XRD patterns of GdF3 nanoparticles with different La doping levels. (Patterns of 

LaF3 and GdF3 have been added for comparison.) 

 

Theoretical calculations 

In order to do a theoretical calculation for the tuning of the crystal structure, the 

lattice energies of the lanthanide fluorides were first calculated using the Born-Haber 

cycle (see appendix A for details). Figure 3.9 shows that lattice energies of lanthanide 

fluorides increase as the constituent Ln3+ varies from La to Lu. The trend is consistent 

with the lanthanide contraction that the ionic radius of Ln3+ ion decreases as the atomic 

number in lanthanide series increases from La to Lu.   
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Figure 3.9. Plot of the lattice energies of lanthanide fluorides as a function of lanthanide ions. 

(Information for PmF3 is not available because Pm is not naturally occurring, and available Pm is 

from nuclear reactions) 

 

In order to calculate Gibbs free energies of the reactions of the preparation of La3+ 

doped GdF3, a thermodynamic cycle is established (Figure 3.10a). The standard hydration 

energies of lanthanide ions and fluoride are available in the literature, and the entropy 

changes can easily be calculated based on the standard entropies. To determine the crystal 

phase of the doped materials on the basis of the standard Gibbs free energy, the lattice 

energies of the doped materials for both phases were also calculated (see appendix A for 

details). With these data, the standard Gibbs free energies of the reactions of the 

preparation of La3+ doped GdF3 were calculated and plotted as a function of doping level 

for both trigonal and orthorhombic phases (Figure 3.10b). Around the cross point of 60 % 

La3+ doping, both phases would be present because their free energies are close to each 

other. Otherwise, depending on which phase has the more negative free energy, the doped 

materials can have either trigonal or orthorhombic phase. For example, with 10 % La3+ 

doping, GdF3 would take the orthorhombic phase because the standard Gibbs free energy 
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of the formation of orthorhombic phase is more negative than that of trigonal phase. This 

agrees fairly well with the published study on the bulk in which LaxGd1-xF3 has the LaF3 

trigonal phase with x ≥ 0.5, the GdF3 orthorhombic phase with x ≤ 0.25, and both trigonal 

and orthorhombic phases with 0.25 <  x < 0.5.146  
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                                  (a)                                                                   (b) 

Figure 3.10. (a) Thermodynamic cycle of the reactions of La3+ doped GdF3, and (b) plot of 
0

.reacG∆  as a function of doping level. 

 

The above calculations explain the La3+-doped bulk GdF3 very well. However, in 

order to obtain the trigonal phase, the doping level of La3+ changes from 50 % for the 

bulk to 15 % for the nanoparticles. This could in principle be happening for 

thermodynamic or kinetic reasons. In terms of thermodynamics, there are of course two 

factors that should be considered for nanoparticles, entropy and enthalpy. Entropy 

increases due to the doping and size changes from bulk to nanoparticles. However, these 

entropy increases are the same for both phases because the two phases have the same 

chemical composition and similar sizes for a certain doping level. For the same reason, 

other factors of the entropy, such as solvation of Ln3+, citrate-Ln3+ interaction,150 and 

citrate-nanoparticle interaction are also the  same (or at least assumed very similar) for 
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the two phases. Hence, the effect of entropy on Gibbs free energy will be of the same 

magnitude. Therefore, entropy changes will not move significantly the cross point in 

Figure 3.10b. As for the enthalpy, since the hydration energies remain the same, one 

possible factor in the whole thermodynamic cycle that changes could be the lattice 

energy. The lattice energy could be changed due to the lattice contraction arisen from the 

large surface area of nanoparticles and thus surface compression.151,152 The lattice 

contraction in the nanoparticles, if there is any, should be manifested by a change in the 

unit cell volume. However, the previous study did not see any significant change in the 

unit cell volume.19 Hence, there is no significant change in the lattice energy from bulk to 

nanoparticles. Even if there is any change in the lattice energy, it should be of the same 

magnitude for the two phases due to the same chemical composition and the same 

expected compressibility. Hence, the lattice energy is not a discriminating factor either. 

Another factor associated with the enthalpy that should be considered is surface free 

energy of the nanoparticles. However, because the nanoparticles have nearly spherical 

shape, surface free energies of different facets of nanoparticles should be very similar. In 

addition, their chemical compositions are identical and their sizes are nearly the same. 

Hence, the surface free energies should be of the same order of magnitude. Thus, the 

surface energy will not move significantly the cross point either. This analysis has 

neglected the non-ideal behavior of the solvated ions, as can be calculated from the 

Debye-Hückel theory, because the effect would be the same for both crystal phases. In 

other words, it would simply move both lines in Figure 3.10b along the Y-axis by the 

same amount. It is tempting to assume that this explains the small discrepancy between 

the calculated and experimental results for the bulk. Therefore, it can be concluded that 
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thermodynamics is not the reason for the change of La3+ doping level from 50 % for the 

bulk to 15 % for the nanoparticles to obtain the LaF3 trigonal phase.  

Since thermodynamics is not the reason, it must be due to kinetics. The kinetically 

formed GdF3 nanoparticles, as discussed above, have both trigonal and orthorhombic 

phases instead of a single orthorhombic phase as for the thermodynamically stable bulk 

GdF3. Because a fraction of the un-doped GdF3 nanoparticles already has the trigonal 

phase, a minimum La3+ doping should be sufficient to tip the balance even more to the 

trigonal phase. A doping level of 15 % La3+ is apparently able to change the crystal 

structure of all the GdF3 nanoparticles to the trigonal phase, much different from the 50 

% needed for the bulk. 

3.3 Conclusions 

A series of highly water-dispersible lanthanide fluoride nanoparticles were 

synthesized using a simple colloidal approach at 75 °C. LaF3, CeF3 and NdF3 have the 

same trigonal crystal phase as the corresponding bulk materials. However, the late 

lanthanides, such as Dy, Ho, Er, and Yb, did not form lanthanide trifluoride. Instead, non-

stoichiometric cubic phases of NaxLnyFz composition were identified. Particularly, the 

middle GdF3 and EuF3 have both trigonal and orthorhombic phases, which are due to 

kinetics. Finally, based on a thermodynamic cycle, calculations explain the tuning of the 

crystal structure of the bulk GdF3 by La3+ doping very well. In contrast, for GdF3 

nanoparticles, a much lower doping level was apparently sufficient to obtain the trigonal 

phase for kinetic reasons. 
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3.4 Experimental section 

The lanthanide nitrate salts were purchased from Aldrich in the highest purity 

available (at least 99.9 %). The used ammonium hydroxide was an aqueous solution with 

a concentration of 28.0 - 30.0 wt%. All the chemicals were used as received without 

further purification. Citrate-stabilized nanoparticles and AEP-stabilized nanoparticles 

were prepared following a procedure similar to previous work.118 The stated lanthanide 

doping levels in percent are atomic percentages relative to the total amount of lanthanide 

ions. 

Synthesis of citrate-stabilized nanoparticles 

The solution of 2 g of citric acid in 35 mL of distilled water was adjusted with 

ammonium hydroxide to pH 5-6, and heated to 75 °C followed by the drop wise addition 

of the solution of 1.33 mmol Ln(NO3)3 (Ln = La, Ce, Nd, Eu, Gd, Dy, Ho, Er, and Yb) in 

2 mL of distilled water and the solution of 0.126 g of NaF (3 mmol) in 4 mL of distilled 

water consecutively. After stirring for 1 hour, the nanoparticles were precipitated with ca. 

50 mL of absolute ethanol, and isolated using Spinchron 15 centrifuge from Beckman 

Coulter at 4000 rpm with a F0630 rotor (a g-force of 1400×g) for 3 min. The supernatant 

was poured off, followed by washing the residual with 15 - 20 mL of absolute ethanol 

and then isolation with centrifuge. This washing process was repeated three times. The 

final purified nanoparticles were dried under vacuum. All the nanoparticles are highly 

water-dispersible (50 mg nanoparticles can be dispersed in 1 mL of water to get clear 

dispersions like water). 

Synthesis of AEP-stabilized La3+-doped GdF3 nanoparticles 

The solution of 0.14 g of AEP in 25 mL of distilled water was adjusted with 

ammonium hydroxide to pH 5-6 followed by the addition of 0.126 g (3 mmol) of NaF. 
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The solution was heated to 75 °C followed by the drop wise addition of the solution of 

Gd(NO3)3 and La(NO3)3 (a total of 1.33 mmol with the doping levels relative to the total 

in atomic percentage) at the designated ratio in 2 mL of distilled water. After stirring for 

1 hour, the nanoparticles were precipitated with ca. 100 mL of acetone, and isolated with 

centrifuge. The supernatant was poured off, followed by washing the residual with 15 - 

20 mL of absolute ethanol and then isolation with centrifuge. This washing process was 

repeated three times. The final purified nanoparticles were dried under vacuum. All the 

nanoparticles are highly water-dispersible (50 mg nanoparticles can be dispersed in 1 mL 

of water to get clear dispersions like water). 

Synthesis of the submicron-sized GdF3 particles 

The solution of 0.6 g Gd(NO3)3 (1.33 mmol) in 35 mL of distilled water was heated to 

75 °C followed by the dropwise addition of 0.126 g of NaF (3 mmol) in 3 mL of distilled 

water. After stirring for 1 hour, the product was separated with centrifuge. The 

supernatant was poured off, followed by washing the residual with 15 - 20 mL of distilled 

water and isolation by centrifuge. This washing process was repeated three times. The 

final purified particles were dried under vacuum.  

Powder X-ray Diffraction 

Approximately 40–50 mg of a sample was gently stirred in an alumina mortar to 

break up lumps. The powder was smeared onto a zero-diffraction quartz plate using 

ethanol. Step-scan X-ray powder-diffraction data were collected over the 2θ range 3–80° 

on a Siemens D5000 Bragg–Brentano θ–2θ diffractometer equipped with an Fe 

monochromator foil, 0.6 mm (0.3°) divergence slit, incident- and diffracted-beam Soller 

slits and a VÅNTEC-1 strip detector. The long fine-focus Co X-ray tube was operated at 
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35 kV and 40 mA, using a take-off angle of 6°. This instrument was used to collect 

patterns in Figure 2, 3, and 6. Patterns in Figure 1 and 8 were measured with Cr (30 kV, 

15 mA) radiation on a Rigaku Miniflex diffractometer using a zero-background holder 

with variable divergence slit, 4.2° scattering slit and 0.3 mm receiving slit. The scanning 

step size is 0.02° 2θ with a counting time of 6 s per step over the 2θ range 20–100°. 

Transmission electron microscopy 

High resolution transmission electron microscopy and transmission electron 

microscopy were done with a Tecnai G2 Field emission scanning transmission electron 

microscopy operated at 200 kV. The nanoparticle dispersion was drop casted onto a 

carbon grid and allowed to dry in air at room temperature. The carbon grid with samples 

on it was then mounted into the vacuum sample chamber for imaging. 

Atomic force microscopy 

Atomic force microscopy was done using a thermomicroscopy explorer in the contact 

mode. The nanoparticle dispersion was drop casted onto the freshly-cleaved mica 

substrate, dried in the air, and mounted onto the sample holder for scanning. Scanning 

Probe Image Processor software (version 4.4.3.0), was used to determine the mean size 

and size distribution of particles. Typically, the AFM image was flattened using plane 

correction with Global correction by polynomial fit, and line-wise correction by LMS fit 

at polynomial degree 3. The nanoparticles were then separated from the substrate by 

applying “filter outlier” with a detection level of 80 %. On the filtered outliers, i.e. 

nanoparticles, grain analysis was done using threshold segmentation as detection method 

to get the size and the size distribution. 
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Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray spectroscopy was done using a Hitachi S-3500N scanning 

electron microscope, operated at 20 kV and a resolution of 102 eV. Dry powdered 

samples were attached to the substrate using a double-sided carbon tape, and mounted 

onto the sample holder. Three measurements were done to calculate standard deviations. 
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Chapter 4. Cation exchange in lanthanide fluoride nanoparticles 

(This chapter is reproduced with permission from ref. 153 Copyright 2009 American 

Chemical Society.) 

 

4.1 Introduction  

Cation exchange has been reported on ionic semiconductor nanoparticles.68 It was 

demonstrated that cation-exchange reaction of Ag+ with CdSe nanoparticles is reversible 

at room temperature although it is kinetically hindered at ambient conditions in the bulk. 

Following this, many different types of interesting functional nanomaterials, including 

hollow nanospheres of PbSe,154 superlattices of CdS-Ag2S on nanorods,155 and nanowires 

of CdTe,156 CdSe,157 as well as core-shell nanoparticles of Se-Ag2Se,74 Se-CdSe,73,74 Se-

PbSe,74  PbSe-CdSe,75 have been made in solution via cation-exchange reactions. So far, 

most of them cannot be synthesized directly.  

Semiconductor nanomaterials have tunable, relatively broad emission and excitation 

peaks, but they suffer from photo-bleaching.158 In contrast, lanthanide-based 

nanoparticles have non-overlapping, quite sharp excitation and emission peaks as well as 

very good photo-stability due to the shielded 4f orbitals by the filled 5s and 5p orbitals. 

These unique properties make lanthanide-based nanoparticles valuable in applications as 

biolabels,91,98 photodynamic therapy,159 optical amplifier in telecommunications,15 

optical-display phophors.10,160 In addition, owing to 7 unpaired 4f electrons, some 

nanoparticles of gadolinium salts have been reported for application as MRI contrast 

agents.90,118,161 Among these lanthanide-based nanoparticles, lanthanide fluoride 

nanoparticles are receiving extensive attention because of their low phonon energies, and 
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thus minimum quenching of emissive Ln3+ ions, leading to suitable matrices for the 

optical applications.34,46,62,162  

In comparison with the monovalent and bivalent ions in semiconductor 

nanomaterials, trivalent lanthanide ions have high hydration energies.163 In addition, the 

diffusion of lanthanide ions in LnF3 is very likely to be inhibited due to the high lattice 

energies.37 These two factors are expected to lead to higher activation energy for cation-

exchange reaction in LnF3 as compared with the above discussed semiconductor 

nanomaterials. It thus seems counter-intuitive that cation exchange in LnF3 nanoparticles 

would occur at ambient conditions. Nevertheless, in this chapter, cation exchange in LnF3 

nanoparticles in aqueous dispersions is reported, which, to the best of my knowledge, is 

unprecedented. A thermodynamic cycle is established to provide an explanation for the 

small driving force shown by the experimental results. The effect of the cation exchange 

on core-shell structures is discussed along with the possibilities offered by cation 

exchange to obtain nanomaterials that are otherwise inaccessible. 

4.2 Results and discussion 

Citrate-stabilized GdF3 nanoparticles with a high water-dispersibility were first 

prepared using a previously-reported procedure.37 These GdF3 nanoparticles were then 

mixed with La3+ in the presence of extra citrate in an aqueous solution. The amount of 

La3+ used is roughly 5 times that of the Gd3+
 in GdF3 nanoparticles. It turned out that 

some extra citrate was needed to facilitate the reaction because without it, nanoparticles 

precipitated. A possible reason for the precipitation is that the added La3+ ions extract a 

portion of the citrate ligand from the surface of nanoparticles. Without a sufficient 

amount of stabilizing ligand the nanoparticles aggregate and precipitate from solution. 
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After about one minute reaction, nanoparticles were isolated, which have the same high 

water-dispersibility as the as-prepared GdF3 nanoparticles. High resolution transmission 

electron microscopy (HR-TEM) images show that they are crystalline with sizes in the 

range of 5 nm before and after the cation exchange (Figure 4.1). The spacing of lattice 

fringes of GdF3 nanoparticles is 3.20 Å, which is consistent with the d-spacing of the 

(111) plane. Cation-exchanged nanoparticles have a spacing of 3.26 Å, which is 

consistent with the d-spacing of the (111) plane of LaF3. Energy dispersive X-ray 

spectroscopy (EDX) spectroscopy showed a La/Gd ratio of 11.04, indicating that 92 % 

Gd3+ in GdF3 nanoparticles had been replaced by La3+ (Table 4.1 & Figure S4.1a). X-ray 

diffraction (XRD) shows different diffraction patterns before and after the cation 

exchange (Figure 4.2). In chapter 3, it has been shown that the GdF3 nanoparticles of 

roughly 5 nm in size are not amorphous but that they are a mixture of both orthorhombic 

and trigonal phases, leading effectively to severely broadened XRD patterns, whereas 

LaF3 nanoparticles have a single trigonal phase.37  In fact, the pattern of the cation-

exchanged nanoparticles is the same as the as-prepared LaF3 nanoparticles, indicating 

that the crystal phase of GdF3 nanoparticles had been transformed to that of LaF3. Using 

the Scherrer equation19, the crystallite size of LaF3 nanoparticles prepared by cation 

exchange of GdF3 nanoparticles with La3+ was estimated to be 4.2 nm, which is 

consistent with the size from TEM images. 
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Figure 4.1. HR-TEM images of GdF3 nanoparticles (a) before and (b) after cation exchange with 

La3+ (circles of 5 nm in diameter are used to highlight a few nanoparticles). 
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Figure 4.2. XRD patterns of (a) the as-prepared GdF3 nanoparticles and (b) LaF3 nanoparticles 

made by cation exchange of GdF3 nanoparticles with La3+. 
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Table 4.1. Summary of EDX results of cation-exchanged nanoparticles as Ln ratios with standard 

deviation.a 

 GdF3 with La3+ LaF3 with Gd3+ at 30 min At 1 min At 30 min 
La/Gd ratio 11.04 ± 0.79 16.22 ± 0.76 3.58 ± 0.04 

  EuF3 with La3+ at 30 min LaF3 with Eu3+ at 30 min 
La/Eu ratio 19.45 ± 1.89 3.86 ± 0.17 

  NdF3 with La3+ at 30 min 
La/Nd ratio 1.75 ± 0.01 

  GdF3 with Eu3+ at 30 min 
Eu/Gd ratio 4.32 ± 0.10 

  Na0.446Yb0.554F2.108  with La3+ at 30 min LaF3 with Yb3+ at 30 min 
La/Yb ratio 18.62 ± 1.34 3.39 ± 0.05 

a standard deviations were calculated based on the three measurements on different spots of the 
sample. 
 

During the cation exchange process, some extra citrate was used to facilitate the 

cation exchange, which does not disassemble nanoparticles. As a matter of fact, a large 

excess amount of citrate has always been used for the synthesis of nanoparticles.37 If the 

extra citrate disassembles nanoparticles, the complex of citrate-Ln3+ were produced, and 

then nanoparticles would not be able to make. This is obviously not the case based on this 

and the previous work.10,37,118 It was also verified by a simple experiment, in which 

citrate was mixed with the as-prepared GdF3 nanoparticles in an aqueous solution in the 

same ratio as used for the cation-exchange reactions. From the mixture, nanoparticles 

were isolated using the otherwise same procedure. The isolated nanoparticles, as shown 

by XRD, display an identical diffraction pattern as the as-prepared GdF3 nanoparticles 

(Figure 4.3), evidencing that there is no size change when nanoparticles were exposed to 

the solution of citrate. 
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Figure 4.3. XRD patterns of the as-prepared GdF3 nanoparticles (in red) and the citrate-treated 

GdF3 nanoparticles (in black). 

 

The mass balance of cation exchange was verified by a reaction of exposing 2.5 % 

Eu3+ doped GdF3 nanoparticles to La3+ for a minute. Because the La3+ ions used were in 

excess (roughly 5 times the amount of Gd3+ ion in GdF3 nanoparticles), the majority of 

La3+ ions, along with the replaced Gd3+ ions, should remain in the reaction mixture as 

complexes formed with extra citrate or as free ions. Once ethanol was added to 

precipitate and isolate the cation-exchanged nanoparticles from solution by centrifuge, 

complexes and free ions ended up in the supernatant while nanoparticles stayed in the 

bottom of centrifuge tubes. The supernatant was rotovaped to dryness. EDX was done on 

both cation-exchanged nanoparticles and dried supernatant. A La/Gd ratios of 12.76 was 

obtained for nanoparticles (Figure S4.2a), indicating that 93 % of Gd3+ and Eu3+ had been 

replaced by La3+, which is almost the same as the results of the cation exchange for the 

undoped GdF3 nanoparticles. A La/Gd ratio of 4.78 was obtained for the supernatant 
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(Figure S4.2b). This is consistent with the reaction condition that the amount of La3+ ion 

added is roughly 5 times that of Gd3+ and Eu3+ ions in the GdF3 nanoparticles. The 

content of Eu is beyond the detection limit of EDX for both. In order to provide a clearer 

picture about the cation exchange process, Eu3+ dopant was used as probe to verify the 

cation exchange reaction and to show in what form Gd3+ and Eu3+ ended up in the 

supernatant because the luminescence of Eu3+ is sensitive to its environment.19 The 

effective lifetimes of Eu3+ emission in the as-prepared GdF3 nanoparticles, cation-

exchanged nanoparticles and supernatant were measured to be 1.70, 4.20 and 0.34 ms, 

with an estimated error of ±5 % (Figure 4.4). The increase in the lifetime from the as-

prepared GdF3 nanoparticles to cation-exchanged nanoparticles is due to two reasons. 

