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Abstract 

 

 

Lanthanide (Ln3+)-based nanoparticles (NPs) are promising candidates for various applications, 

e.g., bioimaging, therapy, catalysis, and energy conversion, due to their unique optical and 

magnetic properties. Ln3+-based NPs are capable of emitting UV and visible light (upconversion, 

UC) as well as near-infrared (NIR) light (downshifting) when excited with NIR light (e.g., 980 nm). 

Microwave (MW)-assisted synthesis of sodium rare-earth (RE = Y + Gd) tetrafluoride, NaREF4, NPs 

has attracted increasing attention due to its significantly shorter reaction time and high 

reproducibility compared to the conventional thermal decomposition or solvothermal methods.  

NaREF4 can crystallize in two crystalline phases, namely the cubic (α) and the hexagonal (β) crystal 

structure. The high-symmetry α-phase is more efficient for the magnetic properties, while the 

lower-symmetry β-phase is more suitable for the optical properties. The present thesis aims to 

(i) explore the MW-assisted approach towards the synthesis of the whole family of NaREF4 NPs, 

and evaluate their crystalline phase accessibility (Chapter 4), to (ii) control the architecture of 

core/multi-shell NaREF4 NPs seeking multimodal functionalities (Chapter 5), and subsequently to 

(iii) expand the synthesis approach to other fluoride materials beyond NaREF4 NPs, i.e., NaMnF3 

(Chapter 6). 

More precisely, a series of sub-10 nm NaREF4 NPs (RE = Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, 

Lu) were prepared using a MW-assisted approach. The accessibility of these NaREF4 NPs in α- and 

β-phase as a function of the RE ion choice was investigated. The results showed that using the 

MW-assisted approach, α-NaREF4 NPs could be obtained for the whole RE family, while the β-

NaREF4 NPs were only accessible for the lighter RE ions (Pr to Dy). An adapted ligand removal 

procedure using a HCl solution of pH 1.5 was developed to render these NPs water dispersible, 

and the chemical stability of the obtained NPs under the acidic conditions was investigated. 

Interestingly, upon acidic treatment, some of the α/β-NaREF4 NPs underwent a phase 

transformation from NaREF4 to REF3, pointing towards challenges with respect to chemical 

stability. Indeed, a correlation between the thermodynamic stability of the α/β-NaREF4 and the 
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hexagonal/orthorhombic REF3 phases – as a function of RE ion choice – and the chemical stability 

of the NPs was found (Chapter 4). 

The design of core/shell/shell (CSS) architectures allows engineering different Ln3+ ions in 

separate layers in one NP, optimizing their optical properties and generating new functionalities. 

Having gained new knowledge from the synthesis of NaREF4 core NPs, further optimization of the 

MW-assisted synthesis approach to control the architecture of CSS NPs was conducted. For 

example, opto-magnetic CSS NPs were explored as potential multimodal imaging probes. 

Therefore, β-NaGdF4:Yb3+,Er3+/NaGdF4/NaDyF4 CSS NPs were synthesized (Chapter 5). Careful 

tuning of the MW reaction conditions allowed for tuning of the inner shell thickness from ca. 3 

to 6 nm. Such control is crucial to physically separate the luminescent Er3+/Yb3+ ion pair in the 

core from the magnetic Dy3+ ions (emission quencher) in the outer shell, ultimately preventing 

UC loss. The mechanism of UC loss was investigated in detail by evaluating the Er3+ UC intensities 

and the excited state lifetimes of Yb3+ and Er3+ as a function of the inner shell thickness. The 

results demonstrated that a 4 nm thick NaGdF4 inner shell did not only restore but enhanced the 

UC emission of Er3+. In addition, the effect of the outer NaDyF4 shell thickness on the particles’ 

magnetic and X-ray computed tomography (CT) performance was investigated. Careful shell 

thickness tuning unveiled that the CSS NPs with the thickest outer shell thickness (4 nm) 

possessed superior magnetic resonance imaging (MRI) T2 and CT contrast effects than that of 

other MRI and CT contrast agents (Chapter 5). 

Inspired by the promising CSS architecture, β-NaGdF4:Yb3+,Er3+/NaGdF4:Tm3+/NaGdF4 CSS NPs 

were synthesized to investigate their thermometric properties (Chapter 7). This is the latest work 

in progress, exploring future research directions. 

The versatility of the developed MW-assisted approach was further explored to synthesize 

NaMnF3 particles. NaMnF3 particles have been reported as alternative candidates for MRI T1 

contrast agents. A stringent adjustment of the reaction conditions was conducted, including the 

Na+-to-Mn2+ metal ion ratio, nucleation and growth temperatures, as well as reaction time. 

Interestingly, this MW-assisted method enabled the production of NaMnF3 particles with specific 

morphologies (nanorods and ribbons) beyond well-established plates by varying the Na+-to-Mn2+ 
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metal ion ratio. Moreover, the obtained NaMnF3 particles exhibited promising contrast effect as 

MRI T1 contrast agents (Chapter 6). 

Overall, the MW-assisted approach led to promising achievements for the synthesis of NaREF4 

NPs and could be extended to other types of fluoride materials, i.e., NaMnF3. The concept of 

fabricating multilayer NPs by use of MW-assisted routes that offered control over shell 

thicknesses provided insights for the future architecture design of Ln3+-based materials for their 

e.g., biomedical applications and beyond. Further extension of these studies is expected to 

provide knowledge valuable for the future design of fluoride-related materials for their diverse 

applications. 
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Chapter 1. Introduction 

 

 

The rare-earth (RE) elements refer to a group of 17 elements, including scandium (Sc), yttrium 

(Y), and 15 lanthanides (Ln) (from lanthanum to lutetium), which have numerous similar physical 

and chemical properties.1 The history of RE elements dates back to 1751, when the first RE 

mineral was discovered in Sweden.2 More than two centuries after the first achievements in RE 

chemistry, these elements have been developed for various applications, such as electronics (e.g., 

fiber optics and lasers), magnetics (e.g., computer hard drives), lighting/displays (e.g., LED 

lighting and colour television), catalysts, phosphors, magnetic resonance imaging contrast agents 

(e.g., Gd-chelates) and anti-counterfeiting.3-7  Beyond their current practical uses, these elements 

are also being explored for potential applications in areas such as nanoparticle-based bioimaging, 

therapy, photocatalysis, photovoltaics, and thermal sensing.8-10 

 

Figure 1.1. Ionic radius and valence configuration of RE3+ ions. From La3+ to Lu3+, the number of electrons 
on the 4f orbitals increases with increasing atomic number. The electron configurations of La3+, Gd3+, and 
Lu3+ show empty, half-filled, and completely filled 4f orbitals, respectively. Figure taken from [11] with 
permission. 
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All the RE elements have similar ground state electronic configurations. For Sc and Y, the ground 

state configurations are [Ar]3d14s2 and [Kr]4d15s2, respectively (Figure 1.1). For the 15 Ln 

elements, La, Ce, Gd, and Lu share the [Xe]4fn−15d16s2 configurations, while other lanthanides 

share [Xe]4fn6s2 configurations. As a result, trivalent RE ions (RE3+), are the most common and 

stable oxidation state.12 Trivalent Ln ions (Ln3+) have similar configuration [Xe]4fn−1, which results 

in a systematic decrease in the ionic radius across the Ln series, a phenomenon known as Ln 

contraction.13 Therefore, the ionic radii fall into a small range across the Ln series. Consequently, 

this allows to incorporate different Ln3+ ions simultaneously into a substrate with controlled 

concentrations and compositions (known as doping), which is crucial for the development of Ln3+-

doped materials with diverse properties. The electron configurations of Ln3+ ions endow them 

with particularly interesting optical and magnetic properties, which will be introduced in more 

detail in the following sections. In this thesis, “Ln3+” will be used to discuss the optical and 

magnetic properties, and potential applications, while “RE3+” will only refer to the discussion for 

the host materials. 