One is the reduction of the concentration of Eu3+ ions in nanoparticles by cation 

exchange, which reduces concentration quenching. The other reason is that the point 

symmetry of Eu3+ in LaF3 (C2) is slightly higher than that in GdF3 (Cs),146 leading to a 

longer lifetime. In sharp contrast, the lifetime of Eu3+ emission in supernatant is much 

shorter than that in the two nanoparticles. This confirms that the Eu3+ in the supernatant is 

in the form of complex and/or solvation, which results in significant quenching of the 

Eu3+ emission, leading to a much shorter lifetime. From the decay curve of Figure 4.4, a 

very small amount of long-lived components can be seen. This could be from a minimum 

amount of nanoparticles still dispersed in the supernatant after precipitation by ethanol. 

The method used to calculate the effective lifetime includes the counts down to 1 % of 

the initial counts. Hence, for the lifetime calculation of the Eu3+ emission in the 

supernatant the minimum amount of the long-lived components were not included. From 
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the above luminescence results of Eu3+, it can be concluded that the excess La3+ and the 

replaced Ln3+ ions ended up in the supernatant as complexes or free ions. 
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Figure 4.4. Decay curves of the Eu3+ 5D0 level in (a) the exchanged nanoparticles, (b) the as-

prepared GdF3 nanopartilces, and (c) supernatant. 

 

In order to investigate the kinetics of the cation-exchange reaction of GdF3 

nanoparticles with La3+, the cation-exchanged nanoparticles were isolated at 1 and 30 

min, respectively. EDX results show that the nanoparticles isolated at 1 min have only 8 

% Gd3+ left. However, at 30 min, there is 6 % Gd3+ left (Table 4.1). These suggest that 

upon mixing, the rate of cation exchange was very fast, i.e. nearly complete in the first 

minute. After that, cation exchange was still in progress.  

The reversibility of cation exchange was checked by exposing LaF3 nanoparticles to 

Gd3+ under otherwise identical conditions. After 30 min, the cation-exchanged 

nanoparticles have a La/Gd ratio of 3.58 (Table 4.1 & Figure S4.1b), i.e. 22 % La3+ had 

been replaced by Gd3+ and the crystal phase remains the same as the as-prepared LaF3 



 

 

65 
nanoparticles (Figure 4.5). Therefore, cation exchange can indeed take place reversibly 

albeit with different extents of exchange.  
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Figure 4.5. XRD patterns of (a) LaF3 nanoparticles after exposed to Gd3+ and (b) the as-prepared 

LaF3. 

  

It is counter-intuitive that such fast cation-exchange reactions occur. In principle, 

cation exchange can take place through solution because of the finite solubility of LnF3 

and hence the difference in solubility product (Ksp) could lead to some exchange. 

Although the data of Ksp are only available for YF3 and ScF3, Ksp can be calculated for all 

the LnF3. The calculated Ksp of YF3 and ScF3 (1.16 × 10-20 and 1.09 × 10-23, respectively) 

are within a factor of 2 of the experimental data (8.62 × 10-21 and 5.81 × 10-24, 

respectively.18 see appendix A for details), which lends confidence to the appropriation of 

the calculation. It turned out that Ksp of LaF3 (4.26 × 10-19) is much higher than that of 

GdF3 (4.30 × 10-23). This higher Ksp of LaF3 favors precipitation of GdF3. Therefore, if 
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cation exchange takes place through solution due to the difference in Ksp, the 

nanoparticles isolated after cation exchange should be GdF3. This is opposite to the 

experimental results, indicating that cation exchange is not accomplished through 

solution. Therefore, it must be through the diffusion of ions in the LnF3 nanoparticles as a 

solid state reaction. In fact, cation exchange in semiconductor nanoparticles was reported 

much faster (milliseconds164) than that in the bulk (minutes165). To the best of my 

knowledge, the only data available for LnF3 are the diffusion coefficients of La3+ in LaF3 

nanoclusters at high temperatures. The lowest temperature reported is 530 K, at which the 

diffusion coefficient of La3+ is around 1 × 10-11 cm2/s,166 Consequently, the time it takes 

for La3+ to diffuse a diffusion length of 5 nm was calculated with equation LD = √4Dt to 

be 6 ms. The temperature used in these cation exchange reactions was 350 K, lower than 

the lowest temperature at which the diffusion coefficient is available in the literature. The 

diffusion coefficient decreases as the temperature decreases. However, for LaF3 

nanoclusters, the diffusion coefficients at 880 and 1690 K are around 3 × 10-11 and 1 × 

10-9 cm2/s, respectively.166  Even if the diffusion coefficient drops from 1 × 10-11 cm2/s to 

1 × 10-13 cm2/s due to the decrease in temperature from 530 to 350 K, it takes less than 1 

second to achieve a diffusion length of 5 nm. Therefore, it is reasonable to expect in 

principle a complete exchange in a minute. Although the exact mechanism of cation 

exchange is not known, it could occur by a hopping mechanism through Ln3+ vacancies. 

The fact that cation exchange happens more readily in nanoparticles than in bulk suggests 

that a much larger number of vacancies might exist. This would be consistent with the 

lower reaction temperature for these dispersible nanoparticles compared to many bulk 

preparations that involve high temperature annealing steps. 
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The generality of cation exchange in lanthanide fluoride nanoparticles was also 

demonstrated with different lanthanide ions. Reaction of EuF3 with La3+ gives a La/Eu 

ratio of 19.45, and the reverse reaction gives a La/Eu ratio of 3.86 (Table 4.1). These 

results are very similar to those of reactions of GdF3 with La3+, which is consistent with 

the fact that gadolinium and europium are next to each other in the periodic table of 

elements, and thus their sizes and chemical properties are very similar. Therefore, for the 

neighboring lanthanides, cation exchange should result in a mixture rather than nearly 

complete exchange. In fact, a reaction of NdF3 with La3+ indeed produced a mixture with 

La/Nd ratio of 1.75. Similarly, a reaction of GdF3 with Eu3+ produced a mixture with 

Eu/Gd ratio of 4.32 (Table 4.1). Cation exchange was also studied with previously 

prepared Na0.446Yb0.554F2.108 nanoparticles37 by mixing with La3+ ions in water. After 

cation exchange, the cubic crystal phase of Na0.446Yb0.554F2.108 nanoparticles had been 

transformed to the trigonal phase of LaF3 (Figure 4.6) with a La/Yb ratio of 18.62 (Table 

4.1). A balanced reaction equation for this cation exchange is presented for a 

stoichiometric phase: 

NaYbF4 + 4/3La3+  4/3LaF3 + Na+ + Yb3+. 

However, the crystal phase of LaF3 nanoparticles remain the same after exposed to 

Yb3+ ions (Figure 4.7) with a La/Yb ratio of 3.39 (Table 4.1). From these experimental 

results, a trend can also be seen that the early lanthanide ions replace the late lanthanide 

ions in lanthanide fluoride nanoparticles with a relatively high extent of exchange as 

compared with the reverse. 
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Figure 4.6. XRD patterns of (a) the as-prepared Na0.446Yb0.554F2.108  nanoparticles and (b) LaF3 

nanoparticles made by cation exchange of Na0.446Yb0.554F2.108  nanoparticles with La3+. 
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Figure 4.7. XRD patterns of (a) LaF3 nanoparticles after exposed to Yb3+ and (b) the as-prepared 

LaF3. 
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The above results show that cation-exchange reaction takes place reversibly albeit 

with a different extent of exchange. That is to say, the cation-exchange reaction has a 

relatively small driving force, i.e. Gibbs free energy of the forward reaction of GdF3 with 

La3+ is only slightly negative. In order to calculate the driving force of the cation-

exchange reaction, the following thermodynamic cycle was established with the reaction 

of GdF3 with La3+ used as an example (Figure 4.8). The hydration energy of F- is -472 

kJ/mol, that of La3+ -3155 kJ/mol, and that of Gd3+ -3385 kJ/mol.163 Lattice energies and 

entropy changes of the lanthanide fluorides were taken from chapter 3.37 Binding 

constants between citrate and the Ln3+ ions are of the same order of magnitude,150 and 

thus, the free energy associated with the citrate-Ln3+ interactions cancels. According to 

the Debye-Hückel law, the activity coefficient is the same for Gd3+ and La3+ because 

cation exchange does not change the ionic strength. Therefore, the deviations from 

ideality are the same, and thus cancel each other. In addition, because of the similar 

binding constants between surface citrate and Ln3+ ions and the similar sizes of 

nanoparticles before and after cation exchange, it is reasonable to assume that the number 

of citrate molecules on the surface of nanoparticles is the same, so this contribution also 

cancels. For the same reason, the changes of hydration energy of Ln3+ ions due to the 

interaction with citrate are assumed to be of the same order of magnitude, too. Another 

factor that should be considered is surface free energies of nanoparticles. However, the 

sizes of these roughly spherical nanoparticles are nearly the same before and after cation 

exchange, and their compressibilities are expected to be of the same order of magnitude. 

Moreover, the difference in lattice energies is within 5 %.37 Therefore, it is reasonable to 

assume the same surface free energies for nanoparticles before and after cation exchange. 
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Figure 4.8. Thermodynamic cycle of the cation-exchange reaction. 

 

0
cationG∆ exchange  was calculated to be 29 kJ/mol for the forward reaction of GdF3 with 

La3+, which is different than the small negative value shown by the experimental results. 

However, the value is around 1 % when compared to the lattice energies and the 

hydration energies in the thermodynamic cycle. In fact, the errors in the lattice energies37 

and the hydration energies163 are in the range of 0.5 – 2 %. Hence, a small difference in 

the lattice energies or/and the hydration energies would change the sign of 0
cationG∆ exchange . 

This is confirmed by the same calculations carried out for the reaction of NdF3 with La3+, 

and for the reaction of GdF3 with Eu3+, which give 0
cationG∆ exchange  of -6 kJ/mol, and -20 

kJ/mol, respectively (due to the lack of the fundamental data, calculations cannot be done 

for  Na0.446Yb0.554F2.108). In any case, the calculated values of 0
cationG∆ exchange  are close to 

zero, which is consistent with the small driving force shown by the experimental results. 

As a matter of fact, as the atomic number of lanthanide increases from La to Lu, the 

hydration energy of lanthanide ion becomes more negative,163 while the lattice energy of 

lanthanide fluoride becomes more positive.37 For instance, in the above thermodynamic 

cycle, the hydration energy of La3+ is less negative than that of Gd3+, whereas the lattice 
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energy of GdF3 is more positive than that of LaF3 (the term TΔS0 is nearly the same for 

GdF3 and LaF3, 152 and 150 kJ/mol, respectively37). These energy differences are of the 

same magnitude. Thus, the free energy gain in the hydration energy from La3+ to Gd3+ is 

the energy loss in the lattice energy from GdF3 to LaF3. As a result, the overall Gibbs free 

energy of cation-exchange reactions should be close to zero, as indeed observed.   

As demonstrated above, cation exchange takes place when lanthanide fluoride 

nanoparticles are exposed to another Ln3+ ion. Similarly, core-shell nanoparticles are 

generally prepared by exposing core nanoparticles to the respective ions of the shell and 

assumingly the shell grows on the core particles epitaxially. Generally, there are two 

ways to add the respective ions of the shell. One way is to add Ln3+ first and then F-. For 

example, in the literature, EuF3 nanoparticles were exposed to Gd3+ followed by the 

addition of F- to make EuF3-GdF3 core-shell nanoparticles;140 CeF3 nanoparticles were 

exposed to La3+ followed by the addition of F- to make CeF3-LaF3 core-shell 

nanoparticles.167 However, cation exchange, as shown by the above results, is very likely 

to have happened. The chemical composition of the core nanoparticles could thus have 

been changed due to the cation exchange before the formation of the core-shell 

architecture. Consequently, the final nanoparticles may not have a true core-shell 

structure, but probably a gradient of two lanthanide fluorides. The other way to add the 

respective ions of the shell is to add F- first and then Ln3+. In this case, there is still a 

possibility to form a non-core-shell structure if the cation exchange is so fast that the rate 

of exchange becomes competitive with the precipitation rate of shell components, ending 

up with a non-core-shell structure. The core-shell architecture has been used widely as a 

method to improve the optical properties of nanoparticles. However, as discussed above, 
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some may not be core-shell. This is not surprising because many characterization 

techniques are not able to show the non-core-shell structure. For instance, optical 

properties, such as lifetimes of emissive Ln3+ ions, can be improved not only by the core-

shell structure, but simply by the increase of the size, which reduces surface quenching 

by decreasing the surface area, and reduces concentration quenching by increasing the 

distance between Ln3+ ions, respectively.19 The increase in size determined by TEM or 

other techniques does not prove a core-shell structure although it is consistent with core-

shell structures. In addition, the indistinguishable contrast between lanthanide salts with 

TEM does not provide direct information about the core-shell structure. On the other 

hand, cation exchange could be used as an alternative method to make core-shells by a 

partial cation exchange of surface layers. In addition, as shown by semiconductor 

nanomaterials, it could also be used as a method to make some nanomaterials that cannot 

be made directly.  For instance, Ln2O3 (Ln = Er, Tm, Yb and Lu) nanotubes have been 

prepared, but this synthesis did not work with other lanthanides.168 In this case, cation 

exchange might result in nanotubes of other lanthanide oxides. 

4.3 Conclusions 

Cation exchange in lanthanide fluoride nanoparticles takes place quickly and 

reversibly by exposing nanoparticles to another lanthanide ion. A trend can be seen that 

the early lanthanide ions replace the late lanthanide ions in lanthanide fluoride 

nanoparticles with a relatively high extent of exchange as compared with the reverse. 

Experimental results suggest a small driving force, which is supported by the 

examination of the thermodynamic cycle. Due to the cation exchange, some core-shell 

nanoparticles in the literature may have different structures rather than a core-shell. On 
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the other hand, cation exchange may be used as an alternative method to make core-shell 

and some nanomaterials that cannot be made directly. 

4.4 Experimental section 

Synthesis of citrate-stabilized nanoparticles, and characterization by TEM, XRD and 

EDX have been described in chapter 3.  

Cation-exchange reaction 

The solution of 1 g of citric acid in 25 mL of distilled water was adjusted with 

ammonium hydroxide to pH 5-6, which was heated up to 75 °C. The dispersion of 100 

mg of citrate-stabilized LnF3 nanoparticles were added, followed by the addition of the 

solution of 1.33 mmol Ln´(NO3)3 in 2 mL of water. (Please note that no extra F- was 

added) After 1 min, nanoparticles were precipitated with ca. 30 mL of absolute ethanol, 

and isolated with Spinchron 15 centrifuge from Beckman Coulter at 4000 rpm with a 

F0630 rotor (a g-force of 1400×g) for 3 min. The supernatant was poured off followed by 

washing with 15 - 20 mL of absolute ethanol and then isolation with centrifuge. This 

washing process was repeated three times. The final purified nanoparticles were dried 

under vacuum. The same procedure was used for the reaction for 30 min. All the 

nanoparticles are highly water-dispersible (50 mg nanoparticles can be dispersed in 1 mL 

of water to get clear dispersion like water). Please note that Ln and Ln´ mean two 

different Ln3+ ions. 

Fluorescence studies 

Fluorescence analyses were done using an Edinburgh Instruments FLS 920 

fluorescence system, which was equipped with a CW 450W xenon arc lamp via an M300 

single grating monochromator as excitation source for emission spectra and a 10 Hz Q-
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Switched Quantel Brilliant, pumped by a Nd:YAG laser, attached with an optical 

parametric oscillator with an optical range of 410 to 2400 nm as excitation source for 

lifetime measurements. A red-sensitive Peltier-cooled Hamamatsu R955 photomultiplier 

tube with a photon counting interface was used as a detector of Eu3+ emission. Lifetimes 

were measured by excitation at 464 nm and collection of the emission at 591 nm. All 

luminescence measurements were done with aqueous solutions of nanoparticles. All 

spectra were corrected for instrument sensitivity. Effective lifetimes were calculated 

using signal intensity greater than 1 % of the maximum intensity with Origin 7.0 program 

based on the following equation169:  
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Chapter 5. The unexpected structures of “core-shell” and “alloy” 
LnF3 nanoparticles as examined by variable energy X-ray photo-

electron spectroscopy 

(This chapter is reproduced with permission from ref. 170 Copyright 2009 American 

Chemical Society.) 

 

5.1 Introduction  

 Lanthanide-based nanoparticles doped with emissive Ln3+ are commonly used for 

optical applications. For instance, Er3+ and Yb3+ have been co-doped into NaYF4 

nanoparticles30,171 and Y2O3 nanoparticles172 to generate green and red emission, and into 

LaF3 nanoparticles as a potential optical amplifier for telecommunication windows at 

1.55 μm.173 Energy transfer from Ce3+ to Tb3+ in doped NaGdF4 nanoparticles174 and 

LaPO4 nanoparticles16 has also been used to generate green light. Despite these 

achievements, evidence is generally not provided to test the even distribution of the 

dopant ions. An even distribution of dopant(s) in the nanoparticles matrix minimizes 

concentration quenching and thus enhances the optical properties.19 It would also 

maximize the fluorescence of emitters that are surrounded by sensitizers, such as Ce3+-

sensitized Tb3+,174 and Yb3+-sensitized Er3+.30 Therefore, it is important to investigate the 

distribution of the dopant ions for the optimization of Ln3+-doped nanoparticles in optical 

applications as described above. 

 Ln3+-doped nanoparticles generally have a relatively low optical efficiency due partly 

to surface quenching by organic groups of the stabilizing ligand and water on the surface, 

such as OH and CH. In order to improve their efficiencies, core-shell nanoparticles are 

receiving intensive attention.19,21,140,167,174-176 Typically, a core-shell structure is made by 
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growing (epitaxially) a shell on the core and as a result, the surface quenching of the core 

nanoparticles is significantly reduced. There are many reports by our group 19,38 and 

others 21,60,62,140,167,174,177-179 on core-shell nanoparticles that have better optical properties 

than the corresponding core nanoparticles. However, the core-shell structure was very 

often inferred from the data, such as luminescence and transmission electron microscopy 

(TEM). What complicates the definite conclusion of a core-shell is that some properties, 

such as luminescence properties, can also be improved simply by an increase in the size 

of the nanoparticles. The increased size dilutes the emissive Ln3+ ion(s) in the 

nanoparticles, i.e. increases the distance between emissive Ln3+ ions, which reduce 

concentration quenching. In addition, the increase in size reduces the surface to volume 

ratio, and thus decreases the number of the surface Ln3+ ions, which reduces surface 

quenching. The size increase can be determined by TEM, but it does not normally prove 

a core-shell structure because the contrast difference between lanthanide-based 

compounds is beyond the detection limit of TEM.  

 In chapter 4, it has been shown that cation exchange occurs in aqueous media when 

LnF3 nanoparticles are exposed to another Ln3+ ion and it has been speculated that some 

reported core-shell structures may be erroneous due to the cation exchange process.153 It 

is thus of paramount importance to verify the core-shell structure.  

 To my knowledge, there are only two techniques that can prove this convincingly. 