 

1.1 Optical Properties of the Lanthanides 

Ln3+ ions possess attractive optical properties because of their well-shielded 4f electrons. Due to 

this shielding effect provided by the 5s and 5p shells, the optical properties of Ln3+ ions originating 

from 4f  4f transitions are less influenced by the surrounding environment and exhibit similar 

spectral features to those of free ions.11 Of note, the 4f  4f transitions can be affected by 

temperatures. This thermal dependence of spectral features from Ln3+ ions opens the field of 

luminescence temperature sensing (more details are described in Chapter 1.1.5).10 Strictly 

speaking, the 4f  4f electric diploe transitions are principally forbidden by the parity (Laporte) 

rule,14 which states that the two energy levels involved in a transition must have opposite parity. 

Fortunately, this rule can be partially lifted by doping the Ln3+ ions into an asymmetric crystal 

field, e.g., by choosing an inorganic host lattice or coordination complex with organic ligands that 

would not allow the lanthanide ion to occupy a site with spherical symmetry.15 The unique 

electronic configuration of Ln3+ contributes to the characteristic optical properties of Ln3+-based 
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materials including excellent photostability, large Stokes/anti-Stokes shifts, long luminescence 

lifetimes, and sharp-band emissions.16 

Based on the transition pathways involved, the luminescence of Ln3+ can be classified into 

downshifting, downconversion, and upconversion.17 In both downshifting and downconversion 

processes (Stokes shift process), the emitted light has a longer wavelength (lower-energy) than 

the excitation light. The downshifting process involves one emitting photon after absorbing one 

photon, while in the case of downconversion, an incident high-energy photon is converted into 

two or more lower-energy photons.18 In contrast, upconversion (UC) is a nonlinear optical 

process in which the sequential absorption of two or more lower-energy photons (typically NIR 

light) leads to the emission of light at shorter wavelength (anti-Stokes shift).17 One key 

requirement for UC is the presence of a metastable absorbing state, located between the ground 

and emitting states, that acts as a population reservoir. The UC mechanism will be described in 

more detail in the following. 

 

1.1.1 Upconversion Mechanism 

Two common mechanisms for UC processes are excited state absorption (ESA) and energy 

transfer upconversion (ETU).19 UC in a single ion type system typically occurs via the ESA 

mechanism. As shown in Figure 1.2 A, ESA involves the sequential absorption of two or more 

photons, promoting an ion from the ground state to an excited state where UC occurs.19 ETU is 

widely recognized as the most common mechanism for UC emission in nanoscale materials.20 As 

illustrated in Figure 1.2 B, an ion I, also known as the sensitizer (usually with a high absorption 

cross-section), is first excited from the ground state (G) to its excited state (E1) by absorbing a 

photon. Then the ion I transfers the harvested energy to the excited state of ion II, known as the 

activator (usually an emitting ion), exciting the activator to its higher excited state E2 with the 

involvement of at least one additional photon. Following this energy transfer, UC emission can 

be obtained from the excited levels of the chosen activator ion.20 A sensitizer is usually used 

together with an activator to enhance the photon absorption.  
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Figure 1.2. Schematic representation of energy transfer processes leading to Ln3+-based upconversion. (A) 
Excited state absorption (ESA) and (B) energy transfer upconversion (ETU). The arrows indicate the 
direction of energy flow between different energy states. (C) ETU energy transfer process for the 
upconversion process commonly found for the Yb3+/Er3+ ion pair under excitation at 980 nm. Non-radiative 
transfers are indicated by dotted curved arrows, and non-radiative multiphoton relaxations are indicated 
by wavy arrows. (D) Cross relaxation (CR) process. Figure (A) and (B) redrawn from [20], (C) redrawn from 
[19], (D) redrawn from [21] with permission. 

 

For instance, Yb3+ ions are commonly used as a sensitizer for the activators, e.g., Er3+ and Tm3+, 

due to its relatively high absorption cross-section at 980 nm.22 For example, in the UC process of 

the Yb3+/Er3+ pair (Figure 1.2 C), the Yb3+ ion absorbs the photon energy from 980 nm light and is 

populated to its excited state 2F5/2. Following the non-radiative energy transfer from the Yb3+ ion 

to the Er3+ ion, the Er3+ ion is promoted to its excited state, 4I11/2. Subsequently, the sequential 

energy transfer processes promote the Er3+ ion to its higher excited states, e.g., 4F9/2 and 4F7/2, 

before it returns to the ground state by emitting light in the red, green, and blue spectral range.19  

The UC efficiency is influenced by the dopant ion concentration, the choice of host lattice, as well 

as the architectural design (i.e., core/shell concept). These influencing parameters are described 

in more detail in the following paragraphs. 

In addition to the UC process, Ln3+-based materials can also be excited by UV or NIR light to emit 

in the visible-to-NIR regions (downshifting process), i.e., UV-visible and NIR-NIR processes. The 

NIR-NIR process is particularly interesting for tissue imaging applications by matching the NIR 

transparency windows,23 and will be discussed in Chapter 1.3.1. 

ET 
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1.1.2 Doping Concentration 

Since 4f  4f electronic transitions are Laporte-forbidden, inefficient absorption of the exciting 

light can be a serious problem. In principle, the absorption can be improved by increasing the 

concentration of the Ln3+ dopant in the material. However, one has to be aware that a higher 

concentration of Ln3+ dopants can introduce so-called cross-relaxation (CR) and energy-migration 

processes, inducing quenching of the UC emission.21 As shown in Figure 1.2 D, CR is an energy 

transfer process, resulting from ion−ion interaction in which ion I transfers part of its excited 

energy to ion II through a process that can be summarized as E2 (ion I) + G (ion II)  E1 (ion I) + 

E1 (ion II). Ion I and ion II can be either the same or different, and ion II can also be in its excited 

state in some cases.21 CR is one reason for the well-known “concentration quenching mechanism” 

of UC emission.24 Hence, in most upconverting nanoparticles (UCNPs), the concentration of Er3+ 

does not exceed 3%, while the concentration of Tm3+ is usually around 0.5%.19 One way to 

circumvent this concentration quenching effect caused by a high concentration of activators was 

reported by Zhao et al., namely the use of a high laser irradiance density (∼106 W/cm2).25 The 

authors stated that the use of high excitation density could effectively reduce the probability of 

CR by decreasing the population density at the ground state. However, this uncovered UC 

enhancement strategy was limited to applications that permit a high irradiance density. Although 

CR process causes emission quenching, it can be intentionally used to tune the color output in a 

UCNP by populating an emitting level that corresponds to a desired emission wavelength.26 

 

1.1.3 Host Lattice Choice 

This section was taken from the published work: Handbook on the Physics and Chemistry of Rare 

Earths, Elsevier, 2024, ISSN 0168-1273. Christian Homann, Nan Liu, Helliomar Barbosa and Eva 

Hemmer. 

A significant challenge in the design of efficient Ln3+-doped NPs involves the meticulous selection 

of appropriate host materials. Doping the Ln3+ ions into a suitable inorganic host lattice (an 

asymmetric crystal field) partially allow the forbidden 4f  4f electronic transitions, enabling 
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bright luminescence of Ln3+ ions.27 Therefore, lowering the symmetry around the Ln3+ ions by 

tailoring the crystal structure enhances luminescence emission intensity.21 A suitable host lattice 

must be capable of incorporating Ln3+ ions by substituting host ions of comparable size and 

charge. Moreover, good chemical stability is required to ensure the physical integrity of the NPs. 