One is elemental analysis combined with scanning transmission electron microscopy 

(STEM), such as energy dispersive X-ray spectroscopy (EDX), and electron energy loss 

spectroscopy (EELS). These techniques can give quantitative elemental contents with 

relatively high spatial resolution by probing different spots of the nanoparticle. For 
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instance, if an ideal core-shell has been made and the shell is at least a few nanometers 

thick, an elemental analysis of the shell should not see any element from the core.180  By 

moving the beam towards the center of the core-shell nanoparticle, the relative intensity 

of the element(s) in the core should gradually increase. The limits of these techniques are 

that a relatively large particle and a thick shell are required. However, typical 

nanoparticles have a shell of only a few monolayers,21,38,181 and would thus be at the edge 

of (if not beyond) the limit of EDX and EELS. The other technique is X-ray photo-

electron spectroscopy (XPS) with variable excitation energy from a synchrotron. When 

the sample is irradiated with X-ray photons with an energy higher than the binding 

energy of the core electron of the element of interest, core level photo-electrons are 

generated, which may escape from the material with a kinetic energy given by the 

following equation: 

 

KE = hν - BE – Ф                                                                                                             (1) 

 

Here, KE is the kinetic energy of the photo-electron, hν is the incident photon energy, BE 

is the binding energy, and Ф is the work function, which is unique to an instrument.182 

Based on the well-known dependence of photo-electron inelastic mean free path (IMFP) 

on the kinetic energy,183 photo-electrons coming from the core with a low kinetic energy 

tend to be absorbed within the sample, and thus most of the detected photo-electrons 

come from the surface or the shell of  the nanoparticles. By increasing the excitation 

energy, the kinetic energy of photo-electrons is increased, and more photo-electrons are 

able to escape from the nanoparticles. Thus, the contribution of photo-electrons coming 
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from the core of the nanoparticles increases. Therefore, if a core-shell has indeed been 

made, the intensity ratio of the core/shell should increase as the kinetic energy of photo-

electron increases. Likewise, for alloy nanoparticles, in which all ions are isotropically 

distributed, the intensity ratio should remain constant as a function of kinetic energy.184 

In principle, for core-shell nanoparticles, IMFP has an effect on the relative intensity 

because the slope of IMFP versus kinetic energy is different for different compounds in 

monotonic energy range.185 However, it is not significant as compared with the screening 

effect from the surface. Moreover, the difference in IMFP is also reduced to a minimum 

because the photo-electron coming from the core is also passing through the shell. For 

alloy nanoparticles, there is no difference in IMFP because of the isotropic mixture of the 

alloy structure.  This synchrotron radiation XPS technique has been used to investigate 

the core-shell structure of semiconductor nanoparticles 181,184,186,187 and core-shell metal 

nanoparticles. 188 It has also been used on lanthanide phosphate nanoparticles with only 

three data points, which is, in my view, insufficient to draw a firm conclusion about the 

core-shell structure.21 Using synchrotron radiation XPS along with EELS and EDX, our 

group recently confirmed the core-shell structure of NaYF4-NaGdF4 nanoparticles with a 

size of ca. 20 nm that were synthesized in organic media.22,23 

In this chapter, two systems of nanoparticles in aqueous media are studied. One is the 

combination of LaF3 and GdF3, i.e. LaF3-GdF3 “core-shell”, GdF3-LaF3 “core-shell” and 

LaF3/GdF3 “alloy” nanoparticles, chosen because La and Gd are relatively away from 

each other in the periodic table of elements and thus have distinguishable chemical 

properties. The other is the combination of LaF3 and NdF3, i.e. LaF3-NdF3 “core-shell”, 

NdF3-LaF3 “core-shell” and LaF3/NdF3 alloy nanoparticles, chosen because La and Nd 
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are relatively close in the periodic table of elements and thus have similar chemical 

properties. They are synthesized using procedures intended for core-shell and alloy 

structures (please note that quotation marks are used to denote the intended structure). X-

ray photo-electron spectroscopy with variable energy is used to investigate the core-shell 

and alloy structure of nanoparticles. In addition, an example is given to show that 

nanoparticles with a non-core-shell structure can have improved optical properties as 

compared with the corresponding core nanoparticles, which demonstrates that the 

improved optical properties do not guarantee a true core-shell structure. 

5.2 Results and discussion 

All of the intended core-shell nanoparticles were synthesized using a similar 

procedure. It started with an aqueous solution of citrate, followed by the addition of the 

respective ions of the core with Ln3+ first and then F-. The ratio of Ln3+/F- is 1/3. A period 

of 15 min was allowed for the core nanoparticles to reach equilibrium in the reaction 

mixture. Afterwards, the respective ions of the shell were added with Ln3+ first and then 

F- with the Ln3+/F- ratio of 1.33/3. Likewise, LaF3/GdF3 “alloy” and LaF3/NdF3 alloy 

nanoparticles were prepared by adding the mixed Ln3+ ions first and then F-. The added 

Ln3+/F- ratio was also 1.33/3. If a stoichiometric ratio was used, the reaction solution 

would turn cloudy. This suggests that there is an excess Ln3+ relative to F- and hence a 

driving force for the coordination of citrate. This is supported by the fact that adding first 

F- to the nanoparticle dispersion led to the precipitation of the nanoparticles. 

 X-ray diffraction (XRD) shows that LaF3-GdF3 “core-shell” nanoparticles GdF3-

LaF3 “core-shell” nanoparticles, and LaF3/GdF3 “alloy” nanoparticles have the same 

trigonal crystal phase as LaF3 (Figure 5.1). Their peaks shift to higher 2θ values (such as 
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the one at 68 º) as compared with LaF3 nanoparticles (at 67 º) because Gd3+ has a smaller 

ionic radius than La3+. A detailed discussion will be given later.  Using the Scherrer 

equation, the sizes of LaF3-GdF3 “core-shell” nanoparticles, GdF3-LaF3 “core-shell” 

nanoparticles, and LaF3/GdF3 “alloy” nanoparticles were calculated to be ca. 4 nm. In 

Figure 5.2, XRD peaks of LaF3-NdF3 “core-shell” nanoparticles, NdF3-LaF3 “core-shell” 

nanoparticles and LaF3/NdF3 alloy nanoparticles all have the same trigonal crystal phase 

as expected. This is because both LaF3 and NdF3 have a trigonal phase. XRD peaks of the 

intended core-shell and alloy nanoparticles shift to higher 2θ values (such as the one at 68 

º) as compared with LaF3 nanoparticles (at 67 º) and to lower 2θ as compared with NdF3 

nanoparticles (at 69 º) because the ionic radius of La3+ is bigger than that of Nd3+. Using 

the Scherrer equation, the sizes of LaF3-NdF3 “core-shell” nanoparticles, NdF3-LaF3 

“core-shell” nanoparticles and LaF3/NdF3 alloy nanoparticles were also calculated to be 

ca. 4 nm. 

TEM images show that the sizes of the two systems of nanoparticles are in the range 

of 3 - 10 nm (Figure 5.3), which is consistent with the XRD results. They seem 

physically aggregated on TEM images. However, their dispersions in water (20 mg/mL) 

were as clear as water. Nanoparticles of LnF3 synthesized in aqueous media often 

aggregate and are hard to differentiate from the background due to relatively low TEM 

contrast.62,142,143 The aggregates shown in the TEM images are very likey due to drying 

effect on TEM grid. Although  physical aggregates occur, they woundn’t affect the XPS 

experiments because the sampling depth is only a few nanometers. The high resolution 

TEM images in the insets show clear lattice fringes of individual nanoparticles, which 

indicates that they are crystalline. This is again consistent with the XRD results. 
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Figure 5.1. XRD patterns of (a) LaF3-GdF3 “core-shell” nanoparticles, (b) GdF3-LaF3 “core-

shell” nanoparticles, (c) LaF3/GdF3 “alloy” nanoparticles, (d) LaF3 nanoparticles and (e) GdF3 

nanoparticles (patterns of LaF3 and GdF3 nanoparticles have been taken from chapter 3 and added 

for comparison.37). 
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Figure 5.2. XRD patterns of (a) LaF3-NdF3 “core-shell” nanoparticles, (b) NdF3-LaF3 “core-

shell” nanoparticles, (c) LaF3/NdF3 alloy nanoparticles, (d) LaF3 nanoparticles and (e) NdF3 

nanoparticles (patterns of LaF3 and NdF3 nanoparticles have been taken from chapter 3 and added 

for comparison.37). 
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Figure 5.3. TEM images of (a) LaF3-GdF3 “core-shell”, (b) GdF3-LaF3 “core-shell”, (c) 

LaF3/GdF3 “alloy” nanoparticles, (d) LaF3-NdF3 “core-shell” (e) NdF3-LaF3 “core-shell” and (f) 

LaF3/NdF3 alloy nanoparticles. 
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LaF3-GdF3 & GdF3-LaF3 “core-shell” and LaF3/GdF3 “alloy” nanoparticles  

 Synchrotron radiation XPS measurements were carried out by varying X-ray photon 

energy so that the different sampling depth can be obtained. For each XPS spectrum, 

baseline subtraction was done using polynomial fits, followed by the correction of the 

beam flux and the photo-ionization cross section. The peak intensity of all the spectra 

was then integrated and plotted against kinetic energy. As shown in the top and middle 

spectra of Gd3+ and La3+ in Figure 5.4, with the increase in kinetic energy, the intensity of 

photo-emission increases first and then levels off. At very low kinetic energy, the photo-

electrons only from surface ligand can escape. As the kinetic energy increases, photo-

electrons of La3+ and Gd3+ under surface ligands can also escape and thus be detected. 

Their intensities increase with the increase in kinetic energy because more and more 

photo-electrons of La3+ and Gd3+ can escape. When the kinetic energy is sufficiently 

high, the photo-electrons from the whole nanoparticles will be detected. The intensities of 

La3+ and Gd3+ thus level off effectively as the whole particle is now sampled. 

 When it comes to the plot of the intensity ratio of La3+/Gd3+ versus kinetic energy, a 

core-shell structure should produce an increasing trend, which eventually levels off. 

However, as shown in the bottom spectra of Figure 5.4a-b, La3+/Gd3+ ratio goes down 

first and then up, followed by leveling off at high kinetic energies. This is clear evidence 

that LaF3-GdF3 “core-shell” and GdF3-LaF3 “core-shell” nanoparticles do not have a true 

core-shell structure. In addition, LaF3/GdF3 “alloy” nanoparticles have a very similar 

trend to LaF3-GdF3 “core-shell” and GdF3-LaF3 “core-shell” nanoparticles instead of a 

flat line (Figure 5.4c). This is also clear evidence that LaF3/GdF3 “alloy” nanoparticles do 

not have a true alloy structure. Overall, these three types of nanoparticles have very 
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similar XPS results although they were made using procedures intended for a core-shell 

structure for LaF3-GdF3 and GdF3-LaF3 nanoparticles, and for an alloy structure for 

LaF3/GdF3 nanoparticles, respectively. 
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Figure 5.4. The integrated photo-electron intensity and intensity ratio derived from X-ray photo-

electron spectroscopy spectra of (a) LaF3-GdF3 “core-shell” (b) GdF3-LaF3 “core-shell” and (c) 

LaF3/GdF3 “alloy” nanoparticles. Top:  intensities of the photo-electron of the 3d level of La3+; 

Middle: intensities of the photo-electron of the 3d level of Gd3+; Bottom: intensity ratio of the 

photo-electron of the 3d level of La3+ to Gd3+ as a function of kinetic energy. 

 

These results can be explained by a cation exchange mechanism described in chapter 

4.153 In order to help the discussion some of these results are first summarized. Cation 

exchange occurs when LnF3 nanoparticles are exposed to another Ln3+ ion in aqueous 

media. Specifically, as GdF3 nanoparticles were exposed to La3+ with a La3+/Gd3+ ratio of 

ca. 5, almost all the Gd3+ in GdF3 nanoparticles was replaced by La3+ in the time period 

of one minute. However, the reverse reaction, i.e. the cation exchange of LaF3 
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nanoparticles with Gd3+, did not happen to the same extent. Only 22 % of La3+ ions in 

LaF3 nanoparticles were quickly exchanged by Gd3+.  

 Similarly, during the preparation of LaF3-GdF3 “core-shell” nanoparticles, LaF3 core 

nanoparticles were first exposed to Gd3+ with a Gd3+/La3+ ratio of 1.33, followed by the 

dropwise addition of F-. It took ca. 2 minutes to add the F-. When LaF3 nanoparticles 

were exposed to Gd3+ ions, some of La3+ ions in LaF3 nanoparticles were quickly 

replaced by Gd3+ and released to the solution (Scheme 5.1 top). According to the above 

cation exchange results, not much La3+ in LaF3 nanoparticles had been replaced. Hence, 

in the solution, the concentration of Gd3+ was much higher than that of La3+. Due to this, 

upon the addition of the F-, GdF3 precipitated dominantly. As GdF3 precipitated, the 

concentration of Gd3+ did not dominate any longer. More and more LaF3 thus 

precipitated. Consequently, the final GdF3-LaF3 “core-shell” nanoparticles ended up with 

a concentration gradient, i.e. from the surface to the center of the nanoparticle, the 

concentration of La3+ decreases and then increases, whereas the concentration of Gd3+ 

increases first and then decreases. Due to this concentration gradient, the ratio of 

La3+/Gd3+ decreases first, and then increases as shown by the dip-like trend from XPS 

results, thus having an onion-like structure. 

In contrast to LaF3-GdF3 “core-shell” nanoparticles, during the preparation of GdF3-

LaF3 “core-shell” nanoparticles, when the GdF3 core nanoparticles were exposed to La3+, 

most Gd3+ in the GdF3 core had been replaced by La3+ due to the preferable cation 

exchange of GdF3 with La3+
 (see chapter 4).153 The chemical composition of the GdF3 

core had basically been changed into Gd3+-doped LaF3 with the concentration of La3+ 

much higher than that of Gd3+. Because Gd3+ in GdF3 nanoparticles had been replaced 
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and released into the solution, the concentration of Gd3+ was now higher than that of La3+ 

in the solution.  At this stage, as shown in Scheme 5.1 middle, it is essentially the same as 

the synthesis of LaF3-GdF3 “core-shell” nanoparticles. Upon the addition of F-, GdF3 

precipitated dominantly because of the high concentration of Gd3+ in the solution. As the 

concentration of Gd3+ decreased, relatively more and more LaF3 precipitated. As a result, 

GdF3-LaF3 “core-shell” nanoparticles ended up with similar concentration gradient to 

LaF3-GdF3 “core-shell” nanoparticles instead of a true core-shell structure, i.e. the 

La3+/Gd3+ ratio decreases first and then increases as also shown by the dip-like trend of 

XPS results. 

 

Scheme 5.1. Preparation of (top) LaF3-GdF3 “core-shell”, (middle) GdF3-LaF3 “core-shell” and 

(bottom) LaF3/GdF3 “alloy” nanoparticles. 
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Likewise, in the preparation of LaF3/GdF3 “alloy” nanoparticles, both La3+ and Gd3+ 

in solution could initially precipitate as F- was added dropwise. However, in the 

meantime, cation exchange was also happening with La3+ preferably exchanging Gd3+. 

Even if the initially-formed nanoparticles contain equal amount of Gd3+ and La3+ due to 

the same initial concentration, Gd3+ in the nanoparticles would have been exchanged by 

La3+ in the solution. As a result, LaF3 precipitated out preferentially in the first place. i.e. 

the central part of nanoparticles had more La3+ than Gd3+. As this process went on, the 

concentration of Gd3+ became dominant as compared with that of La3+ in the solution. At 

this point, as shown in Scheme 5.1 bottom, the situation is again essentially the same as 

the above two “core-shell” nanoparticles. As more F- was added, GdF3 precipitated 

dominantly. As the concentration of Gd3+ decreased, relatively more and more LaF3 

precipitated. Consequently, LaF3/GdF3 “alloy” nanoparticles ended up with the same 

concentration gradient as the above two “core-shell” nanoparticles as opposed to an 

isotropic alloy structure, i.e. the La3+/Gd3+ ratio decreases first and then increases as also 

shown by the dip-like trend of XPS results. This suggests that the generally assumed 

statistical alloy structure is not necessarily true. 

XRD shows that LaF3-GdF3 “core-shell” nanoparticles have the same trigonal crystal 

phase as LaF3 (Figure 5.1a). Chapter 3 has shown that the GdF3 nanoparticles have both 

trigonal and orthorhombic phases, leading to severely broadened XRD pattern, whereas 

LaF3 has a trigonal crystal phase.37 In addition, over 15 % La3+-doped GdF3 has a trigonal 

phase.37 In the synthesis of LaF3-GdF3 “core-shell” nanoparticles, the cation exchange 

that happened to the core LaF3 was limited, so the chemical composition of the core LaF3 

did not change much.153 The core LaF3 nanoparticles thus kept its trigonal phase. As 
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GdF3, along with the small amount of LaF3, grew on the core, it followed the crystal 

structure of LaF3. XRD shows that GdF3-LaF3 “core-shell” nanoparticles also have the 

same crystal phase as LaF3 (Figure 5.1b) although the starting core GdF3 nanoparticles 

have a different crystal phase. This proves that cation exchange occurred to the GdF3 core 

and made the core contain more La3+ than Gd3+. Thus it changed the GdF3 phase to the 

trigonal LaF3 phase. The shell adopted the core trigonal phase epitaxially with La3+ 

doping. LaF3/GdF3 “alloy” nanoparticles have the same trigonal phase (Figure 5.1c), 

which is what it should be because of the large concentration of La3+.37 Overall, it is 

important to note that the same crystal phase of LaF3-GdF3 “core-shell”, GdF3-LaF3 

“core-shell”, and LaF3/GdF3 “alloy” nanoparticles is consistent with their same profile of 

the La/Gd intensity ratio versus kinetic energy. 

EDX results in Table 5.1 show the La/Gd elemental ratios are in fairly good 

agreement with the integrated intensity ratio of La/Gd at high kinetic energies. The La/Gd 

ratio in LaF3-GdF3 “core-shell” is higher than 1 although the initial La/Gd ratio is 1/1.33. 

This is consistent with the preference of La3+ during cation exchange. The La/Gd ratio in 

GdF3-LaF3 “core-shell” and LaF3/GdF3 “alloy” nanoparticles is around 2 due to the 

relatively higher initial La/Gd ratio and the preference of La3+ during cation exchange.  

 

Table 5.1. EDX data of LaF3-GdF3 “core-shell”, GdF3-LaF3 “core-shell”, and LaF3/GdF3 “alloy” 

nanoparticles. 

 LaF3-GdF3 “core-shell” GdF3-LaF3 “core-shell” LaF3:Gd “alloy” 
La/Gd ratio 1.26a 1.81 2.12 
STDEV 0.01 0.06 0.07 

a the ratio was 1.12 ± 0.01 by ICP-MS (triple measurements) 
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EELS and EDX combined with STEM were tried to provide a direct evidence for the 

structure of nanoparticles by line scanning on nanoparticles. However, the size of the 

nanoparticle is too small to obtain a distinguishable signal for the different lanthanides. 

 

LaF3-NdF3 & NdF3-LaF3 “core-shell” and LaF3/NdF3 alloy nanoparticles  

 Nd is close to La in the periodic table of elements, and thus their chemical properties 

are expected to be very similar. In fact, cation exchange of NdF3 with La3+ resulted in a 

La/Nd ratio of 1.75 in the final nanoparticles instead of nearly full exchange like the 

reaction of GdF3 with La3+.153 This is in agreement with the similar chemical properties 

of La3+ and Nd3+. Therefore, cation exchange should lead to an alloy structure for LaF3-

NdF3 “core-shell” and NdF3-LaF3 “core-shell” nanoparticles rather than a core-shell or a 

concentration gradient. As shown in Figure 5.5a-b, LaF3-NdF3 “core-shell” and NdF3-

LaF3 “core-shell” nanoparticles indeed have a nearly alloy structure, as proven by a slope 

of ca. zero of the plotted lines. 



 

 

90 

0.2
0.4
0.6
0.8
1.0
1.2

0.6
0.8
1.0
1.2
1.4
1.6
1.8

90 120 150 180 210

0.4

0.6

0.8

1.0

I La
 (a

.u
.)

(a)

I Nd
 (a

.u
.)

I La
/I Nd

 (a
.u

.)

Kinetic energy (eV)
 

0.4

0.6

0.8

1.0

1.2

1.4

0.8

1.2

1.6

2.0

2.4

90 120 150 180 210

0.8
1.2
1.6
2.0
2.4
2.8

I Nd
 (a

.u
.)

I La
 (a

.u
.)

I La
/I Nd

 ra
tio

Kinetic energy (eV)

(b)

 

90 120 150 180 210
0.8
1.0
1.2
1.4
1.6
1.8

2.1

2.4

2.7

3.0

3.3

3.6

2.4
3.0
3.6
4.2
4.8
5.4

I La
/I Nd

 (a
.u

.)

Kinetic eneryg (eV)

I Nd
 (a

.u
.)

I La
 (a

.u
.)

(c)

 
Figure 5.5. The integrated photo-electron intensity and intensity ratio derived from X-ray photo-

electron spectroscopy spectra of (a) LaF3-NdF3 “core-shell” (b) NdF3-LaF3 “core-shell” and (c) 

LaF3/NdF3 alloy nanoparticles. Top:  intensities of the photo-electron of the 3d level of La3+; 

Middle: intensities of the photo-electron of the 3d level of Nd3+; Bottom: intensity ratio of the 

photo-electron of the 3d level of La3+ to Nd3+ as a function of kinetic energy. 

 

Another way to verify the similar properties of La3+ and Nd3+ is actually to synthesize 

LaF3/NdF3 alloy nanoparticles. In the synthesis, the same amount of La3+ and Nd3+ ions 

were exposed to F- at the same time. If the chemical properties of two lanthanide ions are 

very similar, they should be incorporated into the nanoparticles equally. Thus, a 

homogeneous alloy structure should form, which should show a slope of zero in the plot 

of intensity ratio of two lanthanides of the alloy nanoparticles against photo-electron 

kinetic energy. As shown by the plot with a slope of essentially zero in the bottom 

spectrum of Figure 5.5c, LaF3/NdF3 alloy nanoparticles do indeed have an alloy structure.  
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EDX data in Table 5.2 again show fairly close La/Nd elemental ratio to the integrated 

intensity ratio of La/Nd at high kinetic energies for LaF3-NdF3 “core-shell” and 

LaF3/NdF3 alloy nanoparticles.  

 

Table 5.2. EDX data of LaF3-NdF3 “core-shell”, NdF3-LaF3 “core-shell”, and LaF3/NdF3 alloy 

nanoparticles. 

 LaF3-NdF3 “core-shell” NdF3-LaF3 “core-shell”a LaF3:Nd alloy 
La/Nd ratio 1.09b 1.10 1.67 
STDEV 0.02 0.002 0.02 

a This one is off most likely due to an artifact of the data processing because the Nd signal is very low (See 
Fig. S5.2b)  
b this ratio was 0.96 ± 0.01 by ICP-MS (triple measurements) 
 

 

The above results show that nanoparticles synthesized in aqueous media using our 

core-shell procedure do not have the intended core-shell structure because of cation 

exchange. Accordingly, some reported core-shell structure may not be true, although their 

optical properties might nevertheless have been improved. In order to demonstrate this, 

GdF3:Eu3+(5%) core and GdF3:Eu3+(5%)-LaF3 “core-shell” nanoparticles were 

synthesized and their lifetimes were measured. It turned out that the effective lifetime of 

Eu3+ emission is increased from 1.70 ms for GdF3:Eu3+(5%) to 4.27 ms for 

GdF3:Eu3+(5%)-LaF3 “core-shell” nanoparticles (Figure 5.6). In addition, the 5D1 

emission of Eu3+ is much more pronounced for GdF3:Eu3+(5%)-LaF3 “core-shell” 

nanoparticles than GdF3:Eu3+(5%) nanoparticles, indicative of the reduced quenching 

(Figure 5.7). This optical improvement can be explained intuitively by a core-shell 

structure. However, from the above results and similar chemical properties of Gd3+ and 

Eu3+ 153 (Gd is next to Eu in the periodic table of elements), a core-shell structure for 

GdF3:Eu3+(5%)-LaF3 “core-shell” nanoparticles is not expected. In fact, due to the cation 
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exchange, Eu3+ ions in the GdF3:Eu3+(5%) core nanoparticles have been diluted into the 

bigger nanoparticles of GdF3:Eu3+(5%)-LaF3 “core-shell” during the synthesis. Some of 

Eu3+ ions might actually have been replaced by La3+ and washed away in the process of 

purification. Thus, the relative and absolute number of the surface Eu3+ decreases, and the 

distance between Eu3+ increases, reducing surface quenching and concentration 

quenching significantly. In addition, the site symmetry of Eu3+ in LaF3 is slightly higher 

than that in GdF3. As a result, the lifetime of Eu3+ was enhanced significantly. For the 

same reason, the quenching to 5D1 level was also reduced such that its emission is 

pronounced as compared with that of GdF3:Eu3+(5%) core nanoparticles. ICP MS data 

consistently show that Eu3+ concentration decreased from 5.1 % in GdF3:Eu3+(5%) 

nanoparticles to 1.7 % in GdF3:Eu3+-LaF3 nanoparticles. These results suggest that the 

improvement in optical properties does not necessarily have a direct relationship with a 

core-shell structure. Please note that the optical enhancement of Eu3+ ion strongly 

suggests that during the synthesis of the intended core-shell, the shell components LaF3 

didn’t form separate nanoparticles, otherwise optical improvement would not be seen. 

This should also apply to all the other intended core-shell nanoparticles. 
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Figure 5.6. Decay curves of the Eu3+ 5D0 level in (a) GdF3:Eu3+(5%)-LaF3 “core-shell” 

nanoparticles and (b) GdF3:Eu3+(5%) nanoparticles. (λex= 464 nm, λem= 591 nm) 
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Figure 5.7. Emission spectra of (a) GdF3:Eu3+(5%) nanoparticles and (b) GdF3:Eu3+(5%)-LaF3 

“core-shell” nanoparticles. 

 

In the above, it has been shown that the intended core-shell do not have a core-shell 

structure with the core and the shell having different Ln3+ ions no matter if the chemical 

properties of Ln3+ ions of the core and the shell are similar or distinguishable. This 
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naturally applies to core-shell nanoparticles that feature a doped core and an undoped 

shell with the core and the shell having the same chemical composition. Take LaF3:Eu-

LaF3 core-shell as an example. As Eu3+-doped LaF3 nanoparticles are exposed to La3+ 

ions, La3+ ion in the solution do exchange with La3+ and certainly with Eu3+. Thus, the 

dopant ion, Eu3+, might be distributed in the whole intended LaF3:Eu-LaF3 core-shell 

nanoparticles or washed away.  

The above results may also apply to those core-shell nanoparticles prepared with 

equivalent amount of anion and cation in the aqueous media although 0.33 equivalent 

excess cations were used for the shell in this case to obtain stable nanoparticles. This is 

because 0.33 equivalent excess Ln3+ ions do not significantly change the equilibrium of 

the cation exchange reaction.  This cation exchange causes unexpected non-core-shell 

structure. However, cation exchange may not occur in organic media (such as octadecene 

and oleic acid) probably because of the very limited solubility of Ln3+ ions. This has been 

suggested by a core-shell structure that has been confirmed by our group.22,23 

5.3 Conclusions 

X-ray photo-electron spectroscopy with variable energy verified that LaF3-GdF3 

“core-shell” and GdF3-LaF3 “core-shell” nanoparticles do not have a core-shell structure, 

and LaF3/GdF3 “alloy” do not have an alloy structure because of cation exchange and 

distinguishable chemical properties of Gd3+ and La3+. Instead, these three types of 

nanoparticles have a very similar concentration gradient, which can be explained by 

cation exchange competing with the precipitation of LnF3. For the same reason, LaF3-

NdF3 “core-shell” nanoparticles and NdF3-LaF3 “core-shell” nanoparticles do not have a 

core-shell structure, either. However, they have a nearly alloy structure due to the similar 
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chemical properties of La3+ and Nd3+. This is also the reason why LaF3/NdF3 alloy 

nanoparticles do have an alloy structure. Finally, an example was given to show that the 

improvement in optical properties, while consistent with a core-shell structure, does not 

verify the existence of a core-shell structure. 

5.4 Experimental Section 

 The lanthanide nitrate salts were purchased from Aldrich in the highest purity 

available (> 99.9 %). Ammonium hydroxide used is an aqueous solution of NH3 with a 

concentration of 28.0 - 30.0 wt%. All the chemicals were used as received without further 

purification. Citrate-stabilized nanoparticles were prepared by a procedure modified from 

previous work.37  

Synthesis of citrate-stabilized nanoparticles intended for a core-shell structure 

 The solution of 2 g of citric acid in 35 mL of distilled water was adjusted with 

ammonium hydroxide to pH 5-6, and heated to 75 °C followed by the dropwise addition 

of a solution of 1 mmol Ln(NO3)3 (Ln = La, Nd, and Gd) in 2 mL of distilled water and a 

solution of 0.126 g of NaF (3 mmol) in 4 mL of distilled water consecutively. After 15 

min of vigorous stirring, a solution of 1.33 mmol Ln(NO3)3 (Ln = La, Nd, and Gd) in 2 

mL of distilled water was added dropwise in a period of ca. 2 min, followed by the 

addition of a solution of 0.126 g of NaF (3 mmol) in 4 mL of distilled water drop wise in 

a period of ca. 2 min. After stirring for 1 hour, the nanoparticles were precipitated with 

ca. 30 mL of absolute ethanol, and isolated by Spinchron 15 centrifuge from Beckman 

Coulter at 4000 rpm with a F0630 rotor (a g-force of 1400×g) for 3 min. The supernatant 

was poured off, followed by washing with 15 - 20 mL of absolute ethanol and then 

isolation by centrifuge. This washing process was repeated three times. The final purified 



 

 

96 
nanoparticles were dried under vacuum. All the nanoparticles are highly water-

dispersible (50 mg nanoparticles can be dispersed in 1 mL of water to get clear 

dispersion). A quotation mark will be used to these nanoparticles to denote that they do 

not a core-shell structure although prepared using a core-shell procedure.  

Synthesis of citrate-stabilized nanoparticles intended for an alloy structure 

 The solution of 2 g of citric acid in 35 mL of distilled water was adjusted with 

ammonium hydroxide to pH 5-6, and heated to 75 °C followed by the drop wise addition 

of the solution of 1.33 mmol Ln(NO3)3 (Ln = La and Nd (or Gd) with a La/Nd (or La/Gd) 

ratio of 1) in 2 mL of distilled water and the solution of 0.126 g of NaF (3 mmol) in 4 mL 

of distilled water consecutively. After stirring for 1 hour, the nanoparticles were 

precipitated with ca. 50 mL of absolute ethanol, and isolated with Spinchron 15 

centrifuge from Beckman Coulter at 4000 rpm with a F0630 rotor (a g-force of 1400×g) 

for 3 min. The supernatant was poured off, followed by washing the residual with 15 - 20 

mL of absolute ethanol and then isolation with centrifuge. This washing process was 

repeated three times. The final purified nanoparticles were dried under vacuum. All the 

nanoparticles are highly water-dispersible (50 mg nanoparticles can be dispersed in 1 mL 

of water to get clear dispersions like water). A quotation mark will be used to denote 

nanoparticles that were prepared using an alloy procedure, but that do not have an alloy 

structure. 

Please note that 1.33 equivalent amount of cations is used for the shell in the case of 

core-shell nanoparticles and for the alloy. This is because if 1 equivalent is used 

nanoparticles are not stable in water. It is believed that excess cations are needed to co-

ordinate with negatively-charged citrate ligand. 
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X-ray photo-electron spectroscopy with variable energy 

 X-ray photo-electron spectroscopy with variable energy was carried out at the 

Canadian Light Source using the Spherical Grating Monochromator (beamline SGM 

11ID-1).189 Nanoparticles were dispersed in water, dropcast on the highly ordered 

pyrolytic graphite, allowed to dry, and then mounted into the ultrahigh vacuum sample 

chamber for data acquisition. Typically, around 10 spectra were acquired from the 3d 

level of both lanthanides of each sample (nanoparticles) by varying the source energy at a 

step of 20 eV (see supporting information for the original spectra). The excitation photon 

energy ranges for the spectra were chosen so as to give approximately the same kinetic 

energies for the photo-electron of the 3d core levels of the different lanthanides. Data 

processing followed established methods as follows.181 A polynomial background fit was 

applied to each spectrum to subtract the background, followed by corrections of 

photoionization cross sections190 and the photon energy dependence of the photon flux 

(measured using a 90 % transmissive gold mesh). Subsequently, the intensity of each 

spectrum was integrated, and the ratios of the integrated intensities of La and Gd (or Nd) 

are plotted against kinetic energy to examine the structure of the nanoparticles (see 

supporting information for a sample of data processing). Three different polynomial 

background fits were done for each raw spectrum, from which average intensities and 

standard deviations were calculated to give errors of measurements (see supporting 

information for a sample). The errors of intensity ratios were calculated using the 

following equation:191 
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Where RLn(1)/Ln(2) and ΔRLn(1)/Ln(2) are the intensity ratio and its error, and ILn(1) (and ILn(2)) 

and ΔILn(1) (and ΔILn(2)) are the intensity of photo-electron of 3d level of Ln3+ and its 

error, respectively.   

Inductively Coupled Plasma Mass Spectroscopy  

ICP-MS analysis was carried out using a Thermo X-Series II (X7) quadrupole ICP-

MS to determine elemental concentration in the nanoparticles. The water dispersion of 

NPs was digested in concentrated nitric acid at 135 °C in sealed Teflon vials for 3 days 

and diluted with ultrapure water before analysis. Calibration was done by analyzing serial 

dilutions of a mixed element synthetic standard containing known amount of elements. 

Each sample, standard and blank, was spiked with indium (to a concentration of about 7 

ppb) as the internal standard to correct for signal drift and matrix effects. Accuracy was 

confirmed by analysis of a standard reference material (SLRS-4). 

 Characterizations by XRD, TEM, and EDX have been described in chapter 3 and 

fluorescence measurements have been described in chapter 4.  
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Chapter 6. Non-statistical dopant distribution of Ln3+-doped 
NaGdF4 nanoparticles 

(This chapter is reproduced with permission from ref. 192 Copyright 2009 American 

Chemical Society.) 

 

6.1 Introduction  

 Lanthanide-based nanoparticles have many optical applications such as bio-labels, 

lasers, optical amplifiers, and optical-display phosphors.15,62,91,98,133,134,193-197 These 

applications are generally accomplished by doping emissive Ln3+ ions into an optically-

inactive matrix, such as fluoride,9 phosphate,16 oxide,172 or vanadate40, so that maximum 

optical efficiency can be achieved.31 Recently, Gd3+-based nanoparticles have been 

reported as magnetic resonance imaging (MRI) contrast agents because one nanoparticle 

easily contains thousands of Gd3+ ions, which gives rise to very high proton relaxivities 

as compared to Gd3+-complexes.13,85,90,118,122,126,193 In these nanoparticles, emissive Ln3+ 

ions were also doped as an optical probe, for instance, for multimodal imaging.85,122,126,193  

Very little attention is being paid to the dopant ion distribution, probably because the 

trivalent lanthanide ions have similar chemical properties and these dopant ions in 

lanthanide-based nanoparticles are generally assumed to be statistically distributed in the 

nanoparticle. However, evidence that confirms this is generally not provided. The results 

in chapter 4 have shown that due to cation exchange, some nanoparticles prepared in 

aqueous media, using a procedure intended for an alloy structure do not have a true alloy 

structure, i.e. the dopant ions are not statistically distributed in the nanoparticle.170 This 

raises the obvious question whether this is also the case for the nanoparticles prepared in 

organic media.  An even distribution of dopant(s) minimizes concentration quenching 



 

 

100 
and thus enhances the optical properties.19 It also maximizes the fluorescence of emitters 

that are surrounded by sensitizers, such as Ce3+-sensitized Tb3+ 174 and Yb3+-sensitized 

Er3+.30 For MRI application, Gd3+ ions need to be on the surface of nanoparticles because 

physical contact between water and the Gd3+ ions is necessary for the shortening of the 

proton relaxation time.198 If the dopant ions are mostly on the surface, the relaxivity could 

significantly be reduced due to the lack of the required physical contact for Gd3+-based 

contract agents.  Therefore, it is very important to investigate the distribution of the Ln3+ 

ions in these nanoparticles. 

Solid state NMR studies done by our group suggested an even distribution of 5 % 

Eu3+ in LaF3 nanoparticles.145 However, some care has to be taken with a more general 

inference with respect to all Ln3+ ions. This may not be true for all Ln3+ ions, different 

doping concentrations, and other types of nanoparticles. A technique that can provide 

clear evidence about the structure of nanoparticles is excitation energy-dependent X-ray 

photo-electron spectroscopy (XPS). Its principles have been described in chapter 5. 

Basically, based on the well-known dependence of the photo-electron inelastic mean free 

path on the electron kinetic energy,183 the probing depth can be varied. If the dopant ions 

are evenly distributed in the nanoparticle matrix, the ratio of the dopant Ln3+ ion photo-

electron intensity to the matrix Ln3+ ion photo-electron intensity should remain the same 

regardless of the kinetic energy. This technique has been used to investigate the core-

shell structure of semiconductor nanoparticles.181,186,187 It has also been used to provide 

evidence for the core-shell structure of lanthanide phosphate nanoparticles.21 In chapter 5, 

this technique has been used to examine the structure of LnF3 nanoparticles that were 

prepared in aqueous media.170 Other group members also used it to confirm the core-shell 
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structure of NaYF4-NaGdF4 nanoparticles with a size of ca. 20 nm that were synthesized 

in organic media.22,23  

Recently, NaLnF4 (Ln = Y, Gd) nanoparticles have been attracting more and more 

attention because the synthesis carried out at a high temperature (around 300 ºC) 

produces relatively monodisperse nanoparticles with a high crystallinity of the hexagonal 

phase, which gives better optical properties as compared with those prepared at a low 

temperature.30,97,199 The monodispersity is very important to MRI because the size and 

the size distribution of nanoparticles are also very important factors to the 

relaxivity.85,90,118,126 There are two methods that are most commonly used for the 

synthesis.8 They are co-thermolysis and co-precipitation. Thus, in this chapter, syntheses 

are carried out for NaGdF4 nanoparticles co-doped with Y3+ and Tb3+ using the co-

thermolysis method, and for NaGdF4 nanoparticles doped with Nd3+ and Tb3+ using the 

co-precipitation method, respectively, so that different synthesis procedures can be 

compared. Y3+, Nd3+, and Tb3+ are chosen because their ionic radii vary from the smaller 

Y3+ (1.015 Å), to the similar Tb3+ (1.04 Å), to the larger Nd3+ (1.12 Å) in relation to Gd3+ 

(1.06 Å),18 and the effect of the different ionic radii can be explored. Another reason why 

Y3+ and Nd3+ are chosen is that the XPS features of the Y3+ 3d and the Nd3+ 4d core 

levels are relatively simple and separated from those of Gd3+ core levels as compared to 

other Ln3+ ions.200 The intensity of XPS spectra of the Ln3+ 4d core levels and Y3+ 3d 

core level is much higher as compared to the Ln3+ 3d core level. For NaGdF4:Tb 

nanoparticles, the XPS peaks from the 4d core level of Gd3+ and Tb3+ overlap due to the 

close 4d electron binding energies of Gd (142.6 eV) and Tb (150.5 eV) and many fine 

features of them.200 Hence, the Gd3+ and Tb3+ 3d core levels are used to obtain simple and 
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well-separated XPS peaks. The compromise of the intensity is offset by multiple scans. In 

NaGdF4:Y,Tb nanoparticles, 5 % Tb3+ as dopant ion is chosen as an optical probe 

because its excitation and emission wavelengths are roughly the same as green 

fluorescent protein and it is thus convenient to measure with fluorescence equipments 

used for many biological studies. These oleate-stabilized nanoparticles can easily be 

transferred to aqueous media for MRI application by ligand exchange,77-79 intercalation,85 

silica coating,95 or chemical oxidation of oleate.78,87 The study of the dopant ion 

distribution using excitation energy-dependent X-ray photo-electron spectroscopy show 

that nanoparticles synthesized using either co-thermolysis or co-precipitation method 

consistently exhibit a gradient structure with respect to the dopant distribution, 

irrespective of the different ionic radii of the dopant ion used.   

6.2 Results and discussion 

NaGdF4 nanoparticles co-doped with 20 % Y3+ and 5 % Tb3+ (denoted as 

NaGdF4:Y,Tb), with 20 % Nd3+ (denoted as NaGdF4:Nd) and with 20 % Tb3+ (denoted as 

NaGdF4:Tb) were all synthesized in organic media. Specifically, NaGdF4:Y,Tb 

nanoparticles were synthesized using a co-thermolysis method. This method involves the 

preparation of precursors of both sodium trifluoroacetate and lanthanide trifluoroacetate 

followed by the injection of the precursor solution into a hot 1-octadacene/oleic acid 

mixture (at 300 ºC). During the injection, all the lanthanide ions were thus equally 

exposed to the hot organic medium. The precursors then decomposed to form 

nanoparticles. NaGdF4:Nd and NaGdF4:Tb nanoparticles were synthesized using a co-

preciptation method. This method involves a reaction of Ln(oleate)3 with  sodium salt 

(NaOH) and fluoride salt (NH4F) as the temperature was raised to 280 ºC in a 1-
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octadacene/oleic acid mixture. As shown by transmission electron microscopy (TEM) 

images in Figure 6.1, NaGdF4:Y,Tb nanoparticles are monodisperse with a size of ca. 8.9 

± 0.1 nm in diameter. NaGdF4:Nd and NaGdF4:Tb nanoparticles are also monodisperse 

with a size of 5.4 ± 0.3 and 5.8 ± 0.4  nm, respectively. The hexagonal packing of both 

NaGdF4:Y,Tb and NaGdF4:Nd nanoparticles confirms their near monodispersity. 

 

100 nm

a

 
20 nm

b

 

20 nm
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Figure 6.1. TEM images of (a) NaGdF4:Y,Tb nanoparticles, (b) NaGdF4:Nd nanoparticles and (c) 

NaGdF4:Tb nanoparticles. 
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X-ray diffraction (XRD) patterns confirm that NaGdF4:Y,Tb nanoparticles have both 

hexagonal NaGdF4 and cubic Na5Gd9F32 crystal phase (Figure 6.2a). Depending on the 

reaction conditions, such as temperature, duration of the reaction, or the relative 

concentrations of the starting materials, either cubic or hexagonal phase or both phases 

can be made.50 For optical applications, the hexagonal phase is more favorable. However, 

for MRI, the phase is probably not that critical because the amount of Gd3+ ions on the 

surface of the nanoparticles will not differ drastically to a first approximation. For 

convenience, the hexagonal NaGdF4 phase is used to identify this sample for this chapter. 