Moreover, the best suited host materials have a low lattice phonon energy, minimizing non-

radiative processes, while maximizing the radiative emission processes.28  

To date, a myriad of host materials has been investigated including fluorides, chlorides, bromides, 

oxides, vanadates, tungstates, phosphates, oxysulphides, and oxychlorides.29 Among these host 

materials, chlorides and bromides exhibit very low phonon energies (~300 cm-1), which are ideal 

for higher efficiencies of the UC process; however, they are chemically unstable. In contrast to 

these halides, oxides exhibit excellent chemical and thermal stability but at the drawback of 

higher phonon energies (>500 cm-1). Fluoride hosts offer an acceptable compromise. They 

possess low phonon energies (~350 cm-1), good thermal and chemical stability, as well as 

accessible synthesis routes. 

Hence, fluoride-based inorganic materials have emerged as the most popular host materials and  

received extensive investigation.22 Sodium rare-earth tetra fluorides (NaREF4), and especially 

NaYF4 and NaGdF4, have emerged as highly favored host materials due to their exceptional 

properties. They exhibit low phonon energy, suitable dopant sites (favourable in terms of 

symmetry aspects), dopant compatibility (i.e., dopant ion substituting host ions), and good 

chemical and thermal stability. NaREF4 can crystallize in two crystalline phases, namely the cubic 

(α) and the hexagonal (β) crystal structure.19 As shown in Figure 1.3 A, the α-phase contains one 

type of cation site, which is randomly occupied by Na+ and RE3+ ions (blue spheres). The 

crystallographic symmetry of both Na+ and RE3+ are determined to be Oh.30 In contrast, the 

crystalline structure of β-phase NaREF4 consists of two types of relatively low-symmetry cation 

sites (blue and purple spheres), which are selectively occupied by Na+ and RE3+ ions at C3h site 

(Figure 1.3 B).31 According to the Judd-Ofelt theory, which describes the electric-dipole 

transitions between the energy levels of the 4fn configurations of the Ln3+ ions, the UC emission 

is heavily affected by the site symmetry of the Ln3+ dopant ions.  
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Figure 1.3. Crystalline structure of (A) the cubic and (B) hexagonal phases of NaREF4 particles. Figure 
adopted from [31] with permission. 

 

Overall, β-phase is more efficient for the UC process due to its lower symmetry, lower phonon 

energy as well as multiple cation dopant sites, and has been explored for most optical 

applications.32, 33 Yet, in 2022, Quintanilla et al. reported that in the case of α-NaGdF4, the 

quantum yield (QY) could increase and even surpass that of the β-phase when a decrease in NP 

size below 20 nm induced larger distortions of the doping ions in the crystal phase.34 

 

1.1.4 Luminescence Enhancement – Core/Shell Concept 

This section was taken from the published work: Handbook on the Physics and Chemistry of Rare 

Earths, Elsevier, 2024, ISSN 0168-1273. Christian Homann, Nan Liu, Helliomar Barbosa and Eva 

Hemmer.  

While the nanoscale size endows numerous excellent properties to Ln3+-based NPs, it also results 

in a larger relative surface area (i.e., surface-to-volume ratio) than in the case of larger particles 

and bulk material. This results in more surface defects and thus, a higher risk of surface 

luminescence quenching.35 The higher surface area makes NPs also more prone for solvent 

induced quenching effects, which are very pronounced on solvents that contain high-energy 

vibrations bands, e.g., C–H (2900 – 3000 cm-1) and O–H (3200 – 3700 cm-1).36 The emissions from  

these NPs are quenched by vibrational coupling with nearby high-energy vibrations of solvents 

and capping molecules.  

The growth of a protecting shell around the Ln3+-doped NP, resulting in a core/shell (CS) 

architecture, is an efficient strategy to prevent such devastating surface quenching effects. 
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Herein, the shell layer – typically, but not necessarily, made of the same host material as the core, 

while lacking the dopant – provides an effective passivation of the Ln3+ emitter from lattice 

defects located at the surface of the NPs and from potentially quenching surrounding 

environment as depicted in Figure 1.4 A. As a result, significant luminescent enhancement has 

been reported.37  

In general, the direct comparison of core and CS emissions typically follows a similar pattern of a 

manifold fluorescence intensity increase (Figure 1.4 B), but it is also often being used as an 

indicator for the quality of the shell shielding ability. After the introduction of the CS concept by 

Boyer in 2007, Vetrone et al. proposed in 2009 the concept of the active shell. Rather than 

growing an inert shell, sensitizers Yb3+ or Nd3+ are doped into the shell to foster excitation and 

thus, boost emission intensity.37, 38 Following the first simple CS architecture, core/multi-shell 

Ln3+-based NPs started to emerge and are still very popular when seeking optimized emission 

intensities as well as optical properties. Herein, by controlling the shell composition and thickness, 

different Ln3+ emitters can be engineered in separate layers in one NP, making color tuning and 

more generally optical property control possible.39 The potential applications of these CS NPs 

used as optical imaging probes will be described in Chapter 1.3.1. In addition, the design of CS 

architectures can also generate new functionalities in Ln3+-based NPs used as e.g., multimodal 

imaging probes,40 which will be discussed in Chapter 1.3.4. 

 

Figure 1.4. Schematic representation of core/shell (CS) and core/multi-shell architectures. (B) UC intensity 
enhancement of β-NaGdF4:Yb3+,Er3+/NaGdF4 CS NPs compared to the corresponding core NPs. 
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While the CS concept has been successfully applied over the past years, more recently, concerns 

and open questions have come up regarding the actual CS structure. While it was always assumed 

to have a relatively “hard” border between the core and the shell, with distinct separation of ions 

into core versus shell, yet, recent reports have shown that this is unlikely in the synthesized CS 

NPs, and the occurrence of element intermixing in the entire NP was more likely.41 One of the 

first studies on this topic was performed by Haase and coworkers, investigating the Eu3+ ion 

distribution in β-NaEuF4/ NaGdF4 CS NPs.42 The authors found that the concentration of leaked 

Eu3+ ions on the particle surface was estimated to be 0.7% and 5.6%, depending on the choice of 

the shell precursors. While the CS architecture is suitable for property tuning and emission 

enhancement, better understanding of element intermixing is still needed to know how it affects 

the properties of Ln3+-doped NPs and how it might be prevented. 

 

1.1.5 Temperature-Dependent Photoluminescent – Temperature Sensing 

This section was taken from the published work: Nanoscale, 2024, 16, 10975-10993. Abigale 

Puccini, Nan Liu, and Eva Hemmer.  

As a last fundamental aspect of lanthanide luminescence, its temperature dependence shall be 

mentioned, which opens opportunities for contactless optical thermal sensing.10 Detection of 

temperature with high thermal and spatial resolution is necessary for a wide range of industrial 

and research applications, including microelectronics, nanofluidics, and biomedicine.10, 43-45 

Conventional contact thermometers, which are considered an invasive thermal sensing 

technique, are not suitable when temperature is measured at scales below 10 μm.46 To overcome 

this limitation, remote, minimally invasive luminescence nanothermometers have been 

developed to allow for local temperature sensing at the nanoscale (Figure 1.5).47, 48 Luminescence 

nanothermometry refers to a spectroscopic technique in which temperature-dependent changes 

in the spectral features of an optical nanoprobe, e.g., emission intensity, lifetime, spectral shape, 

or peak position, can be used to provide a remote thermal readout.47, 49, 50 Using luminescence 

nanothermometry, temperature can be sensed in applications where conventional contact 

thermometers are ineffective, such as in harsh environmental conditions, in fast moving objects,  
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Figure 1.5. Typical thermal resolution vs. spatial resolution for various thermometry techniques, seeking 
sub-micrometric resolution. Orange dots indicate techniques based on luminescent nanoparticles. In this 
case, the spatial resolution is given by the experimental set-up (usually a microscope) and thus it is 
diffraction-limited. As a consequence, the precise spatial resolution will depend on the wavelength of the 
light applied, so it will be smaller for UV probes and larger for near-IR probes. Figure taken from [48] with 
permission. 

 

and in the presence of strong electromagnetic fields.51 It has also proven to be promising for 

remote in vitro or even in vivo thermal sensing.45 The possibility for remote and minimally 

invasive temperature sensing has resulted in growing exploration of different materials and 

molecules capable of acting as luminescence thermometers at the nanoscale in recent years. 

Due to their unique optical properties, Ln3+-based NPs have been explored as candidates for 

luminescence nanothermometry in recent years. Since luminescence nanothermometry was not 

the major focus of this thesis, only the fundamental aspects are introduced in the following 

paragraphs. 

Figures of Merit. The basic parameters used to describe the thermometric performance are 

briefly introduced in the following. Ratiometric approaches are widely applied as they are less 

affected by emitter concentration when compared to thermal sensing based on absolute 

emission intensity.52 Herein, the thermometric parameter is the luminescence intensity ratio, LIR, 

commonly used to quantify a nanothermometer’s thermometric performance. The LIR can be 
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quantified as the ratio between the integrated intensities of two emission bands that originate 

from two different and distant energy levels (double-band approach) or two Stark sublevels 

(single-band approach) (Figure 1.6 A/B). 

Relative thermal sensitivity, Sr. A key figure of merit is the relative thermal sensitivity (Sr), which 

correlates the change in LIR with change in temperature. This quantitative parameter is used to 

assess and compare the performance of different thermometers. It is defined as: 

𝑆𝑟 =
1

𝐿𝐼𝑅

𝜕𝐿𝐼𝑅

𝜕𝑇
                                                         (Eq. 1.1) 

For Ln-NP-based double-band nanothermometers, Sr values greater than 1 % K-1 are currently 

considered as indicative of a sensitive nanothermometer. While the Sr values of single-band 

nanothermometers are intrinsically lower than those of double-band nanothermometers 

(typically < 1 % K-1).50, 53 

 

Figure 1.6. (A) Double-band and (B) single-band based luminescence nanothermometry. 

 

Thermal resolution or temperature uncertainty, δT. Besides Sr, thermal resolution (also calls 

temperature uncertainty), δT, representing the smallest temperature change that can be 

resolved in a given measurement, is another important figure of merit. Depending on the 

experimental detection setup used, the acquisition conditions applied, and the signal-to-noise 

ratio in the experiment, δT might change. While there is still no full consensus within the 

nanothermometry community on how to standardize the determination of δT, it is often 

calculated by: 

𝛿𝑇 =
1

𝑆𝑟

𝛿𝐿𝐼𝑅

𝐿𝐼𝑅
                                                                                     (Eq. 1.2) 

(A)

LIR = I1/I2

I1

I2

                             

LIR = I1/I2

I1
I2

           

  

(B)
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Herein, δLIR/LIR is the relative uncertainty over the thermometric parameter. For LIR-based 

thermometry, δLIR/LIR is obtained as: 

𝛿𝐿𝐼𝑅

𝐿𝐼𝑅
= √(

𝛿𝐼1

𝐼1
)

2

+ (
𝛿𝐼2

𝐼2
)

2

                                                                       (Eq. 1.3) 

Where δI/I was estimated using the signal-to-noise ratio values, namely, dividing the standard 

deviation of the baseline by the maximum intensity value. 

In general, the value of δT of a nanothermometer should be smaller than 1 K to achieve the 

sensitivity requirement.46 However, methods to obtain δT are diverse and thus must be 

considered with care when using them to compare different nanothermometer systems. 

Repeatability, R. The repeatability, R, describes the thermometer’s ability to provide repeatedly 

the same result, under the same circumstances. This value generally should be higher than 90 % 

for good repeatability. 

𝑅 = 1 −
𝑚𝑎𝑥(|𝐿𝐼𝑅𝑖− 𝐿𝐼𝑅𝑚𝑒𝑎𝑛|)

𝐿𝐼𝑅𝑚𝑒𝑎𝑛
                                                                    (Eq. 1.4) 

Where LIRi is the luminescence intensity ratio at a given temperature measured for the i-th round 

of measurement, and LIRmean is the average obtained from three independent measurements. 

These concepts of the luminescence nanothermometry were used for the discussion in Chapter 5, 

but also in depth in work published by A. Puccini, N. Liu et al. on Pr3+/Ho3+-based NPs. The 

interested reader is referred to reference: ACS Materials Lett. 2024, 6, 1327-1337. 

 

1.2 Magnetic Properties of the Lanthanides 

In addition to their optical properties, Ln3+ ions are well known for their magnetic properties. 

With the exception of La3+ and Lu3+, most Ln3+ ions exhibit paramagnetic properties in the ground 

state due to the presence of unpaired electrons in their 4f orbitals.54 The magnetic moment, 

magnetic susceptibility, and electronic relaxation time of Ln3+ ions determined by their 4f 

electron configurations differ dramatically through the series.55 For instance, Gd3+ has an 
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isotropic electronic ground state (8S7/2). Its half-filled f-orbital with 7 electrons has no net orbital 

momentum, resulting in a near zero spin–orbit interaction. Consequently, its electronic 

relaxation time is relatively long. In contrast, the asymmetric electron ground states of Dy3+ 

(6H15/2) and Ho3+ (5I8) endow them with shorter electronic relaxation time but larger magnetic 

moments and magnetic susceptibilities.55 Due to their magnetic properties, some Ln3+ ions (e.g., 

Gd3+, Dy3+, and Ho3+) have been investigated, for instance, as contrast agents (CAs) in magnetic 

resonance imaging (MRI) to afford shortened relaxation time of protons and enhanced image 

contrast.56 An introduction to MRI technology will be given in Chapter 1.3.2. 

 

1.3 Potential Bioimaging Applications  

Bioimaging is a technique used to visualize the structure of organisms, elucidate various 

biological functions, and monitor biological processes in real-time without physical 

interference.57 It encompasses imaging at various scales, including in vivo, in vitro, and cellular, 

for research and clinical purposes.9 Among the various imaging techniques currently available to 

healthcare providers and researchers, optical imaging allows for the investigation of real-time 

monitoring of biological phenomena with high spatial imaging resolution (e.g., up to 100 nm) and 

sensitivity (in µM range),58, 59 while MRI and X-ray computed tomography (CT) imaging come with 

the advantage to provide physiological and anatomical information with unlimited penetration 

depth.60 Ln3+-based materials are promising candidates for imaging probes (e.g., optical, MRI and 

CT) due to their optical, magnetic, and X-ray attenuation properties, which will be described in 

the following sections. 