The XRD peaks of NaGdF4:Y,Tb nanoparticles shift to the higher angle as compared 

with NaGdF4 (for instance, the peak at 66 °) because the ionic radius of Y3+ is smaller 

than that of Gd3+. The broadness of XRD peaks was used to calculate the size of the 

nanoparticles based on the Scherrer equation, and a size of 6.7 nm was obtained. This is 

in good agreement with the size obtained from the TEM image. In Figure 6.2b, XRD 

patterns show that NaGdF4:Nd nanoparticles have a hexagonal phase. A shift of peaks to 

the lower angles as compared with NaGdF4 (for instance, the peak at 65 °) is observed. 

This is because the ionic radius of Nd3+ is larger than that of Gd3+. Based on the Scherrer 

equation, the size of NaGdF4:Nd nanoparticles was determined to be 5.1 nm, which is 

again consistent with that from the TEM image. NaGdF4:Tb nanoparticles also have a 

hexagonal phase (Figure 6.2c). The peaks are at roughly the same position as un-doped 

NaGdF4, as expected due to the similar ionic radius of Tb3+ to that of Gd3+. The 

broadness of the peaks gives a size of 5.5 nm, which is also consistent with that from the 

TEM image. 
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Figure 6.2. XRD patterns of (a) NaGdF4:Y,Tb, (b) NaGdF4:Nd and (c) NaGdF4:Tb nanoparticles 

[vertical bars at the bottom are positions of all the Bragg reflections of hexagonal NaGdF4 

(JCPDS 00-027-0698) (red) and cubic Na5Gd9F32 (JCPDS 00-027-0699) (green) crystal phases]. 

 

Energy dispersive X-ray spectroscopy (EDX) data show that in NaGdF4:Y,Tb 

nanoparticles, Gd/Y ratio is 4.7 ± 0.3 and Gd/Tb ratio is 7.47 ± 0.05 (Table 6.1). It gives 

a composition of NaGd (74.3%)F4:Y(15.8%),Tb(9.9%), which is in fairly good 

agreement with the intended composition of NaGd(75%)F4:Y(20%),Tb(5%). Similarly, 

EDX data show that Gd/Nd ratio is 3.40 ± 0.01 (77.3%/22.7%) for NaGdF4:Nd 

nanoparticles, and Gd/Tb ratio is 2.38 ± 0.04 (70.4%/29.6%) for NaGdF4:Tb 

nanoparticles, which is also in fairly good agreement with the intended composition 

(80%/20%). 

The emissive Tb3+ dopant ion was used to demonstrate the optical properties of 

nanoparticles. As shown in Figure 6.3, the typical Tb3+ emission peaks are from the 
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transitions of 5D4 to 7FJ.201 The effective lifetime of Tb3+ in NaGdF4 nanoparticles is 3.52 

ms, which is also typical for Tb3+ in this type of nanoparticles.201 

 

Table 6.1. EDX data of NaGdF4:Y,Tb, NaGdF4:Nd and NaGdF4:Tb nanoparticles.a 

 Gd/dopant elemental ratio 

NaGdF4:Y,Tb 
Gd/Y Gd/Tb 

4.7 ± 0.3 7.47 ± 0.05 

NaGdF4:Nd 3.40 ± 0.01 

NaGdF4:Tb 2.38 ± 0.04 

a Standard deviations were calculated based on three measurements. 
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Figure 6.3. Emission spectrum of Tb3+ in NaGdF4:Y,Tb nanoparticles in hexane (λex = 488 nm)  

and decay curve in inset (λex = 488 nm, λem = 545 nm). 

 

As discussed above, variable photon energy XPS was applied to NaGdF4:Y,Tb 

nanoparticles so that different sampling depth with nm resolution could be achieved. The 
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photo-electron spectra of the Y3+ 3d core level and the Gd3+ 4d core level were collected. 

A typical raw original spectrum is shown in Figure 6.4, in which the spin-orbital splitting 

of the Y3+ 3d and the Gd3+ 4d core levels can be seen. The binding energies of the 3d5/2 

core level of Y metal is shifted from 156 eV to 161 eV for the Y3+ 3d5/2 core level.202 The 

binding energy of the 4d5/2 of Gd metal is also shifted from 140 eV to 145 eV for the 

Gd3+ 4d5/2 core level.202 This is due to the trivalent oxidation state of Y3+ and Gd3+, which 

increases the binding energy of the (core) electrons.  A small Tb3+ 4d peak buried 

partially under Gd3+ 4d core level can also be seen between the Y3+ 3d and the Gd3+ 4d 

core peaks. The low intensity of the photo-electron of Tb3+ 4d core level is consistent 

with the relatively low doping concentration. 
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Figure 6.4. Typical X-ray photo-electron spectroscopy spectrum of the Y3+ 3d, the Gd3+ 4d and 

Tb3+ 4d core levels of NaGdF4:Y,Tb nanoparticles (measured with an X-ray photon energy of 620 

eV). 

 

The spectra for three different photon energies are shown in Figure 6.5. It can be seen 

that the intensity of the photo-electrons of the Y3+ 3d and the Gd3+ 4d core levels 
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increases with the increasing X-ray photon energy. The increase in the photon energy 

leads to an increase in the kinetic energy. With a high kinetic energy, the photo-electron 

has an increased probability of escaping from the nanoparticles. Thus, the intensity of the 

photo-electron of the Y3+ 3d and the Gd3+ 4d core levels increases. The intensities of all 

the spectra after data treatment were integrated and plotted against the kinetic energy for 

both the Y3+ 3d and the Gd3+ 4d core levels (Figure 6.6a and b). The increasing trends of 

the intensity are in agreement with the well-known dependence of photo-electron escape 

depth on the kinetic energy.183 
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Figure 6.5. X-ray photo-electron spectroscopy spectra of NaGdF4:Y,Tb nanoparticles at different 

photon energies.  
 

To determine the distribution of the dopant ion in NaGdF4:Y,Tb nanoparticle, the 

intensity ratio of the Y3+ 3d to the Gd3+ 4d core levels was calculated and plotted as a 

function of the kinetic energy (Figure 6.6c). It can be seen that the intensity ratio of Gd3+ 

4d/Y3+ 3d remains almost, but not quite, the same regardless of the kinetic energy. A least 
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square fit was taken, which gives a slightly positive slope. The positive slope shows a 

gradient structure with Gd3+ ions at slightly higher concentration towards the center and 

Y3+ ions slightly more concentrated towards the surface of the nanoparticles. This is 

exactly the opposite of what one wants for MRI applications. The previous work in 

chapter 5 shows that at high kinetic energies, the intensity ratio reaches the elemental 

ratio for 5 nm nanoparticles.170 For these 8.9 nm NaGdF4:Y,Tb nanoparticles, the 

intensity ratio does not reach elemental ratio in the measured kinetic energy range . This 

is expected because the size of 8.9 nm is significantly larger than those 5 nm 

nanoparticles and it is at the edge of the detection limit of XPS technique. 

This synchrotron radiation XPS technique was also used to investigate the structure of 

NaGdF4:Nd nanoparticles that had been synthesized using a different synthetic 

procedure, but also in organic media. As shown in Figure 6.7, the intensities of the photo-

electron of the Gd3+ 4d and Nd3+ 4d core levels increase expectedly as the kinetic energy 

increases. The IGd/INd intensity ratio also increases relatively sharply with the increasing 

kinetic energy until it reaches a plateau. This is strong evidence that NaGdF4:Nd 

nanoparticles do not have the statistical distribution of Nd3+ dopant ions. Instead, they 

have a steep concentration gradient with the Gd3+ ions more concentrated towards the 

center and Nd3+ ions more concentrated towards the surface of the nanoparticle with a 

profile as shown in the fitted curve. This is again not what one wants for MRI 

applications. Another aspect worth mentioning is that for these 5.4 nm NaGdF4:Nd 

nanoparticles, the Gd/Nd elemental ratio from EDX is in very good agreement with the 

Gd/Nd intensity ratios at high kinetic energies where the ratios reach a plateau, which is 

consistent with the previous work in chapter 5.170 
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Figure 6.6. The integrated photo-electron intensity and intensity ratio derived from X-ray photo-

electron spectroscopy spectra of (a) the Gd3+ 4d core level, (b) the Y3+ 3d core level, and (c) the 

intensity ratio of the Gd3+ 4d to the Y3+ 3d core levels in NaGdF4:Y,Tb nanoparticles as a 

function of the photo-electron kinetic energy. (Points around 265 eV are not included because 

XPS spectra around 265 eV overlap with the carbon Auger peak) 

 

NaGdF4:Tb nanoparticles were also examined using synchrotron radiation XPS. For 

this system, XPS spectra of the 3d core level were collected. However, the photo-

ionization cross section, one of the parameters that are used for data processing, is only 

available up to 1500 eV, which is only ca. 200 eV higher than the 3d3/2 electron binding 

energy of Tb (1276.9 eV). This leaves a relatively narrow range of kinetic energies. 
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Nevertheless, 3 points at these low kinetic energies were obtained. As shown in Figure 

6.8, the intensities of the photo-electron of the Gd3+ 3d and Tb3+ 3d core levels increase 

expectedly as the kinetic energy increases. The IGd/ITb intensity ratio decreases relatively 

sharply with the increasing kinetic energy. This again suggests that NaGdF4:Tb 

nanoparticles do not have the statistical dopant distribution despite the fact that the ionic 

radius of Tb3+ is very close to that of Gd3+. Instead, as suggested by the linear fit, used as 

a guide, they have a steep gradient structure with Tb3+ ions more concentrated towards 

the center and Gd3+ ions more concentrated towards the surface of nanoparticles. Please 

note that the decreasing trend of this 3-point plot make sense for these 5.8 nm NaGdF4:Tb 

nanoparticles because the fact that the intensity ratio is approaching, upon linear 

extrapolation, the Gd/Tb elemental ratio of 2.38 with increasing kinetic energy  is 

consistent the above results and the previous work in chapter 5.170  
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Figure 6.7. The integrated photo-electron intensity and intensity ratio derived from X-ray photo-

electron spectroscopy spectra of (a) the Gd3+ 4d core level, (b) the Nd3+ 4d core level, and (c) the 

intensity ratio of the Gd3+ 4d to the Nd3+ 4d core levels in NaGdF4:Nd nanoparticles as a function 

of the photo-electron kinetic energy. (Points around 650 eV are not included because XPS spectra 

around 650 eV overlap with the fluoride Auger peak) 
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Figure 6.8. The integrated photo-electron intensity and intensity ratio derived from X-ray photo-

electron spectroscopy spectra of (a) the Gd3+ 3d core level, (b) the Tb3+ 3d core level, and (c) the 

intensity ratio of the Gd3+ 3d to the Tb3+ 3d core levels in NaGdF4:Tb nanoparticles as a function 

of the photo-electron kinetic energy.  
 

The above results show that nanoparticles synthesized in organic media do not have 

the intended statistical distribution of dopant ions no matter what synthesis procedure was 

used and no matter what ionic radius of the dopant Ln3+ ion was. Instead, NaGdF4:Y,Tb 

and NaGdF4:Nd nanoparticles have gradient structure with Gd3+ ions more concentrated 

towards the center and Y3+ or Nd3+ ions more concentrated towards the surface despite 

that Nd3+ has a larger ionic radius and Y3+ has a smaller ionic radius than Gd3+. With a 
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similar ionic radius of Gd3+ and Tb3+, NaGdF4:Tb nanoparticles still have a steep gradient 

structure with Tb3+ ions more concentrated towards the center and Gd3+ ions more 

concentrated towards the surface. The previous work on cation exchange in aqueous 

media shows that early lanthanide ions replace the late lanthanide ions in lanthanide 

fluoride nanoparticles with a relatively high extent of exchange as compared with the 

reverse (see chapter 4), i.e. early lanthanides should be more concentrated towards the 

center and late lanthanides more concentrated towards the surface. Lanthanide fluoride 

nanoparticles with Ln3+ ions having similar ionic radius should produce a statistical 

mixture.170 This is contradictory to the results shown above for nanoparticles synthesized 

in organic media. This suggests that the gradient structure in these nanoparticles is 

unlikely due to cation exchange during their formation. Moreover, a core-shell structure 

with a non-uniform shell distribution has been confirmed for NaYF4-NaGdF4 core-shell 

nanoparticles synthesized in organic media.22,23 These NaYF4-NaGdF4 core-shell 

nanoparticles were synthesized using a two-step procedure, i.e. the core NaYF4 

nanoparticles were prepared and washed first, and then in a separate synthesis, the core 

nanoparticles were mixed with the respective components of the shell. If cation exchange 

had happened, the core nanoparticles would have been changed and these core-shell 

nanoparticles would not have been made. This confirms that the gradient structure is not 

due to cation exchange. 

The reason why NaGdF4:Y,Tb and NaGdF4:Nd nanoparticles have a gradient 

structure is probably due to the difference in the reactivity of the precursors (i.e. different 

nucleation and growth). Yan et al. have shown that the syntheses of NaLnF4 

nanoparticles are very different with Ln varying from La to Lu in terms of reaction 
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conditions and morphology and crystal phase of the respective nanoparticles.55 Although 

the same reaction conditions, such as relative concentration of reactants, ratio of 

coordination solvents, reaction temperature, and reaction time have been used, the 

prepared NaLnF4 nanoparticles have very different crystal phases and morphology. Yan 

et al. had to tune carefully the reaction conditions to make monodisperse nanoparticles or 

nanorods. This is apparently due to the difference in the nucleation and growth. When it 

comes to the nanoparticles with dopant ions, the different nucleation and growth will 

cause some lanthanides to nucleate and grow faster than other lanthanides, resulting in a 

gradient structure in nanoparticles. As a matter of fact, this difference in nucleation and 

growth has been used judiciously to make InP-ZnS core-shell quantum dots in one-pot 

synthesis by allowing the core InP nanoparticles to form first, followed by the growth of 

the shell ZnS on the core InP nanoparticles.203 The InP-ZnS core-shell quantum dots 

prepared this way have shown a higher quantum yield than those made using a two-step 

procedure. This suggests that in general, nanoparticles with dopant ions may not have 

statistically distributed dopant(s). Depending on how different the nucleation and growth 

are for different NaLnF4, they may have a subtle or steep gradient structure. For instance, 

NaGdF4:Y,Tb nanoparticles have a subtle gradient structure whereas NaGdF4:Nd and 

NaGdF4:Tb nanoparticles have a relatively steep gradient structure. Nevertheless, this 

gradient structure suggests that synthesis procedures can be optimized to achieve better 

optical properties for nanoparticles with the sensitized emitters, such as  Ce3+-sensitized 

Tb3+ 174 and Yb3+-sensitized Er3+,30 by making sure that emitters are evenly surrounded 

by the sensitizers. For MRI applications, an optimized or even an alternative synthesis 
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procedure, such as a core-shell procedure, is needed to assure that Gd3+ ions occupy the 

surface of nanoparticles for MRI applications. 

6.3 Conclusions 

Oleate-stabilized NaGdF4 nanoparticles doped with different dopant ions were 

synthesized in organic media. Synchrotron radiation XPS was used to probe the 

distribution of dopant ions.  It has been confirmed that these nanoparticles do not contain 

a statistical mixture of Ln3+ ions. Instead, they have a gradient structure with one type of 

Ln3+ ion more concentrated towards the center and the other more concentrated towards 

the surface of nanoparticles no matter what synthesis procedure was used and no matter 

what ionic radius of the dopant Ln3+ ion is.  This gradient structure is very likely due to 

the difference in the nucleation and growth of the different NaLnF4 nanoparticles. 

6.4 Experimental section 

The lanthanide oxide and acetate salts were purchased from Aldrich in the highest 

purity available (at least 99.9 %). All the chemicals were used as received without further 

purification. Nanoparticles were prepared by a procedure modified from literature.78 

Synthesis of oleate-stabilized NaGdF4:Y(20%):Tb(5%) nanoparticles  

In a 50 mL flask, a total of 0.75 mmol of Ln2O3 [0.56 mmol Gd2O3, 0.15 mmol Y2O3, 

and 0.04 mmol Tb2O3] were added, followed by the addition of 5 mL of water and 2.5 

mL of trifluoroacetic acid. This mixture was stirred at 90 ºC for 8 hours, followed by the 

evaporation of the liquid at 70 ºC. 

To the above precursor of lanthanide trifluoroacetates was added 2.0 mmol sodium 

trifluoroacetate, followed by the addition of 4 mL of octadecene and 4 mL of oleic acid. 

This mixture was stirred under vacuum at 110 ºC for 1 hour to make a clear solution of 
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the precursor. In a separate 50 mL flask, 8 mL of octadecene and 8 mL of oleic acid were 

added and heated at 110 ºC under vacuum to remove the moisture for half an hour. The 

resulting mixture was then heated to 300 ºC under the flow of argon, followed by the 

injection of the precursor at a speed of 1 mL/min using a syringe pump. The reaction 

mixture was stirred at 300 ºC for half an hour, and cooled down to room temperature. 

Nanoparticles were precipitated using ethanol and isolated using Spinchron 15 centrifuge 

from Beckman Coulter at 5000 rpm with a F0850 rotor (a g-force of 2700×g) for 5 min. 

The supernatant was poured off. The nanoparticles in the bottom of centrifuge tube were 

re-dispersed in hexane, precipitated using ethanol, and isolated using centrifuge. This 

washing process was repeated twice. After the purification, nanoparticles were stored as 

dispersion in non-polar solvents, such as hexane, cyclohexane, chloroform, and toluene.  

Synthesis of oleate-stabilized NaGdF4:Nd(20%) and NaGdF4:Tb(20%) nanoparticles  

In a 100 mL flask, a total of 2 mmol of Ln(OAc)3 [1.6 mmol Gd(OAc)3 and 0.4 mmol 

Nd(OAc)3 for NaGdF4:Nd(20%) nanoparticles, and 1.6 mmol Gd(OAc)3 and 0.4 mmol 

Tb(OAc)3 for NaGdF4:Tb(20%) nanoparticles] were added, followed by the addition of 

12 mL of oleic acid and 34 mL of octadecene. This mixture was stirred at 120 ºC to make 

a clear solution under vacuum. Once it was clear, the solution was kept stirring for 

another 90 min. It was then cooled down to room temperature, followed by the addition 

of the solution of 5 mmol of NaOH and 8 mmol of NH4F in 20 mL of methanol. After 

stirring overnight, methanol was evaporated under heating in argon. This was then heated 

to 280 °C. The reaction mixture was stirred for 110 min and cooled down to room 

temperature. Nanoparticles were precipitated using ethanol and isolated using the same 

centrifuge as above at 5000 rpm for 5 min. The supernatant was poured off. The 
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nanoparticles in the bottom of centrifuge tube were re-dispersed in chloroform, 

precipitated using ethanol, and isolated using centrifuge at 5000 rpm for 5 min. This 

washing process was repeated twice. After the purification, nanoparticles were stored as 

dispersion in non-polar solvents, such as chloroform, hexane, cyclohexane, and toluene.  

X-ray photo-electron spectroscopy with variable excitation energy 

This is similar to the reported procedure in chapter 5. XPS with variable energy was 

carried out at the Canadian Light Source using the Spherical Grating Monochromator 

(beamline SGM 11ID-1).189 Nanoparticles were dispersed in hexane, dropcast onto highly 

ordered pyrolytic graphite, allowed to dry, and then loaded into the ultrahigh vacuum 

((5e-10 Torr) sample chamber for data acquisition. Typically, spectra were acquired from 

the Y3+ 3d core level, the Nd3+ 4d core level, the Tb3+ 3d core level and the Gd3+ 4d and 

3d core levels by varying the source energy with a step size of 30 eV (see supporting 

information for the original spectra). Data processing followed established methods.181 A 

polynomial background fit was applied to each spectrum to subtract the background, 

followed by corrections for the photo-ionization cross sections190 and the photon energy 

dependence of the photon flux (measured using a 85 % transmissive gold mesh) (for 

NaGdF4:Nd nanoparticles, Si 2s peak was subtracted after background subtraction and 

before any corrections). The intensity of each spectrum was integrated, and the ratios of 

the intensities of Y3+ and Gd3+ were plotted against the photo-electron kinetic energy so 

the structure of the nanoparticles can be examined (see supporting information for a 

sample of the data processing). For NaGdF4:Y,Tb nanoparticles, the small peak of the 

Tb3+ 4d core level was partially buried under the peak of the Gd3+ 4d. Because their 

photo-ionization cross-sections are very close, a weighed average of the photo-ionization 
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cross-sections of the Gd3+ 4d and the Tb3+ 4d was used for the correction of the photo-

ionization cross-section of this 4d peak.190 The whole peak was then integrated to obtain 

the photo-electron intensity. Three different polynomial background fits were done for 

each raw spectrum, from which the average intensities and standard deviations were 

calculated. The errors of intensity ratios were calculated using the following equation:191 
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Where RLn(1)/Ln(2) and ΔRLn(1)/Ln(2) are the intensity ratio and its error, and ILn(1) (and ILn(2)) 

and ΔILn(1) (and ΔILn(2)) are the intensity of the core level photo-electron and its error, 

respectively.   

Fluorescence studies 

This is similar to the reported procedure in chapter 4. Fluorescence analyses were 

done using an Edinburgh Instruments FLS 920 fluorescence system, which was equipped 

with a CW 450W xenon arc lamp via an M300 single grating monochromator as 

excitation source for emission spectra and a 10 Hz Q-Switched Quantel Brilliant, pumped 

by a Nd:YAG laser, attached with an optical parametric oscillator with an optical range 

of 410 to 2400 nm as excitation source for lifetime measurements. A red-sensitive 

Peltier-cooled Hamamatsu R955 photomultiplier tube with a photon counting interface 

was used as a detector of Tb3+ emission. Lifetimes were measured by excitation at 488 

nm and emission at 545 nm. All luminescence measurements were done with an organic 

dispersion of nanoparticles in hexane. The spectra were corrected for instrument 
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sensitivity and effective lifetimes were calculated using signal intensity greater than 1 % 

of the maximum intensity with Origin 7.0 program based on the following equation:169 
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Characterizations by XRD, TEM and EDX have been described in chapter 3.  
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Chapter 7. Cation exchange: a facile method to make 
NaYF4:Yb,Tm-NaGdF4 core-shell nanoparticles with a tunable 

shell thickness 

7.1 Introduction  

 NaYF4:Yb,Tm-NaGdF4 core-shell nanoparticles that contain up-conversion 

NaYF4:Yb,Tm core and paramagnetic NaGdF4 shell are bi-functional nanoparticles, 

which enable bi-modal imaging, i.e. optical bio-imaging and magnetic resonance imaging 

(MRI).204 This bi-modal imaging is promising because it allows for diagnosis using non-

invasive MRI and subsequent optical guidance for surgery.204 Up-conversion 

nanoparticles that convert two or more lower energy near-infrared photons into one 

higher energy visible or near-infrared photon are suitable for optical imaging due to their 

low auto-fluorescence, good photo-stability and potential deep-tissue imaging.205 Gd3+-

based positive contrast agents for MRI are advantageous over negative contrast agents, 

such as iron oxide nanoparticles, due to their enhanced brightening effect that makes it 

easier to differentiate the signal from other biological conditions.206 The bi-functionality 

of the nanoparticles can be achieved by doping magnetic Gd3+ ions in the NaYF4 host 

matrix. However, maximum occupation of the surface of nanoparticles by Gd3+ ions is 

needed for MRI applications because the physical contact between Gd3+ ions and water 

molecules is the dominant factor for MRI.99 By doping Gd3+ ions in the up-conversion 

nanoparticles, only a portion of the surface of nanoparticles is occupied by Gd3+ ions, and 

the Gd3+ ions available for water access are thus limited. Consequently, the paramagnetic 

properties of the nanoparticles are suboptimal.36,85,125-128 In contrast, core-shell 

nanoparticles with up-conversion NaYF4:Yb,Tm (or NaYF4:Yb,Er) nanoparticles in the 
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core and magnetic NaGdF4 in the shell provides increased magnetic properties through 

complete occupation of the surface by Gd3+ ions. Moreover, optical properties are also 

enhanced by the NaGdF4 shell through the reduction of the quenching by the surface 

organic groups, such as –OH and -CH. NaYF4-NaGdF4 core-shell nanoparticles can be 

prepared by a direct core-shell synthesis procedure, i.e. making core nanoparticles first 

and then growing a shell on the core nanoparticles.129,130,207 However, the core-shell 

structure is generally concluded based on the size increase from transmission electron 

microscopy (TEM) and the enhanced optical properties, which is inaccurate.170 As a 

matter of fact, a recent work has shown that these directly-synthesized core-shell 

nanoparticles do not have a uniform shell and in a portion of nanoparticles, the core is 

only partially covered by the shell.22,23 Moreover, only one shell thickness is normally 

reported for the core-shell nanoparticles prepared using the direct synthesis method, 

which gives one measured relaxivity. Multiple thicknesses and the corresponding 

relaxivities are needed to investigate the effect of the shell thickness on both per-ion and 

per-nanoparticle relaxivity so that optimal conditions can be obtained for this type of 

core-shell nanoparticles. There is a very recent work that reported different shell 

thicknesses made by the direct synthesis method.207 However, again only unconvincing 

evidence, such as the size increase and the increased optical properties, was provided for 

the core-shell structure, which is very likely anisotropy based on the recent work.22,23 

Hence, in order to maximize the surface occupation of Gd3+ ions and optimize the 

nanoparticle conditions for relaxivity, a different synthesis method is needed to prepare 

the bi-functional core-shell nanoparticles with a tunable shell thickness, and certainly 

convincing evidence of the core-shell structure is also needed. 
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Cation exchange in nanomaterials was first reported on CdS semiconductor 

nanoparticles exchanging with Hg+ to make CdS-HgS-CdS core-shell-shell nanoparticles 

with a layered structure at room temperature.67 It has then been highlighted with CdSe 

semiconductor nanoparticles exchanging completely and reversibly with Ag+ at room 

temperature.68 In chapter 4, it has been reported cation exchange in LnF3 nanoparticles 

that were synthesized in aqueous media, i.e. upon exposure to an aqueous medium 

containing Ln3+ ions, the Ln3+ ions in LnF3 nanoparticles are replaced by the Ln3+ ions in 

the solution.153 The cation exchange process has been tried to incorporate some Gd3+ ions 

in NaYF4:Yb,Er nanoparticles using a rather complicated 4-step procedure: synthesis of 

oleyl amine-stabilized nanoparticles, removal of the surface oleyl amine, mixing of non-

coordinated nanoparticles with Gd3+, and mixing with new organic ligands for 

dispersibility recovery.36 However, a core-shell structure has not been shown.  In this 

chapter, cation exchange of water-dispersible NaYF4:Yb,Tm nanoparticles with Gd3+ salt 

(GdCl3) in water is presented. Water-dispersibility was obtained by a ligand exchange 

reaction of the as-prepared oleate-stabilized NaYF4:Yb,Tm nanoparticles with 

polyvinylpyrrolidone (PVP) using a procedure modified from an recent work.77 Ligand 

exchange method was chosen other than silica coating95 and intercalation208 for the 

convenience of the following cation exchange reactions and the water access to the 

surface of the nanoparticles for MRI applications. PVP was chosen because of its good 

biocompatibility, ease of incorporating a functional end group, and solubility in various 

solvents, such as water, DMF, ethanol, etc. Electron energy loss spectroscopy (EELS) 2D 

mapping was used to prove that the cation-exchanged nanoparticles have a core-shell 

structure. The shell thickness of the NaYF4-NaGdF4 core-shell nanoparticles can be tuned 
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by varying the conditions of the cation exchange process. NaYF4-NaGdF4 core-shell 

nanoparticles prepared by the cation exchange process provide enhanced optical 

properties, and their relaxivities per Gd3+ ion  are among the highest as compared to those 

prepared using a two-step direct core-shell synthesis method. Relaxivity measurements 

were performed at 9.4 T, a relatively high field, because a higher magnetic field strength 

provides better sensitivity and spatial resolution due to the high magnetization of the 

water protons as compared to the low field. A high magnetic field (≥ 7 T) is commonly 

used in experimental animal study although 1.5 T and, increasingly 3T, is still 

predominantly used in clinic.209 

7.2 Results and discussion 

Oleate-stabilized NaYF4:Yb,Tm nanoparticles were synthesized using the co-

precipitation method in organic media at 300 °C. As shown by the TEM image in Figure 

7.1a, NaYF4:Yb,Tm nanoparticles are near-monodisperse with a size of 19.8 ± 1.2 nm. 

X-ray diffraction (XRD) pattern shows that NaYF4:Yb,Tm nanoparticles have the 

hexagonal phase (Figure 7.1b), which is preferred to the cubic phase for optical 

applications.45 Using the Scherrer equation, the size of the nanoparticles was calculated to 

be 18.7 ± 0.7 nm, which is consistent with the size based on TEM. 

In order to make oleate-stabilized NaYF4:Yb,Tm nanoparticles water-dispersible, a 

ligand exchange process with polyvinylpyrrolidone (PVP) was carried out using a 

procedure modified from literature.77 After exchanging with PVP, as shown by the TEM 

image in Figure 7.2a, NaYF4:Yb,Tm nanoparticles look essentially the same as the as-

prepared oleate-stabilized nanoparticles in morphology, and XRD pattern in Figure 7.2b 

shows that the PVP-coated NaYF4:Yb,Tm nanoparticles have the same hexagonal phase 
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as the oleate-stabilized nanoparticles (the broad hump peaked at 32 ° is due to amorphous 

PVP). These results are expected because the inorganic grain of the nanoparticles should 

not be changed by the ligand exchange process. Due to the high solubility of PVP in 

water, the PVP-coated NaYF4:Yb,Tm nanoparticles can readily be dispersed in water, 

which is also consistent with other work.77  
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Figure 7.1.  (a) TEM image and (b) XRD pattern of the as-prepared NaYF4:Yb,Tm nanoparticles 

[vertical bars at the bottom are positions of all the Bragg reflections of hexagonal NaYF4 (JCPDS 

00-016-0334)]. 
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Figure 7.2. (a) TEM image and (b) XRD pattern of the PVP-coated NaYF4:Yb,Tm nanoparticles 

[vertical bars at the bottom are positions of all the Bragg reflections of hexagonal NaYF4 (JCPDS 

00-016-0334)].  
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Cation exchange was performed by simply mixing the water-dispersible PVP-coated 

NaYF4:Yb,Tm nanoparticles with Gd3+ ions in water. Gd3+ ions were used in excess, such 

as 40, 10, and 2 fold over the total Ln3+ ions in the precursor nanoparticles,. After cation 

exchange, excess Gd3+ ions were removed by dialysis. The extent of the cation exchange 

was determined by inductively coupled plasma mass spectroscopy (ICP-MS) and the 

results are given in Table 7.1. For instance, ICP MS data show that after NaYF4:Yb,Tm 

nanoparticles were mixed with 40 fold Gd3+ ions at 75 °C, the nanoparticles contain 29.7 

% Gd3+ ions. TEM images show that the cation-exchanged nanoparticles have essentially 

the same morphology as the PVP-coated NaYF4:Yb,Tm nanoparticles (Figure 7.3a & b), 

which is expected because the cation exchange process is not supposed to change the 

lattice formed by the anions. To confirm that all the detected Gd3+ ions are from the 

inorganic grain of nanoparticles and PVP does not hold any Gd3+ ions after dialysis, PVP 

was mixed with GdCl3 in water and stirred at 100 °C for 1 hr. The mixture was then 

cooled down, followed by dialysis for the same amount of time (30 hrs) as for the cation-

exchanged nanoparticles. After dialysis, no Gd3+ ion was found in PVP using ICP MS, 

which has a detection sensitivity of parts per trillion. This clearly shows that all the Gd3+ 

ions detected for the cation-exchanged nanoparticles are from the inorganic grain of 

nanoparticles, which confirms that Gd3+ ions in the solution did indeed replace Ln3+ ions 

in NaYF4:Yb,Tm nanoparticles.  
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Table 7.1. The Gd3+ concentration (%) in NaYF4:Yb,Tm nanoparticles cation-exchanged under 

different conditions  based on ICP MS data. (The concentration is relative to the total Ln3+ ions) 

 25 °C 50 °C 75 °C 100 °C 

40 fold Gd3+ 9.1 ± 0.1 14.6 ± 0.1 29.7 ± 0.1 45.8 ± 0.2 

10 fold Gd3+   16.7 ± 0.0  

2 fold Gd3+   12.0 ± 0.1  
 

 

The above cation exchange reaction did not lead to 100 % replacement by Gd3+ ions 

and only 29.7 % were replaced. The question is then where the Gd3+ ions are located in 

the cation-exchanged nanoparticles. As a matter of fact, the partial cation exchange has 

been used to make PbSe-CdSe core-shell semiconductor nanoparticles by partially 

replacing PbSe with Cd2+ ions.75 It has been concluded based on the blue-shifted 

photoluminescence and the enhanced quantum yield that the shell contains only CdSe. To 

confirm that Gd3+ ions are in the surface layers, i.e. NaYF4:Yb,Tm-NaGdF4 core-shell 

nanoparticles had indeed been made, 2-dimensional mapping of Gd3+ by EELS was 

carried out. Due to the higher concentration of the shell element(s) at the edge of core-

shell nanoparticles in a 2D projection of the nanoparticles, the signal from the shell is 

higher than that from the center of the core-shell nanoparticles. The signal difference 

between the shell and the center gives rise to a contrast with the shell being brighter. As 

shown in Figure 7.3d, EELS 2D mapping does show a brighter shell at the edge of the 

nanoparticle, which proves that NaYF4:Yb,Tm-NaGdF4 core-shell nanoparticles have 

been made by the cation exchange process. This has to be confirmed with more 2D 

mapping images or energy-filtered TEM. 
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Figure 7.3. Images of NaYF4:Yb,Tm-NaGdF4 core-shell nanoparticles prepared by cation 

exchange of NaYF4:Yb,Tm nanoparticles with 40 fold Gd3+ ions at 75 °C. (a) and (b) TEM 

images, (c) high-angle annular dark-field image, and (d) EELS 2D map of Gd. 

 

To achieve different shell thickness, two methods were carried out systematically. 

One is to apply different temperatures. As shown in Table 7.1, as the temperature for the 

cation exchange increases from 25 to 100 °C, the Gd3+ concentration in cation-exchanged 

nanoparticles increases from 9.1 to 45.8 %, which correspond to a shell thickness 
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increase from 0.3 to 1.9 nm.  The other method is to use different amount of Gd3+ ions for 

the cation exchange reactions. As the amount of Gd3+ increases from 2 to 40 fold over 

Ln3+ ions in NaYF4:Yb,Tm nanoparticles, the Gd3+ concentration in the cation-exchanged 

nanoparticles increases from 12.0 to 29.7 %, which corresponds to a shell thickness 

increase from 0.4 to 1.1 nm. In Figure 7.4, TEM images again show that there is no 

change in the morphology of nanoparticles. To confirm the core-shell structure of these 

cation-exchanged nanoparticles, the nanoparticles that have undergone cation exchange 

with 10 fold Gd3+ ions at 75 °C were used to perform EELS 2D mapping. The bright shell 

in Figure 7.5 again confirms the core-shell structure. These results show that the shell 

thickness of the core-shell nanoparticles prepared via cation exchange can be tuned by 

varying cation exchange conditions, such as different temperatures and different amounts 

of replacing ions. 

The up-conversion properties of the cation-exchanged nanoparticles were tested by 

exciting with a 980 nm CW laser. The emission peak at 800 nm from Tm3+ ions is shown 

in Figure 7.6, which corresponds to the transition of 3H4 to 3H6.  The peaks from the 

transitions of 1D2 to 3H6, 1G4 to 3H6, 1D2 to 3F4, and 1G4 to 3F4 are overshadowed by the 

peak at 800 nm. The up-conversion properties of the PVP-coated NaYF4:Yb,Tm 

nanoparticles from the same batch that had not undergone cation exchange were also 

measured as a control to compare with the cation-exchanged nanoparticles. Figure 7.6 

shows that the cation-exchanged nanoparticles by 10 fold Gd3+ ions have a higher 

intensity than the precursor nanoparticles. Please note that the shell thickness of the 

cation-exchanged nanoparticles is only 0.6 nm, and thus the quenching by the surface 

organic group, such as –OH and –CH, still occurs.207 
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Figure 7.4. TEM images of PVP-coated NaYF4:Yb,Tm nanoparticles after cation exchange at 

different conditions. 



 

 

131 

 

Figure 7.5. EELS 2D map of Gd3+ in NaYF4:Yb,Tm-NaGdF4 core-shell nanoparticles prepared 

by cation exchange of NaYF4:Yb,Tm nanoparticles with 10 fold Gd3+ ions at 75 °C.   
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Figure 7.6. Emission spectra of (a) the cation-exchanged NaYF4:Yb,Tm nanoparticles with 10 

fold Gd3+ ions at 75 °C and (b) the un-exchanged PVP-coated NaYF4:Yb,Tm nanoparticles. 
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The NaYF4:Yb,Tm-NaGdF4 core-shell nanoparticles made by the cation exchange, as 

potential MRI contrast agents,  were also tested for their relaxivity, and the results are 

shown in Table 7.2. The relaxivity per Gd3+ ion is up to 2.33 mM-1·s-1 at 9.4 T, which is 

similar to that of clinically used Gd3+-complexes, such as Gd-DOTA (3.0 mM-1·s-1 at 9.4 

T210), and Gd-DTPA (3.1 mM-1·s-1 at 9.4 T210). The relaxivity per nanoparticle of the 

cation-exchanged nanoparticles is up to 1.56×104 mM-1·s-1, which is over 4000 times 

higher than these Gd3+-complexes. The very high relaxivity per nanoparticle shall give 

rise to a very high local contrast for MRI, which is promising for the targeted 

imaging.204,211 

 

Table 7.2. Relaxivity (r1) of the NaYF4:Yb,Tm-NaGdF4 core-shell nanoparticles made by cation-

exchange at different conditions (measured at 9.4 T). 

Concentration (%) of Gd3+ in the 
nanoparticles 29.7 16.7 12 

Calculated shell thickness (nm) 1.1 0.6 0.4 

r1 per Gd3+ ion (mM-1·s-1) 1.36 2.33 2.30 

r1 per nanoparticle (mM-1·s-1) 1.56×104 1.50×104 1.07×104 
 

From Table 7.2, it can also be seen that the cation-exchanged nanoparticles with 0.6 

nm thick  NaGdF4 shell have a higher per-ion relaxivity than those with a 1.1 nm thick 

shell, whereas their per-nanoparticle relaxivities are very similar (3.8 % difference). The 

very similar per-nanoparticle relaxivity suggests that the increase in NaGdF4 shell 

thickness from 0.6 nm to 1.1 does not make significant difference in the total relaxivity. 

Thus, 0.6 nm thick NaGdF4 shell seems sufficient to cover fully the surface of the 

nanoparticles, i.e. the surface is fully occupied by Gd3+ ions. The extra NaGdF4 shell 

(1.1-0.6 = 0.5 nm) is not contributing to the relaxivity, and thus makes per-ion relaxivity 
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lower. In Table 7.2, the cation-exchanged nanoparticles with 0.6 nm thick NaGdF4 shell 

have a higher per-nanoparticle relaxivity than those with 0.4 nm thick shell, whereas their 

per-ion relaxivities are very similar (1.3 % difference). These data suggest that by 

increasing the shell thickness from 0.4 nm to 0.6 nm, the total relaxivity of the 

nanoparticles increases significantly, indicating that a NaGdF4 shell of 0.4 nm thick is not 

sufficient to cover fully the surface of the nanoparticles, i.e. the surface of the 

nanoparticles is not fully occupied by Gd3+ ions. The very similar per-ion relaxivity of 

the nanoparticles with 0.4 and 0.6 nm thick shell suggests that their Gd3+ ions are very 

likely fully utilized for the relaxivity. These results are consistent with a very recent 

work, in which core-shell nanoparticles with 0.2-0.7 nm thick NaGdF4 shell were made 

using a direct core-shell synthesis procedure and their per-ion relaxivities are also very 

similar (6.14-6.18 mM-1·s-1 at 3 T).207 As the shell thickness further increases, the per-ion 

relaxivity decreases.207 From the above results, a rough trend can be seen that core-shell 

nanoparticles with a NaGdF4 shell thinner than ca. 0.6 nm should have the same per-ion 

relaxivity, and core-shell nanoparticles with a NaGdF4 shell thicker than ca. 0.6 nm 

should have the same per-nanoparticle relaxivity. 

In order to compare with those core-shell nanoparticles prepared using a direct core-

shell synthesis procedure, their relaxivities are listed in Table 7.3. It can be seen that the 

per-ion relaxivities in the work by Heyon et al. 85 and by Muhammad et al. 130 are lower 

than this work. The per-ion relaxivity of 2.6 mM-1·s-1 at 4.7 T by Prasad et al. looks 

higher than this work.129 However, the per-ion relaxivity of Gd3+-based nanoparticles 

decreases significantly as the applied magnetic field increases,212 and the number is thus 

expected to be lower at 9.4 T. The core-shell nanoparticles with 0.2-0.7 nm thick NaGdF4 
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shell prepared by Shi et al., as aforementioned, have relaxivities of 6.14-6.18 mM-1·s-1 at 

3 T, which should be the same as this work at 9.4 T because they have the similar thin 

NaGdF4 shell to these core-shell nanoparticles made by cation exchange as described 

above. The reason for those core-shell nanoparticles having lower per-ion relaxivities is 

that their NaGdF4 shell is relatively thick (a few nanometers129,130) and in the case of 

Heyon’s work, a large portion of Gd3+ ions are in the core85.  