Contrast agents (or imaging probes) are substances used to enhance the visibility of specific 

structures, tissues, or processes in imaging techniques. The requirements for an effective 

bioimaging contrast agent include safety, high contrast enhancement, biocompatibility, stability, 

proper clearance rate, proper formulation, and non-interference with biological functions.61 
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1.3.1 Optical Imaging Probes 

As previously introduced, Ln3+-based materials exhibit unique optical properties due to their 

capability to emit UV and visible light as well as NIR light when excited with NIR light (e.g., 980 or 

808 nm). This makes Ln3+-based materials promising candidates as optical probes.62 Compared 

to conventional optical probes (e.g., quantum dots and organic dyes), which require excitation 

with UV-visible light, the use of NIR light provides several advantages, such as deeper penetration 

depth, weak autofluorescence, minimal photobleaching, and low phototoxicity.63 

Upconversion luminescence imaging. Since the early 2000s, Ln3+-doped nanomaterials have 

been investigated as luminescent probes for tissue and cell imaging.64 One of the earliest 

demonstrations of Ln3+-NPs as imaging probes was reported in 2008 by Jalil et al..65 They 

investigated the cellular imaging capacity of silica-coated NaYF4:Yb3+,Er3+ NPs. The NPs were 

incubated with rat bone marrow-derived mesenchymal stem cells and skeletal myoblasts. When 

the NP-labeled cells were exposed to 980 nm NIR light, intense UC emissions with a high signal-

to-noise ratio were observed (Figure 1.7). Moreover, the authors found that the NPs were mainly 

located at the cytoplasmic and the perinuclear regions, indicating the intracellular uptake of NPs.  

 

 

Figure 1.7. (A-D) Bright field and UC luminescence images showing the uptake of NaYF4:Yb3+,Er3+ NPs by 
rat bone marrow derived mesenchymal stem cells (A,B) and skeletal myoblasts (C,D). The cells were 
maintained in their respective culture mediums and incubated with 50 µg/mL NPs for 24 h. Figures taken 
from [65] with permission. 
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Encouraged by the promising cellular imaging results, researchers have conducted in vivo imaging 

experiments using Ln3+-NPs. To date, Ln3+-NPs have been investigated in a variety of biological 

models for in vivo imaging studies, including bacteria,66 Caenorhabditis elegans (C. elegans),64 

mice9, 67, rabbits,68 and even plants,69  while most in vivo imaging studies were performed with 

mice.9 For instance, Zhang and co-workers reported the first demonstration of the use of Ln3+-

NPs for mouse imaging.67 The authors compared the penetration depth of excitation light 

(980 nm light) used for Ln3+-NPs and quantum dots (UV light). Ln3+-NPs injected subcutaneously 

into the groin and upper leg of Wistar rats, showed visible emissions from a depth of up to 10 

mm upon 980 nm excitation. In contrast, no emissions were observed from the quantum dots 

under UV excitation. This study highlighted the promise of Ln3+-NPs for in vivo imaging. Notably, 

other types of NIR-emitting materials including NIR-excitable quantum dots (e.g., Ag₂S₃), carbon-

based NPs, and novel molecules (e.g., thiadiazole-based molecules), also show promise as optical 

imaging probes.70  

NIR luminescence imaging. Despite considerable progress, UC luminescence imaging faces 

inherent limitations in resolution due to the large absorption and scattering effects of tissues on 

emitted visible light.23 To address these concerns, luminescence imaging in the NIR wavelength 

range (optical transparency windows, 750 − 1870 nm), has gained significant attention in 

bioimaging in recent years.71 NIR light offers deeper tissue penetration and lower scattering 

compared to UV/vis light.72 The NIR transparency windows are typically divided into three sub-

regions, NIR-I (700 – 950 nm), NIR-II (1000 – 1350 nm), and NIR-III (1550 – 1870 nm).72 In 2013, 

Naczynski et al. were the first to achieve in vivo tumor and vascular imaging with high spatial 

resolution using NIR-emitting NaYF4:Yb3+,Ln3+ (Ln = Er, Ho, Tm or Pr)/NaYF4 CS nanoprobes.73 By 

comparing the tissue transmission, the authors observed that NIR-III light (1525 nm emission of 

Er3+) was significantly more efficient at transmitting through blood and pigmented tumour tissue 

than visible light at 550 nm (Figure 1.8). Since then, various efforts have been made to develop 

Ln3+-nanoprobes for NIR imaging with continuously enhanced functionality and versatility.8, 9, 63, 

74 One of the very recent studies published by Chen et al. reported a series of Ln3+-NPs (Ln = Er 

and Tm) emitting in the 1500 – 1900 nm spectral range as in vivo multiplexed imaging probes.75  
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Figure 1.8. Tissue transmission of NIR-III light is superior to that of visible light. (A) NIR-III light (1525 nm) 
emitted from Er-doped NPs was significantly more effective at transmitting through blood and pigmented 
tumour tissue than visible light at 550 nm. Bar graph data in (a) are expressed as mean values ± standard 
error; n = 3 (P < 0.01). (B) Transmission spectra of visible (white region), NIR-I (grey region) and NIR-II/III 
(blue region) light reveal that longer NIR light exhibited lower absorbance and improved transmission 
through strong tissue absorbers such as blood and pigmented tumor tissue. (C) The NIR-III emissions from 
NPs patterned into the shape of an ‘R’ and irradiated with 980 nm light (‘low’: 0.14 W cm−2; ‘high’: 
0.5 W cm−2) were more clearly visualized through a mouse body and at lower power densities than visible 
emissions due to reduced scattering and absorbance. Figures taken from [73] with permission. 

 

The multiplexed imaging was obtained by combining two types of Ln3+-based CSS NPs, namely β-

NaYbF4:Er(2%)/NaYbF4/NaYF4 with an emission at 1532 nm and β-NaYbF4:Tm(5%)/NaYbF4/NaYF4 

with an emission at 1852 nm. The results exhibited that by using NIR-III probes, high resolution 

static and dynamic multiplexed imaging on blood vessels, intestines, tumor lymph tubes and 

nodes was successfully achieved. 

 

1.3.2 MRI Contrast Agents 

MRI is a non-invasive technique that offers high soft tissue contrast and high spatial resolution, 

and is hence widely used in clinical diagnostic practice.76 The fundamental principle of MRI is 

based on nuclear magnetic resonance (NMR) and the relaxation of proton spins in a magnetic 

field.77 When the nuclei of protons are exposed to a strong magnetic field, their spins align either 
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parallel or antiparallel to the magnetic field. During their alignment, the spins undergo a 

precession at a specific frequency, known as the Larmor frequency (ω0, Figure 1.9). When a 

resonance frequency in the radio-frequency (RF) range is applied to the nuclei, the protons 

absorb the energy and are excited to the antiparallel state. After the disappearance of the RF 

pulse, the excited nuclei return to their initial, lower-energy state through a process called 

relaxation. There are two different relaxation pathways: one is called longitudinal or T1 relaxation, 

involving the decreased net magnetization (Mz) by recovering to the initial state. The other one 

is called transverse or T2 relaxation, involving the induced magnetization on the perpendicular 

plane (Mxy) disappearing by the dephasing of the spins.78 

When the characteristic relaxivity of protons within different domains is not sufficient to 

generate an informative image, the use of CAs can significantly enhance the anatomic or 

pathologic details under investigation.60 Today, almost 50% of MR images use some form of 

contrast agents in clinic applications, and there is a dozen US Food and Drug Administration (FDA) 

approved CAs (e.g, Gd3+-chelates).79 

 

Figure 1.9. Principle of magnetic resonance imaging. Spins align parallel or antiparallel to the magnetic 
field and process under Larmor frequency (ω0). After induction of RF pulse, magnetization of spins changes. 
Excited spins take relaxation process of T1 relaxation and T2 relaxation. Figure adapted from [78] with 
permission. 
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The contrast enhancement of MRI arises from the interaction between the CA and the 

surrounding water protons. The use of CAs can shorten the longitudinal (T1) or transverse (T2) 

relaxation time of nearby water molecules. Usually, T1 CAs are applied to increase the signal 

intensity, resulting in a positive contrast enhancement (brightening image) in T1-weighted MRI, 

while T2 CAs decrease the signal intensity, providing a negative contrast enhancement (darkening 

image) in T2-weighted MRI.80 Both effects are described in more detail in the following 

paragraphs. 