 

Table 7.3. Comparison of the relaxivity (r1) of Gd3+-based inorganic nanoparticles. 

Core-shell nanoparticles Size (nm) r1 (mM-1·s-1) Field (T) Ref. 

NaYF4:Yb3+,Tm3+ -NaGdF4 20 2.33 9.4 This work 
NaGdF4:Yb3+,Er3+ -NaGdF4 20 1.4 1.5 Heyon et al.85 
NaGdF4:Yb3+,Er3+ -NaGdF4 41 1.05 1.5 Heyon et al.85 

NaYF4:Yb3+,Er3+ -NaGdF4 28 0.48 3.0 Muhammad et 
al.130 

NaYF4:Yb3+,Er3+ -NaGdF4 12 2.6 4.7 Prasad et al.129 

NaYF4:Yb3+,Er3+ -NaGdF4 24 6.18 3 Shi et al.207 

 

7.3 Conclusions 

Cation exchange of NaYF4:Yb,Tm nanoparticles with Gd3+ ions was performed in 

aqueous media after the as-prepared oleate-stabilized NaYF4:Yb,Tm nanoparticles were 

made water-dispersible by ligand exchange with PVP. The resulting nanoparticles have a 

core-shell structure. The shell thickness of the NaYF4:Yb,Tm-NaGdF4 core-shell 

nanoparticles was able to be tuned by varying the cation exchange conditions.  These 

core-shell nanoparticles have enhanced up-conversion properties, and their relaxivity per 

Gd3+ ion is among highest in all the NaYF4-NaGdF4 core-shell nanoparticles due the very 

thin NaGdF4 shell. The relaxivity per nanoparticle of up to 1.56×104 mM-1·s-1 is over 
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4000 times that of Gd3+-complexes, which is promising for targeted imaging. These 

NaYF4:Yb,Tm-NaGdF4 core-shell nanoparticles are promising for bi-model imaging, i.e. 

optical bio-imaging and MRI. 

7.4 Experimental section 

The lanthanide acetate salts and polyvinylpyrrolidone-10 (PVP) were purchased from 

Aldrich in the highest purity available (> 99.9 %). All the chemicals were used as 

received without further purification.  

Synthesis of oleate-stabilized NaYF4:Yb(20%):Tm(2%) nanoparticles has been 

described in chapter 6. Characterizations by TEM, XRD and EDX have been described in 

chapter 3. Characterization by ICP-MS has been described in chapter 5.  

Preparation of PVP-stabilized NaYF4:Yb,Tm nanoparticles 

PVP-stabilized nanoparticles were prepared by ligand exchange using a procedure 

modified from literature.77 

From the above as-prepared oleate-stabilized NaYF4:Yb,Tm nanoparticles dispersion, 

0.2 mL was taken into a 50 mL round-bottom flask and diluted with 5 mL of DMF and 5 

mL of dichloromethane, followed by the addition of 300 mg of PVP. The reaction 

mixture was refluxed at 80 °C for 8 h, followed by stirring at room temperature 

overnight. The resulting PVP-stabilized nanoparticles were precipitated using 60 mL of 

ethyl ether. The precipitate was washed once with ethyl ether and isolated using the same 

centrifuge settings described above. The precipitate was then dried under vacuum for 4 

hrs so that it is ready for the following cation exchange reaction.  
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Cation exchange of PVP-stabilized NaYF4:Yb,Tm nanoparticles 

The above PVP-stabilized NaYF4:Yb,Tm nanoparticles in the centrifuge tube were 

dispersed in 2 mL water, followed by the addition of the respective amounts of 

GdCl3·6H2O in 1 mL of DI water. Gd3+ salt of 40, 10, and 2 fold over the total Ln3+ ions 

in NaYF4:Yb,Tm nanoparticles were designed to use. Based on the used volume and the 

concentration of the dispersion of the as-prepared nanoparticles, the mass of 

NaYF4:Yb,Tm nanoparticles was calculated to be 5 mg. The total amount of Ln3+ ions 

was thus calculated to be 20 µmol with the average molar mass of 

NaYF4:Yb(20%),Tm(2%) of 206 g/mol assuming 20 wt% ligand coverage based on 

TGA. Therefore, 40, 10, and 2 fold amount of Gd3+ salt was calculated to be ca. 287, 72, 

and 14.4 mg GdCl3·6H2O, respectively. The reaction mixture was heated up to 25, 50, 75 

and 100 °C, respectively, and stirred for 1 hr. After cooling down to room temperature, it 

was then transferred into a dialysis bag with a molecular weight cut-off (MWCO) of 2000 

D and dialyzed in water for 30 hrs.  

Control experiment for dialysis 

This control experiment was done by dissolving 100 mg of PVP in 3 mL DI water, 

followed by the addition of 287 mg GdCl3·6H2O (40 fold Gd3+ for cation exchange). The 

resulting mixture was heated to 100 °C and stirred for 1 hr. after cooling down to room 

temperature, it was then transferred into a dialysis bag with a MWCO of 2000 D and 

dialyzed in water for 30 hrs. 

Electron energy loss spectroscopy 

Standard HAADF images combined with EELS or EDS data were acquired on a FEI 

Titan 80-300 TEM, equipped with a CEOS image corrector and operated at 300 kV. The 
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microscope is equipped with a Gatan Tridiem ER energy filter (GIF) and an Oxford EDX 

detector. EELS mapping was performed in STEM mode with a convergence angle of 8 

mrad, the collection angle was 15 mrad. The energy resolution of the system was 0.8 eV. 

Spectrum image acquisition and post-processing was done using the Gatan Digital 

Micrograph Software. STEM micrograph collection was performed using the FEI TIA 

software. Nanoparticles in solution were deposited directly onto ultrathin carbon film 

supported on a copper mesh grid. Samples were plasma cleaned for 40 seconds to remove 

hydrocarbon contaminations using a O2/H2 gas mixture. The object pixel size for the 

EELS spectrum images was 3 Å with an acquisition time of 0.2 s, the dispersion per 

channel was 0.2 eV. During acquisition, the spatial drift of the specimen was 

compensated every 60 s.  

Fluorescence studies 

Fluorescence analyses were done using an Edinburgh Instruments FLS 920 

fluorescence system, which was combined with a 980 CW laser as excitation source for 

emission spectra. A red-sensitive Peltier-cooled Hamamatsu R955 photomultiplier tube 

with a photon counting interface was used as a detector of the emission. All luminescence 

measurements were done with aqueous dispersion of nanoparticles. All spectra were 

corrected for the instrument sensitivity. The emission of the NaYF4:Yb, Tm nanoparticles 

that have undergone cation exchange with 10 fold Gd3+ ions at 75 °C was corrected by a 

factor of 1.2 (100/83.3) because they have 16.7 % less emissive ions. 

Relaxivity 

T1 relaxation measurements were obtained at a 9.4 T Bruker console (Bruker, 

Germany) equipped with a 21 cm magnet. A transmit/receive radio frequency volume 
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birdcage coil was applied to excite protons and obtain resonant signal. A multi-slice, 

multi-echo pulse sequence was used. The pulse parameters were: repetition time (TR) 5 s, 

matrix 128 x 128, field of view 3 x 3 cm2, slice thickness 2 mm, 128 echoes 3 ms apart. 

Reciprocal of T1 relaxation time is relaxivity.  
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Chapter 8. Conclusions and possible future work 

8.1 Conclusions 

This thesis reports synthesis methods of lanthanide-based nanoparticles and their 

physical chemistry aspects, such as crystal structure, ionic distribution, core-shell 

structure, and cation exchange, which are very different from the corresponding bulk 

materials, and more importantly, very different from general assumptions. For instance, 

the ionic distribution in nanoparticles is generally assumed to be statistical; the core-shell 

structure is deemed to be so, basically only based on the size increase and enhanced 

optical properties. These assumptions have been proved incorrect or inaccurate in this 

thesis. With a good understanding of these aspects, this thesis also reports a new method 

to make core-shell nanoparticles for bi-modal imaging applications. 

Chapter 1 provides a general introduction about the lanthanides and their applications, 

as well as the development of lanthanide-based nanoparticles. The significance of the 

study on the physical chemistry aspects of lanthanide-based nanoparticles has been 

highlighted.    

Chapter 2 gives a thorough description about commonly used synthesis methods of 

lanthanide-based nanoparticles and their surface modification approaches. In particular, 

Gd3+-based nanoparticles, as potential magnetic resonance imaging (MRI) contrast agents 

and possible multifunctional nanomaterials, have been discussed. In addition, common 

characterization techniques of nanomaterials have also been provided with their basic 

working principles and capacities.  
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Chapter 3 reports the synthesis of a series of LnF3 nanoparticles and the study of their 

crystal structures. It has been found that the middle GdF3 and EuF3 nanoparticles have 

two crystal phases (the orthorhombic and trigonal), which are different from the 

corresponding bulk materials having only the orthorhombic phase at room temperature. 

The calculations of the lattice energies of the whole series of LnF3 nanoparticles show 

that the lattice energies of the orthorhombic and trigonal phase for the middle GdF3 and 

EuF3 are very close, and their two crystal phases are due to the fast precipitation during 

the synthesis, i.e. due to kinetics.  Their crystal structure can be tuned to the LaF3 trigonal 

phase by doping La3+ ions. However, only 15 % La3+ doping ions are needed to change to 

the trigonal phase, which is very different from the bulk requiring 50 % La3+ ions.  The 

calculations of the Gibbs free energy of the formation of La3+-doped GdF3 explain the 

results for the bulk very well. However, the very different results for the nanoparticles are 

again due to kinetics.  

Following the preparation of LnF3 nanoparticles, synthesis of core-shell nanoparticles 

has been tried to improve the optical properties of the core nanoparticles. However, very 

often the crystal structure of the core nanoparticles unexpectedly changed during 

synthesis. For instance, the intended GdF3-LaF3 core-shell nanoparticles were expected to 

have both the orthorhombic and trigonal phase because of the GdF3 core, but they only 

had the trigonal phase. It turned out that this was due to cation exchange, i.e. upon 

exposure of LnF3 nanoparticles to a solution containing Ln3+ ions, the Ln3+ ions in the 

nanoparticles are replaced by the Ln3+ ions in the solution. Chapter 4 reports the cation 

exchange in great detail. It has been found that the early lanthanides tend to replace the 

late lanthanides to a greater extent than the reverse, and that the cation exchange with a 
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lanthanide having a close atomic number leads to nanoparticles with a significant amount 

of both ions. The calculated Gibbs free energy of the cation exchange reaction is 

consistent with the experimental results. 

 Cation exchange suggests that during the synthesis of core-shell nanoparticles (make 

the core first and then add the shell components to the dispersion of the core), once the 

shell components are added into the core dispersion, the core could undergo cation 

exchange, leading to a non-core-shell structure. Chapter 5 reports the investigation of the 

core-shell and alloy structure of the nanoparticles that were synthesized in aqueous 

media. It has been found that the nanoparticles synthesized using a core-shell procedure 

do not have a core-shell structure and the nanoparticles synthesized using an alloy 

procedure do not always have an alloy structure. These results suggest that the core-shell 

structure in the literature may not be true. Chapter 5 also shows that the enhanced optical 

properties that are very often taken as evidence of a core-shell structure can be produced 

by a non-core-shell structure that were made using a procedure intended for a core-shell 

structure.   

The results in chapter 4 and 5 led to the question whether they also apply to 

nanoparticles that are synthesized in organic media. Chapter 6 reports the study of the 

distribution of the dopant ions in NaGdF4 nanoparticles synthesized in organic media. It 

has been found that they do not have the generally assumed statistical distribution no 

matter synthesis procedure and ionic radius. Instead, they have a gradient structure with 

one type of ions more concentrated towards the center and other type more concentrated 

towards the surface of the nanoparticles. The dopant ions being in the surface of NaGdF4 

nanoparticles is exactly opposite to what one wants for MRI applications because Gd3+ 
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ions need to be in the surface for water access. These unexpected results are, however, 

not due to the cation exchange, but very likely to the difference in the nucleation and 

growth of different NaLnF4 during the synthesis of the doped nanoparticles. 

Chapter 7 reports the preparation of NaYF4:Yb,Tm-NaGdF4 core-shell nanoparticles 

via cation exchange of NaYF4:Yb,Tm nanoparticles with Gd3+ ion in aqueous solution. 

The shell thickness can be tuned by changing the cation exchange conditions, such as 

temperature and concentration of the replacing ion. As potential MRI contrast agents, the 

relaxivity of the NaYF4:Yb,Tm-NaGdF4 core-shell nanoparticles with a thin NaGdF4 

shell made by cation exchange is among the highest in all the NaYF4-NaGdF4 core-shell 

nanoparticles. These core-shell nanoparticles with an up-conversion NaYF4:Yb,Tm core 

and a paramagnetic NaGdF4 shell are promising for bi-modal imaging, i.e. MRI and 

optical imaging. 

8.2 Possible future work 

The body of work in this thesis has demonstrated unexpected physical chemistry 

insights in lanthanide-based nanoparticles and presented new method of nanoparticles 

preparation, which deepens the understanding of the lanthanide-based nanoparticles and 

benefits the development of their applications. The following discusses possible future 

work to make the lanthanide-related field a step further.  

 In chapter 4, cation exchange has been discussed in detail. Generality and 

reversibility of the cation exchange have been studied. In chapter 7, the cation exchange 

process was used to make core-shell nanoparticles. However, the mechanism of the 

cation exchange, such as how exactly cations move in the nanoparticle lattice to achieve 

replacement is not yet understood. In chapter 4, the cation exchange has been speculated 
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to occur by a hopping mechanism through vacancies in the nanoparticles. However, this 

needs to be tested. In addition, assuming that the hopping mechanism is correct, the 

reason why the cation exchange process leads to a core-shell structure remains 

mysterious. In principle, the hopping process should lead to a statistical ionic mixture if 

all the cations in the nanoparticles have the same chemical potential. The core-shell 

structure by cation exchange could thus be related to the surface imperfection and 

possible strain gradient in the nanoparticles. A modern TEM with 3D atomic imaging 

capacity could be used to look for the possible vacancies, the atomic arrangement of the 

nanoparticles, and possible difference in lattice spacing in the nanoparticles. All these 

parameters are directly related to the lattice energy, which affects the mobility of the ions 

in the lattice. Cation exchange can also be tried in various matrixes having different 

lattice energy, such as oxides, phosphates, and vanadates, to see the effect of the lattice 

energy on the cation exchange. Hopefully, a complete understanding of the cation 

exchange process and its mechanism can thus be achieved. 

In Chapter 7, cation exchange was carried out in aqueous media. The optical 

properties have shown some enhancement after cation exchange. However, the optical 

enhancement could be higher if the cation exchange could be performed in an organic 

medium at a relatively high temperature because it should produce a well-crystallized 

NaGdF4 shell. A well-crystallized shell should provide a better protection from the 

quenching caused by organic ligands and surface defects.   

In chapter 3, the lattice energies of LnF3 were calculated using Born-Habor cycle. 

The same calculations have been tried for NaLnF4. However, the free energy of 

formation of NaLnF4 is not available to complete the calculations. This fundamental 
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chemistry should be done so that lattice energies of NaLnF4 can be calculated. They are 

very important data in many aspects. For instance, in chapter 6 and 7, it has been 

mentioned that the hexagonal phase is preferred to the cubic phase in terms of optical 

properties. However, these syntheses are still largely done by trial and error. With known 

lattice energies of the two crystal phases, it should be easier to control the experimental 

conditions to tip the balance to the desired phase.  

In chapter 2, it has been mentioned that a relatively high synthesis temperature 

generally produces nanoparticles with better optical properties, which is mostly attributed 

to the enhanced crystallinity of the nanoparticles. However, evidence is not provided. 

Crystallinity is also about the vacancies and stacking faults in the lattice, which should 

again be looked at using a modern TEM with 3D atomic imaging capacity.  
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Figure S3.1. Comparison of XRD patterns of LaF3, CeF3, and NdF3 nanoparticles with 

all the Bragg reflections of LaF3 (vertical lines at the bottom).  
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Figure S3.2. Comparison of XRD pattern of dysprosium fluoride nanoparticles with all 

the Bragg reflections of (a) DyF3 and (b) stoichiometric NaDyF4 (vertical lines at the 

bottom).  
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Figure S3.3. AFM image and size distribution of the submicron-sized GdF3 particles 
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Figure S3.4. XRD pattern of the baked sub-micro GdF3 particles (vertical bars at bottom 

are positions of all the Bragg reflections for the orthorhombic GdF3). 
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Calculation of the lattice energies of LnF3  

The lattice energies of LnF3 were calculated using the Born-Haber cycle (Figure S5).  
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Figure S3.5. Born-Haber cycle used to calculate the lattice energies of LnF3 

 

From the above diagram, the following formula is deduced: 

LXMf UEAIEBVH −−++=∆ 3
2
3  

ΔHf is the standard enthalpy of formation 
V is the heat of sublimation of Ln metal 
IEM is the ionization energy of Ln 
EAx is the electron affinity of F2 
B is the bond energy of F2 
UL is the lattice energy 
Using this formula, the lattice energies of LnF3 are calculated and tabulated in Table S1. 
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Table S3.1. Data from literature1-3 and calculated lattice energies of LnF3 (unit: kJ/mol) 

 ΔHf 

Standard 
enthalpy of 
formation 

V 

Heat of 
sublimation 
of Ln metal 

IEM 

Ionization 
energy of 
Ln 

EAx 

electron 
affinity 
of F2 

B 

bond 
energy 
of F2 

UL 

Lattice 
energy 

LaF3 1701 431 3474 328 159 4861 

CeF3 1703 423 3549 4930 

PrF3 1691 356 3650 4952 

NdF3 1681 328 3719 4983 

SmF3 1669 207 3904 5035 

EuF3 1571 175 4055 5056 

GdF3 1700 398 3769 5122 

TbF3 1708 389 3810 5162 

DyF3 1693 290 3927 5165 

HoF3 1698 301 3949 5203 

ErF3 1694 317 3953 5219 

TmF3 1695 232 4046 5228 

YbF3 1630 152 4215 5252 

LuF3 1701 428 3924 5308 

 
 

Data processing for the thermodynamic cycle in Figure 3.10 

Calculations of lattice energies of La3+ doped GdF3 nanoparticles 

To calculate the lattice energies of the doped materials, because the trigonal LaF3 and the 

orthorhombic GdF3 have different crystal structures, it is not correct to do a simple 

weighed average of them. Thus the lattice energies of “trigonal” GdF3 and 

“orthorhombic” LaF3 were calculated by using a least square fit and linearly extrapolating 
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the lattice energies of LaF3 to SmF3 and of LuF3 to EuF3, respectively. The calculated 

lattice energies of the “trigonal” GdF3 and the “orthorhombic” LaF3 are 5108 kJ/mol, and 

4926 kJ/mol, respectively. Specially, the lattice energy of the “trigonal” GdF3 is very 

close to that of the orthorhombic GdF3, 5122 kJ/mol (the difference is < 0.3%), 

suggesting the possibility of GdF3 having two phases. To calculate the lattice energies of 

the doped materials, weighed averaging was applied to the trigonal LaF3 and the 

“trigonal” GdF3 for an assumed trigonal phase, as well as to the “orthorhombic” LaF3 and 

the orthorhombic GdF3 for an assumed orthorhombic phase. The calculated lattice 

energies are tabulated in Table S3.2. 

 

Table S3.2. The calculated lattice energies of La3+ doped GdF3. (unit: kJ/mol) 

La3+ doping level in GdF3 Lattice energies of La3+ doped GdF3 

If orthorhombic structure is 
taken 

If trigonal structure is 
taken 

5%  5112.2 4873.4 

10% 5102.4 4885.7 

15% 5092.6 4898.1 

20% 5082.8 4910.4 

50% 5024.0 4984.5 

75% 4975.0 5046.3 

 

Hydration energies  

In Figure 3.10a, hydration energy of F- is -472 kJ/mol, that of La3+ is -3155 kJ/mol, and 

that of Gd3+ -3385 kJ/mol.3 
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Entropies 

All the standard entropies are available in the literature,1,3 and the following equation was 

used to calculate the entropy change. The calculated entropy changes are tabulated in 

Table S3.3. 