 

1.3.2.1 Gd3+-Based Nanoparticles Based T1 Contrast Agents 

Gd3+ ions have the highest number of unpaired electrons (7) in their 4f electronic configuration 

and nearly no net orbital momentum, resulting in a negligible spin-orbit coupling. As a result, 

Gd3+ ions have a relatively long electronic relaxation time and have been widely used in MRI as 

T1 CAs.81 Clinically used T1 CAs are Gd3+-chelates, for instance, gadolinium-diethylene-

etriaminepentacetate (Gd-DTPA) and gadolinium-1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid (Gd-DOTA).80 However, despite their frequent real-life application, there are still 

ongoing limitations for Gd3+-chelates that are currently addressed by researchers. For instance, 

because of their low molecular weight, Gd3+-chelates lack specificity and show limitations for 

long-term tracking.82 In addition, there is also the possible occurrence of nephrogenic systemic 

fibrosis associated with exposure of these CAs to patients suffering from poor kidney 

function.83, 84  

To address these drawbacks, in recent years, Gd3+-based NPs have attracted growing attention. 

These NPs have longer blood circulation time and a large density of Gd3+ ions on their surface, 

which dramatically increases the concentration of the contrast-providing species in the region of 

interest.85 In addition, embedding Gd3+ ions into a matrix, such as inorganic NPs, where they are 

firmly held, can reduce their leakage from the probe, lowering levels of free Gd3+ ions and hence 

contributing to lower toxicity.86 The recently developed Gd3+-based NPs, including gadolinium 

oxide (Gd2O3),87 sodium gadolinium fluoride (NaGdF4)85, 88, 89 and gadolinium fluoride (GdF3)90 

have been extensively explored as alternative T1 contrast agents because of their controllable 
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particle size and morphology. Factors, such as particle size, crystalline phase, and surface 

modification, influencing T1 relaxivity (also called r1, used as figure of merit to compare the 

contrast performance of different CAs), are described in more detail in the following. 

Size effect. Johnson et al. synthesized size-tunable ultra-small NaGdF4 NPs with four different 

sizes (2.5 to 8 nm) and found that the r1 value increased with decreasing size from 3.0 mM-1 s-1 

for 8.0 nm NPs to 7.2 mM-1 s-1 for the smallest 2.5 nm NPs (Figure 1.10 A).85 For NPs with 

comparable surface chemistry and similar shapes, the surface-to-volume (S/V) ratio was strongly 

dependent on particle size, smaller sizes bringing higher S/V ratios. A higher S/V ratio allowed 

more surface Gd3+ ions to interact with water molecules and thus, resulting in a larger r1 value. A 

similar size effect was also observed by Bridot et al. for ultra-small Gd2O3 NPs.91 They found that 

the r1 values increased when NP size decreased from 4.6 nm to 2.2 nm. However, this size effect 

is only valid in a certain size range.  

 

Figure 1.10. Factors including particle size (A, B), crystalline phase (C) and surface modification (D) 
influence the MRI T1 relaxivity. Figure (A) taken from [85], figure (B) redrawn from [94], figure (C) taken 
from [89] with permission. 

 

(B) (D)

(C)(A)
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For example, Hou et al. prepared NaGdF4 NPs with three sizes (5, 15, and 20 nm) and found that 

both 5 nm and 20 nm-sized NPs exhibited higher r1 values than the 15 nm-sized NPs.92 This was 

because there were two parameters affecting the r1 value, i.e., S/V ratio and rotational 

correlation time (τR). τR indicates the tumbling rate of the NPs, and a slower tumbling rate (large 

τR) is generally in favor of higher r1.93 With the increasing NP size, the S/V ratio decreased but τR 

value increased. Hence, for 20 nm-sized NPs, the contribution of τR was dominant to obtain a 

higher r1 value.92 And in case of 5 nm-sized NPs, the S/V ratio was dominated. Combining the 

negative correlation between S/V and τR, a nonmonotonic behavior accompanied by size change 

was the result (Figure 1.10 B). 

Crystalline phase effect. Apart from the size effect, the crystalline phase also has an influence on 

T1 relaxivity. We investigated the effect of host crystallinity on T1 relaxivity by synthesizing 

NaGdF4 NPs in α- and β-phase with comparable sizes (6 – 8 nm) (Figure 1.10 C).89 The synthesized 

oleate-capped NPs were transferred to water using trisodium citrate by a ligand-exchange 

method. With comparable size, morphology and surface coating, the r1 values of α-phase NaGdF4 

NPs were found to be twice as high as that of their β-analogues. Upon thorough physicochemical 

characterization of the NPs, the larger r1 featured by citrate-coated α-NaGdF4 NPs was ascribed 

to the reduced amount of citrate groups as a function of the crystalline phase and therewith 

correlated larger hydrodynamic diameter. The elevated r1 values observed for α-NPs were further 

in good agreement with higher magnetization values previously reported in the literature.95 We 

also compared the r1 values of NaGdF4 NPs in both phases coated with different surface groups, 

i.e., poly (acrylic acid) (PAA). Again, PAA-coated α-NPs showed superior r1 values opposed to their 

β-analogues. Overall, this study showed that the crystalline phase of NaGdF4 NPs influences r1. 

Surface effect. Surface properties of NPs also play an important role in MRI contrast 

enhancement based on interaction between NPs and water molecules, which happens primarily 

on the surface of NPs.89 In principle, the more interaction between water protons and surface 

Gd3+ ions, the larger T1 relaxivity will be obtained.87 The effect of surface modification on T1 

relaxivity is summarized in Figure 1.10 D. It has been shown that ligand-free Gd2O3 NPs, the 

surface of which was not blocked by any chemical, had a higher r1 value than the corresponding 

ligand-coated NPs.96 It was believed that water protons get fairly close to the surface Gd3+ of the 
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ligand-free Gd2O3 NPs as compared to ligand-coated ones, ultimately resulting in the increase of 

the r1 value. Yet, for such an effect to happen, ligand-free NPs must be stable in dispersion 

without any agglomeration in the aqueous medium. If the ligand-free NPs were aggregated (as is 

often the case), the r1 value would be smaller than that of the ligand-coated NPs due to fewer 

water molecules interacting with surface Gd3+ ions.97 

In addition, the ligand-size dependence of water proton relaxivities has been investigated for 

NaGdF4 NPs with different types of ligands grafted to their surface. For example, van Veggel et 

al. reported that the r1 value of NPs coated with shorter ligands was larger than that obtained for 

coating with longer ligands.98 This phenomenon was attributed to a ligand-size effect on water 

accessibility to surface Gd3+ ions, that is, smaller ligands will allow more water molecules to 

access the surface Gd3+ ions.99 In fact, the ligand-size also influences τR, and a longer ligand chain 

will slow the rotation of the NPs. In summary, a carefully designed surface modification of NPs is 

crucial for nanoparticulate T1 CAs. 