LnF3(s)----Ln3+(g) + 3F-(g) 

 

Table S3.3. The standard entropies and the entropy changes of LaF3 and GdF3 (unit: 

J/mol∙K) 

 Standard Entropy 
of LnF3 (s)  

Standard entropy 
of La3+ (g)  

Standard entropy 
of F- (g)  

Standard entropy 
change (ΔS0) 

LaF3 107 171 146 502 

GdF3 117 189 510 

 

A weighed average of the standard entropy changes of LaF3 and GdF3 was used for the 

thermodynamic cycle. 
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Tabulation of the calculated standard Gibbs free energy 

Table S3.4. The calculated Gibbs free energies based on the thermodynamic cycle. (unit: 

kJ/mol) 

La3+ doping level in GdF3 0
.reacG∆  If orthorhombic 

structure is taken 

0
.reacG∆  If trigonal structure 

is taken 

5%  -180.7 +68.2 

10% -172.4 +44.3 

15% -174.1 +20.5 

20% -175.8 -3.4 

50% -186.0 -146.0 

75% -194.5 -265.5 

The data in Table S3.4 were used to make the plot in Figure 3.10b. 
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Appendix B: Supporting information to chapter 4 

 
 
 
 
 
 
 
 
 
 
 
 

 
(a) 

 
(b) 

Figure S4.1. EDX spectra of nanoparticles made (a) by exposing GdF3 nanoparticles to 

La3+ and (b) by exposing LaF3 to Gd3+. 
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(a) 

 
(b) 

Figure S4.2. EDX spectra of nanoparticles made (a) by exposing GdF3 nanoparticles to 

La3+ and (b) by exposing LaF3 to Gd3+. 

 

Calculation of solubility product2 

For the reaction 

 

Where MmAn is the slightly soluble substance and M+ and A- are the dissociated ions, 

then the Gibbs energy change is  

ΔG0 = m ΔfG0 (M+, aq) + n ΔfG0 (A-, aq) – ΔfG0 (MmAn, s)  

Where ΔfG0 (M+, aq) is the free energy of formation of M+ ion, ΔfG0 (A-, aq) the free 

energy of formation of A- ion and ΔfG0 (MmAn, s) the free energy of formation of MmAn. 

The solubility product was calculated from: 

ln Ksp = - ΔG0/RT 

where R is the gas constant and T is temperature in Kelvin. 

MmAn(s)  mM+(aq) + nA-(aq)  
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The calculated Ksp and the data used are tabulated in Table S4.1. 

 

Table S4.1. Data from literature1-3 and the calculated solubility product Ksp (unit: kJ/mol) 

 ΔfG0 (M+, aq) ΔfG0 (A-, aq) ΔfG0 (MmAn, s) ΔG0 Calculated Ksp 

YF3 -693.8 -278.8 -1644 113.8 1.16 × 10-20 

ScF3 -586.6 -278.8 -1554 131 1.09 × 10-23 

LaF3 -683.7 -278.8 -1625 104.9 4.26 × 10-19 

GdF3 -661 -278.8 -1624 126.6 4.30 × 10-23 

 

The calculated Ksp of YF3 and ScF3 are 1.16 × 10-20 and 1.09 × 10-23, respectively, which 

are very close to data from literature (8.62 × 10-21 and 5.81 × 10-24, respectively2). 
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Appendix C: Supporting information to chapter 5 
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(c) 

Figure S5.1. Raw XPS spectra of (a) LaF3-GdF3 “core-shell” nanoparticles, (b) GdF3-

LaF3 “core-shell” and (c)LaF3/GdF3 “alloy” nanoparticles. 
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(c) 

 
Figure S5.2. Raw XPS spectra of (a) LaF3-NdF3 “core-shell”, (b) NdF3-LaF3 “core-shell” 

and (c) LaF3/NdF3 alloy nanoparticles 
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Sample of XPS data processing. 
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(a) Raw spectrum 
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(b1) third-order polynomial fit 
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(b2) fourth-order polynomial fit 
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(b3) fifth-order polynomial fit 

(b) Three different polynomial backgroup fits  
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(d) After a background removal 
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(e) After corrections of beam intensity and photo-ionization cross section 

 
Figure S5.3. Sample processing of XPS data. 

 

After all the above steps for all the original spectra, intensities were integrated, and then 

intensity ratio of two lanthanides was applied to plot against kinetic energy to determine 

the structure of nanoparticles. 
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Appendix D: Supporting information to chapter 6 
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Figure S6.1. Original XPS spectra of NaGdF4:Y,Tb nanoparticles with photon energies 

ranging from 320 eV to 620 eV. 
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Sample of XPS data processing. 
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(a) Original XPS spectrum of the Y3+ 3d core level of NaGdF4:Y,Tb nanoparticless at a 

photon energy of 620 eV 
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(b1) the second-order polynomial fit 
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(b2) the third-order polynomial fit  
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(b3) the fourth-order polynomial fit 

(b) Three different polynomial background fits of the background of the original XPS 

spectrum of the Y3+ 3d core level of NaGdF4:Y,Tb nanoparticless at a photon energy of 

620 eV 

 
 



179 
 

438 440 442 444 446 448 450 452 454
-50000

0

50000

100000

150000

200000

250000

300000

In
te

ns
ity

 (a
.u

.)

Kinetic energy (eV)

 
(c) After the subtraction of the second order polynomial background 
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(d) After corrections of beam intensity and photo-ionization cross section 

 
Figure S6.2. Sample processing of XPS data. 

 

After all the above steps for all the original spectra, intensities were integrated, and then 

intensity ratio of two lanthanides was applied to plot against kinetic energy to determine 

the distribution of doping ions in nanoparticles. 
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Figure S6.3. Survey scan of NaGdF4:Y,Tb nanoparticles. C 1s peak is used as reference 

to calculate the binding energy of the Y3+ 3d and the Gd3+ 4d core level. 

 

Sample data processing for NaGdF4:Nd nanoparticles. 

All the original XPS spectra are shown in Figure S6.4. A typical XPS spectrum labeled 

with the peaks of the Gd3+ and Nd3+ 4d core levels is shown in Figure S6.5. There are 

unexpected peaks alongside, which are Si 2s and Si 2p. EDX was done to determine the 

concentration of Si. However, it is beyond the detection limit of EDX. The fact that such 

a low concentration produces pronounced peaks suggests that Si is on the surface of 

nanoparticles. As a matter of fact, as kinetic energy increases, the intensity of Si peaks 

decreases as compared with that of Gd3+ or Nd3+ (Figure S6.4 and S6.6). This confirms 

that Si is on the surface. The binding energies of the Si 2s and the Si 2p are 153.2 eV for 

Si 2s and 102.3 for Si 2p, which are ca. 3 eV higher than those of the corresponding Si 

element. It suggests that the oxidation state of Si is +4. This minimal Si impurity was 

probably picked up from glassware that has been etched in the presence of both H+ and F- 
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at the high temperature (280 °C). The Si 2s peak overlapped with the Gd3+ peaks was 

subtracted after deconvolution as shown in Figure S7. 
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Figure S6.4. Original XPS spectra of NaGdF4:Nd nanoparticles with photon energies 

ranging from 450 eV to 950 eV. 
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Figure 6.5. A typical XPS spectrum of the Gd3+ 4d and Nd3+ 4d core levels of 

NaGdF4:Nd nanoparticles taken with a photon energy of 570 eV. 
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Figure S6.6. Two original XPS spectra of NaGdF4:Nd nanoparticles with photon 

energies of (left) 480 eV and (right) 950 eV showing the Si/Gd relative intensity dropped 

dramatically at high photon energy (or kinetic energy). 
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(a) Background fit                                 (b) multiple peak fit after background fit 
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(c) After subtraction of the Si peak (the left green one) 

 
Figure S6.7. A sample of the removal of Si 2s peak from the Gd3+ peaks of NaGdF4:Nd 

(Gd3+ peaks in (c) are the same as shown in literature.4) 
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Figure S6.8. Original XPS spectra of NaGdF4:Tb nanoparticles with photon energies 

ranging from 1420 eV to 1480 eV. 
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Appendix E: Preliminary study of the dynamics of the ligand on the 

surface of lanthanide-based nanoparticles 

 

Introduction 

Up-conversion NaYF4 nanoparticles are being explored for in vitro and in vivo bio-

imaging.5 In particular, the targeted imaging is one of the hot research topics due to the 

potential achievement of the early detection of diseases, which is often the key factor of 

successful treatment. For the targeted imaging applications, the nanoparticles are 

generally coated with bio-compatible organic ligands, which very often bear functional 

groups, such as antibody.6 The antibody can specifically bind to an antigen that is over-

expressed by a disease, which allows for the targeted imaging. 

 Despite the achievements, the dynamics of the organic ligands on the surface of the 

NaYF4 nanoparticles have not been studied.  Such a dynamics study is important because 

the surface ligands bearing antibody could just detach from nanoparticles and become 

free ligands in the aqueous biological environment. The consequence of the detachment 

is that the ligands with antibody bind to the over-expressed antigen whereas nanoparticles 

are probably not even close to the antigen, resulting in a mismatch between optical labels 

(up-conversion nanoparticles) and the ill tissue, and thus a faulty perception of the 

targeted imaging. The extreme case is that most surface ligands are detached from the 

surface of the nanoparticles so that nanoparticles cannot even stay dispersed in the 

biological environment, which definitely needs to be avoided.   
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The dynamics of the surface ligands of Au nanoparticles has been probed.7 However, 

the ligands on the surface of Au nanoparticles mostly have a thiol group. The 

coordination of thiol-containing ligand with Au nanoparticles is considered covalent, 

which is stronger than the coordination of common lanthanide-based nanoparticles. 

Therefore, the knowledge of the surface ligands dynamics of Au nanoparticles does not 

naturally transfer to lanthanide-based nanoparticles.  

In this work, NaYF4:Yb,Tm up-conversion nanoparticles were synthesized followed 

by ligand exchange with PVP to obtain water-dispersibility. The water-dispersible 

nanoparticles were then mixed with fluorescein and PVP-FITC to study the dynamics of 

the surface ligand through energy transfer from Tm3+ to fluorescein. Specifically, the 

dynamic ligands on the surface of nanoparticles detach from and attach to nanoparticles, 

and fluorescein and PVP-FITC are expected to do the same. Consequently, the 

fluorescein and PVP-FITC have chance to attach to the surface of the nanoparticles. 

Upon excitation using a 980 nm CW laser that excites Tm3+ through energy transfer from 

Yb3+ in nanoparticles but not fluorescein and PVP-FITC, Tm3+ can transfer energy to 

fluorescein and PVP-FITC. Hence, the dynamics of the surface ligand can be 

investigated. Fluorescein and PVP-FITC were chosen because of the overlap of the 

excitation of fluorescein and the emission of Tm3+ (Figure A1). The preliminary study of 

this work has shown the expected energy transfer and thus confirms the dynamic nature 

of the ligand on the surface of nanoparticles.  
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Figure A1. (a) Excitation spectrum of fluorescein in water (λem = 521 nm) and (b) 

emission of Tm3+ ions in NaYF4:Yb,Tm nanoparticles in water (λex = 980 nm). 

 

Results and discussion 

Oleate-stabilized NaYF4:Yb,Tm nanoparticles were synthesized using a co-

precipitation method in organic media at 300 °C. In order to make relatively big 

nanoparticles and facilitate the later processing, a core-shell procedure was used with the 

shell having the same dopant concentrations. As shown by TEM image in Figure A2a, 

NaYF4:Yb,Tm nanoparticles are near monodisperse with a size of 25.4 ± 1.2 nm.  
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Figure A2. TEM image of (a) oleate-stabilized NaYF4:Yb,Tm nanoparticles and (b) 

PVP-coated NaYF4:Yb,Tm nanoparticles. 

 
In order to make oleate-stabilized NaYF4:Yb,Tm nanoparticles water-dispersible, 

ligand exchange with polyvinylpyrrolidone bearing a functional group of carboxylic acid 

(PVP-COOH) was carried out. After ligand exchange, as shown by TEM image in Figure 

A2b, NaYF4:Yb,Tm nanoparticles look essentially the same as the as-prepared oleate-

stabilized nanoparticles in morphology. Due to the high solubility of PVP in water, the 

PVP-coated NaYF4:Yb,Tm nanoparticles can readily be dispersed in water.  

For the ligand exchange reaction, the excess PVP was used to drive the ligand 

exchange to completion. Without a further step to remove the PVP, there are lots of free 

PVP molecules that are not coordinating on the nanoparticles. Even after 10 hrs of 

dialysis with a dialysis membrane of 50,000 Dalton in water, the weight percentage of 

PVP, as shown in Figure A3a, is still 85 wt%. This excess PVP will obviously complicate 

the dynamics study of the surface ligand. To minimize this effect, the dispersion of PVP-

coated nanoparticles with a size of 25.4 nm was centrifuged at a high g-force for a 

prolonged time so that nanoparticles would precipitate in the bottom of centrifuge vials 
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and the excess PVP-COOH will remain in the supernatant. TGA was again used to 

determine how much PVP-COOH in total has been left in the final product. As shown in 

Figure A3b, there is ca. 30 wt% PVP-COOH left, which is much lower than the above 

dialyzed product. This is also in good agreement with the TGA results of the as-prepared 

nanoparticles showing 20 wt% oleate because PVP-COOH has a higher molecular weight 

than oleate (Figure A3c). The prolonged centrifuge can be done repeatedly, but 

nanoparticles will become less dispersible. Thus, it can be concluded that there is, if any, 

a very limited amount of non-coordinating PVP-COOH in the final nanoparticles.  

In order to test the dynamics of the surface ligand, PVP in this case, ca. 1 mg of PVP-

COOH-coated nanoparticles in 4 mL water are mixed with various amount of 2 µmol/L 

fluorescein at pH 7. As shown in Figure A4, upon excitation using a 980 nm CW laser, 

the intensity of Tm3+ ions at 475 nm decreases and the peak at 521 nm corresponding to 

the emission of fluorescein increases as the amount of the added fluorescein increases. 

This suggests that energy transfer occurs from nanoparticles to fluorescein assuming that 

re-absorption by fluorescein is negligible due to the very low concentration, which 

indicates that fluorescein molecules have attached to the surface of nanoparticles, and 

thus confirms the dynamic nature of the surface ligands. This is also consistent with the 

results in literature that shows that energy transfer takes place from lanthanide-based 

nanoparticles and organic dye on the surface of the nanoparticles.8,9 
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Figure A3. Thermogravimetric analysis of (a) PVP-COOH-coated NaYF4:Yb,Tm 

nanoparticles after 10 hrs dialysis in water, (b) PVP-COOH-coated NaYF4:Yb,Tm 

nanoparticles after centrifuge at a high speed, and (c) as-prepared oleate-stabilized 

NaYF4:Yb,Tm nanoparticles. 
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Figure A4. Emission of PVP-COOH coated NaYF4:Yb,Tm NPs mixed with (a) 20 µL, 

(b) 100 µL and (c) 500 uL of 2 µmol/L fluorescein (λex = 980 nm). (Intensity is 

normalized using the peak at 800 nm). 

 
However, the fluorescein is quite different from PVP-COOH in terms of molecular 

weight and structure. In order to test the dynamics of the surface ligand of the 

nanoparticles more precisely, ligands with similar molecular structure and at the same 

time, functioning as energy transfer acceptor, should be used. Therefore, PVP-NH2 with a 

functional group of amine and a similar molecular weight to PVP-COOH was reacted 

with FITC in anhydrous DMF to make PVP-FITC. To confirm that FITC had been 

attached to PVP covalently, FT-IR was performed. As shown in Figure A5, the 

characteristic isothiocyanate peak at 2017 cm-1 became minimal as compared to FITC. 

The appearance of the peak at 1762 cm-1 is very likely due to the intense drying of the 

carboxylate group that appears at 1590 cm-1 for FITC. The FT-IR results indicate the 

successful attachment of FITC to PVP. To further confirm this, MALDI was carried out. 

As shown in Figure A6, the strongest peak of PVP has shifted to a higher molecular 
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weight and additional peaks have shown up as compared to the starting PVP-NH2, which 

are calculated to be from PVP-FITC. These results suggest that FITC has been attached 

successfully to PVP-NH2. 
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Figure A5. Flourier transform infrared spectroscopy of (a) PVP-FITC, (b) PVP-NH2, and 

(c) FITC. 
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Figure A6. Matrix-assisted laser desorption/ionization mass spectroscopy of (a) PVP-

NH2 and (b) PVP-FITC.  

 
The prepared PVP-FITC was dissolved in water with a concentration of 0.5 µmol/L. 

20 µL of the solution was used to mix with 1 mg PVP-COOH-coated nanoparticles in 4 

mL water. As shown in Figure A7, the Tm3+ peak at 474 nm decreased slightly once the 

PVP-COOH-coated nanoparticles were mixed with PVP-FITC. More PVP-FITC is 

needed to see a more pronounced change. This result again suggests the energy transfer 

from nanoparticles to PVP-FITC and thus indicates dynamic nature of the surface ligand 

of nanoparticles.   
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Figure A7. Emission of PVP-COOH coated NaYF4:Yb,Tm NPs (a) without FITC, and 

(b) with 20 µL of 0.5 µmol/L FITC. (Intensity is normalized using the peak at 800 nm). 

 

Conclusions and future work 

The preliminary results suggest that the ligands on the surface of nanoparticles are 

dynamic. However, the rate of dynamics is to be determined. The rate of dynamics could 

be derived from the kinetics of energy transfer. Since upon the mixing of nanoparticles 

with acceptor, energy transfer reaches equilibrium too quickly to be caught by a regular 

fluorometer, a method to catch the stages of energy transfer is needed. Stopped flow 

instrument, a rapid mixing instrument in a time scale of millisecond, could possibly be 

used to measure the kinetics of energy transfer. 

 

Experimental section 

The lanthanide acetate salts, fluorescein and fluorescein isothiocyanate (FITC) were 

purchased from Aldrich in the highest purity available. All the chemicals were used as 
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received without further purification. Polyvinylpyrrolidone (Mw = ca. 1000 g/mol) with a 

functional group of carboxylic acid (PVP-COOH) and of amine (PVP-NH2) at the end 

was provided by a group member, Noah Johnson. 

Nanoparticles were prepared using the same procedure described in chapter 7. 

Characterization by TEM has been described in chapter 3, and fluorescence study has 

been described in chapter 7. 

Preparation of PVP-coated nanoparticles by ligand exchange with PVP-COOH 

Ligand exchange was performed using a similar procedure reported in chapter 7. In 

brief, 0.2 ml of the above as-prepared oleate-stabilized nanoparticles dispersion was 

taken in a 50 mL round-bottom flask and diluted with 5 mL of DMF and 5 mL of 

dichloromethane, followed by the addition of 300 mg of PVP-COOH. The reaction 

mixture was refluxed at 80 °C for 8 h, followed by stirring at room temperature 

overnight. PVP-stabilized nanoparticles were precipitated using 60 mL of ethyl ether. 

The precipitate was washed once with ethyl ether and isolated using the same centrifuge 

settings described in chapter 7. The precipitate was dispersed in 6 mL DMF and split into 

4 1.5-mL centrifuge vials, followed by centrifuge at 11000 rpm (a g-force of 11100×g) 

for 30 min to remove the excess PVP-COOH. The supernatant was poured off and the 

precipitate in the bottom of vials was kept for use. 

Preparation of PVP-FITC 

 In a 10 mL round-bottom flask, 2 mL of 10 µmol/L FITC solution in DMF was 

mixed with 0.5 mL of 20 µmol/L PVP-NH2 solution in DMF, followed by stirring for 18 

hrs under room temperature in the dark. The resulting solution was dialyzed against water 

for 3 hrs to remove DMF. The dialyzed solution was then diluted into a 10 mL 
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volumetric flask with water, resulting to a solution with a FITC concentration of 0.5 

µmol/L. 

Thermogravimetric analysis 

Thermogravimetric analysis was done with a SDT Q600 thermogravimetric analysis 

instruments from TA instruments Inc. a concentration dispersion of nanoparticles in 

ethanol was dried in air and then mounted to the sample scale. The temperature was 

ramped up at a speed of 10 °C/min to 1000 °C, followed by cooling to room temperature. 

Fourier transform infrared spectroscopy  

Fourier transform infrared spectroscopy (FT-IR) was performed with a spectrum 

1000 FT-IR instrument from PerkinElmer Inc.  Sample preparation was done by mixing 

PVP-FITC solution in DMF with KBr powder, followed by drying under vacuum 

overnight to remove DMF and moisture. KBr pellet was then made for FT-IR 

measurements. For PVP-NH2 and FITC, regular sample preparation of grinding powders 

was used. 

Matrix-assisted laser desorption/ionization mass spectroscopy 

Matrix-assisted laser desorption/ionization (MALDI) mass spectroscopy was 

performed on an Applied Biosystems Voyager-DE STR MALDI-TOF mass 

spectrometer.  The polymer was first dissolved in water (1 mg/mL) and then diluted by a 

factor of 10 in a matrix solution of α-cyano-4-hydroxycinnamic acid in a 50:50 mixture 

of water/acetonitrile with 0.1% trifloroacetic acid. Using a micro-pipette, 1µL of this 

solution was deposited on the MALDI plate and allowed to dry before commencing 

analysis. 
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