 

1.3.2.2 Mn2+-Based T1 Contrast Agents 

Manganese (Mn2+) ions have five unpaired d electrons, and have recently emerged as an 

alternative MRI T1 CAs following the discovery of a strong relationship between Gd3+-chelates 

and nephrogenic systemic fibrosis (NSF).100 Mn2+ ions do not cause NSF and participate in many 

biological processes in humans, including processes involving regulatory cofactors and 

receptors.101 However, the use of Mn2+ has been limited because of its toxicity, especially acute 

cardiovascular depression.102 Hence, different kinds of design approaches have been introduced 

to resolve the toxicity issue and imbue further functionalities in Mn2+-based CAs.103 In this regard, 

Mn2+-based inorganic materials, such as MnO, MnF2, and NaMnF3, might have the potential to 

overcome the toxicity issue.104-106 Mn2+-based particles also showed a size effect on T1 relaxivity. 

For example, Hyeon and co-workers investigated the size-dependent T1 relaxivity of MnO NPs 

and demonstrated that the smallest NPs (7 nm) exhibited greater r1 values than that of the largest 

NPs (25 nm).105 However, unlike the well-investigated Gd-based CAs, Mn2+-particle-based T1 CAs 
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are much less explored, thus, further investigation of the synthesis of these particles and their T1 

contrast performance will be addressed in this thesis (Chapter 6). 

 

1.3.2.3 Ln-Based T2 Contrast Agents 

The T2 relaxivity (r2) of a CA is largely proportional to the square of effective magnetic moment 

(µeff) of the ion, as T2 CAs show a reduced signal dependence on induced magnetic moment of 

these CAs.107 Clinically used MRI T2 CAs are based on iron oxides, which, however, suffer from 

magnetization saturation at high magnetic fields (greater than 3 T).108 High-field MRI is gaining 

increasing attention due to its higher spatial resolution and signal-to-noise ratio, holding 

potential for more effective diagnostic imaging.107, 109 Therewith comes the raising demand for 

suitable high-field T2 CAs. Dy3+ is a suitable candidate for high-field T2 CAs due to its relatively 

large magnetic moment (10.6 µB) and short relaxation time, without saturation of the 

magnetization even at high magnetic fields up to 11.7 T.98, 109, 110 Dy3+-based NPs, including 

dysprosium oxide (Dy2O3) and sodium dysprosium fluoride (NaDyF4) have been explored as 

potential T2 CAs, and the key parameters influencing the T2 relaxivity are discussed in detailed in 

the following paragraphs. 

 

Figure 1.11. Parameters of (A) particle size and (B) surface influencing MRI T2 relaxivity. Figure A taken 
from [111], figure B taken from [109] with permission. 
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Size effect. Unlike Gd3+-based T1 CAs, the relaxation enhancement for Dy3+-based NPs is a bulk 

effect. Larger NPs generally have a higher contrast effect. The size-dependent properties of 

NaDyF4 NPs under high magnetic fields (9.4 T) were first reported by van Veggel and co-

workers,111 demonstrating that the T2 contrast was enhanced with increasing NP size (5 − 20 nm) 

and magnetic field strength (3 T and 9.4 T) (Figure 1.1111 A), while the r1 value remained almost 

unchanged. This finding was ascribed to larger NPs possessing larger magnetization, which 

contributed to higher r2 values. 

Surface effect. In a follow-up study, van Veggel and co-workers further investigated the surface 

coating effect of NaDyF4 on T2 relaxivity (Figure 1.11 B).109 The NPs were coated with different 

polymers, namely PMAO−PEG (poly(maleic anhydride-alt-1-octadecene)−polyethylene glycol) 

and DSPE-mPEG2000 (1,2-Distearoyl-snglycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000], respectively. The NPs coated with thinner-layer DSPE-

mPEG2000 exhibited higher r2 values than those coated with thicker layers of PMAO−PEG.  

1.3.3 CT Contrast Agents 

1.3.3.1 Basic Principles of CT Imaging 

CT is one of the most widely used imaging modalities in clinical practice to diagnose disease and 

monitor treatment, owing to its high efficiency, deep penetration in biological tissue, and short 

scan duration.112 A CT system consists of an X-ray source and X-ray detectors, between which the 

subject is placed. In clinical CT, the X-ray source and detector rotate around the subject to 

produce projections of X-ray attenuation through the body at many different angles (Figure 

1.122). The X-ray projections acquired at each angle of rotation are then used to reconstruct 

tomographic images, which are visualized as 2D slices or 3D volumes of the specimen.113 

The contrast in CT images originates from the different attenuation coefficients of various tissues. 

The ability of matter to attenuate X-rays is measured in Hounsfield units (HU). HU is defined by 

the following equation (Eq. 1.5)114: 

𝐻𝑈 =
(µ𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙− µ𝑤𝑎𝑡𝑒𝑟)

µ𝑤𝑎𝑡𝑒𝑟
 × 1000                                   (Eq. 1.5) 
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where µ is the linear X-ray attenuation coefficient of a material, obtained from the following 

equation (Eq. 1.6): 

𝐼 = 𝐼0  × 𝑒−µ𝑥                                                           (Eq. 1.6) 

where I is the X-ray output intensity from the investigated object, I0 is the X-ray incident intensity 

and x is the thickness of the object.  

Therefore, the absorption of X-rays by a material is dependent on the thickness of the material 

and on the material-dependent attenuation coefficient. It has been reported that the 

photoelectric effect, which involves the interaction between X-ray photons and the inner shell 

electrons of objects, is the most dominant factor for X-ray attenuation.115 The photoelectric effect 

is also proportional to the cube of a element’s atomic number (Z3), hence, high atomic weight 

materials exhibit a much stronger photoelectric effect than that of low atomic weight 

materials.116   

 nder X-ray irradiation, the hard body parts (e.g., bones), soft tissues (e.g., blood vessels, brain, 

muscles, and tumors), and air cavities in the body can be easily distinguished from each other, 

due to their differences in attenuation coefficients.117 However, such a difference in attenuation 

coefficients between different soft tissues is quite small, as the CT values of most soft tissues 

range from 40 to 80 H .116 

 

Figure 1.12. Schematic of a CT system. Multiple X-ray projections are acquired over a 360° rotation around 
the subject. These individual x-ray projections are then reconstructed to produce 2D cross-sectional 
images and 3D volumes. Figure taken from [113] with permission. 
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Therefore, CAs are often utilized to produce a reliable CT contrast. Different from MRI CAs, which 

indirectly enhance the contrast by accelerating the relaxation of water protons, the CT CAs can 

directly generate the contrast.118 To date, two types of CT CAs have been clinically approved: 

barium sulfate suspensions (only for gastrointestinal tract imaging) and water-soluble aromatic 

iodinated CAs.119 However, the iodinated CAs used in clinic have several limitations. Iodine has a 

relatively small atomic number (Z = 53) and low K-edge value (33.2 keV), resulting in less efficient 

attenuation of X-ray in CT scanning.116 Therefore, to obtain images with good contrast, large doses 

(e.g., hundreds of milligrams of iodine or more per kilogram of patient body weight) of iodinated 

CAs are needed, which may induce adverse effects (e.g., nausea, and vomiting) in patients.120 

Moreover, these iodinated CAs are excreted through the kidney rapidly, allowing only short 

imaging times, which limits the long-term tracking activities (e.g., tumor growth and 

metastasis).120  

 

1.3.3.2 Ln3+-Based NPs as CT Contrast Agents 

Recently, several heavy metal elements, such as gold (Au), platinum (Pt), bismuth (Bi) and Ln have 

been investigated aiming as potential CT CAs.121-126 Ln3+-based NPs have been demonstrated as 

promising CT CAs, given their relatively high X-ray attenuation coefficients (e.g., Gd: 3.1, Dy: 3.4, 

Yb: 3.9, Lu: 4.0 cm2/g at 100 keV).127 Combined with their unique optical and magnetic properties, 

Ln3+-based NPs are excellent for multifunctional imaging probes (vide infra). The higher X-ray 

attenuation coefficient of these Ln-based NPs can confer higher efficacy than that of iodine-based 

CAs, thus, expected to provide an equivalent contrast at a lower dose compared to the iodine-

based CAs. This reduced dose requirement is highly beneficial as it may reduce potential adverse 

effects in patients in clinical applications.124 

Among all the Ln elements, Gd has been the most investigated because it can be used for both 

T1-weighted MRI CAs and host matrix of Ln-NPs. The X-ray attenuation properties of different Gd-

based NPs, with Gd as either the matrix (e.g., Gd2O3, GdF3, NaGdF4)121, 125, 126, 128 or the dopant129, 

130 have been well studied. Alternatively, Zhu et al. reported NaLuF4 NPs as more efficient CT CA 

given that Lu has the highest atomic number among all Ln elements.131  
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Figure 1.13. In vivo CT coronal view images of a rat after intravenous injection of 1 mL of Yb-NPs (70 mg 
Yb/mL) solution at timed intervals. (A) Heart and liver, (B) spleen and kidney. (C, D) Corresponding 3D 
renderings of in vivo CT images. Figures taken from [132] with permission. 

 

The investigated NaLuF4 NPs exhibited almost five-fold higher contrast enhancement than the 

commercial iodinated agent. Moreover, their long circulation time and low toxicity compared to 

commercial agents make them a highly promising CT agent. Besides Gd and Lu, Liu et al. reported 

the first Yb-based nanoparticulate CT CAs using Er3+-doped NaYbF4 NPs (Figure 1.13).132  

These Yb-based NPs showed a higher CT contrast signal under the normal operating conditions 

of clinical CT scanners (120 kV), not only in comparison with a solution having the same 

concentration (g/mL) of iobitridol, but also with respect to heavy metals salts (Au, Pt, and Bi). The 

great advantage of Yb is its proper K-edge energy (61 keV), which locates just within the higher-

energy region of the X-ray spectrum used in clinical CT (120 kV). This may indicate that Ln-based 

probes could be among the most effective CT in vivo CAs at 120 kV. 

 

Pre-injec on   10 min      20 min          1h             2h             3h

(A)

(B)

(C)

(D)
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1.3.4 Ln3+-Based NPs for Multimodal Bioimaging 

It must be kept in mind that each diagnostic imaging technique, including optical imaging, MRI, 

and CT, has its own strengths and weaknesses as summarized in Table 1.1.9 Optical imaging allows 

for the investigation of time-dependent biological phenomena with high spatial imaging 

resolution (100 – 300 nm) and sensitivity (pM – mM). Yet, one of its major drawbacks is the low 

penetration depth of light (UV-to-NIR) (up to 2 cm).58 In contrast, MRI and CT imaging come with 

the advantage of providing physiological and anatomical information with unlimited penetration 

depth. However, their relatively low sensitivity remains a challenge.60 Merging the advantages of 

each imaging technique on its own, multimodal approaches have been proposed. In this vein, 

multifunctional NPs exhibiting properties suitable for two or more imaging modalities bear great 

potential as bioprobes enabling multimodal imaging.133-136 These multimodal imaging probes 

may provide more precise diagnosis and monitoring of disease progression through integrating 

several imaging modalities with different properties into one nanoparticle platform.137  

 

Table 1.1. Pros and cons of imaging modalities described in this thesis. 

Imaging Modality Pros Cons 

Optical Imaging 

 

high sensitivity 

fast acquisition time 

high spatial resolution 

 

low penetration depth 

small field of view 

phototoxicity and photobleaching  

for organic dyes (UV excitation) 

MRI 
unlimited penetration depth 

high spatial resolution 

low sensitivity 

long imaging acquisition time 

CT 

unlimited penetration depth 

high spatial resolution 

fast acquisition time 

low sensitivity 

radiation risk 
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Probes combing optical and MRI imaging capabilities are the most reported, among which 

optical/T1 imaging probes have been widely studied, by doping luminescent Ln3+ (e.g., Er3+, Tm3+, 

Nd3+, Ho3+) ions into Gd3+-based host matrix.40, 135, 138, 139 However, there are only a few reports 

about multimodal probes that combine upconverting and T2 imaging capabilities.133, 134, 140, 141  

A main reason for the slow development of optical/T2 probes based on Ln3+ ions may be the 

severe quenching effect of Dy3+ on the  C luminescence, thus, hampering the probe’s optical 

performance.142 One explanation for the Dy3+ quenching of Er3+ luminescence was previously 

proposed by Zhang et al..140 As shown in Figure 5.41.14, in close vicinity to Dy3+ ions, the 2F5/2 

excited state of Yb3+ and the 2I11/2 excited state of Er3+ can be depopulated via resonant energy 

transfer to the excited 6H5/2 level of Dy3+. Dy3+ can receive energy from either the excited Yb3+ and 

Er3+, or be directly excited by 980 nm photon, populating the 6H5/2 excited state from the 6H15/2 

ground state. The life time of 6H5/2 is short, and so back-energy transfer to Yb3+ is negligible.143 

The excited Dy3+ can either undergo radiative decay to the ground state or non-radiative decay 

to the 6H9/2 level, of which the transition energy is transferred to the Er3+ for excitation from the 

ground level (4I15/2) to the first excitation level (4I13/2). This depopulation of the excited Yb3+ and 

intermediate Er3+ levels compromise efficient UC to the emitting Er3+ levels, ultimately resulted 

in loss of UC emission. However, this quenching process of Dy3+ was proposed based on 

monitoring the UC emission of Er3+ ions in Dy3+/Gd3+-based NPs, no further spectroscopic 

measurements were performed to confirm the mechanism.  

In order to circumvent the UC poisoning effect of Dy3+ ions, some studies suggested to physically 

separate Dy3+ from the luminescent Ln3+ ions, e.g. Er3+ or Tm3+.133, 140-142, 144  For instance, Su et al. 

synthesized NaGdF4:Yb3+,Er3+/NaDyF4 CS NPs and found that the UC emission intensity of Er3+ 

decreased upon shelling with NaDyF4 because of the persistent quenching effect of the Dy3+ 

ions.142 To overcome this issue, Biju et al. proposed a strategy based on a lower Dy3+ 

concentration in the shell by preparing NaGdF4:Yb3+,Er3+/NaYbF4:Dy3+ NPs with 38 mol% Dy3+ 

doped into the shell. While UC emission could be partially restored, the emission intensity still 

dropped by 27 % compared to that of CS NPs with an undoped NaGdF4 shell.141 Moreover, 

reducing the amount of Dy3+ ions might not be advantageous when aiming for additional T2 

imaging capabilities. 
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Figure 1.14. Proposed energy transfer processes for the quenching of UC emission caused by Dy3+ ions. 
Vertical and wavy arrows represent non-radiative transitions, curved arrows represent non-radiative 
energy transfer, green and red arrows represent green and red emissions. Figure taken from [140] with 
permission. 

 

The introduction of an intermediate CaF2 shell as a separating barrier between Dy3+ and the 

emitting Ln3+ ions was reported by Li et al.. A 2.3 nm thick inert shell between the upconverting 

Tm3+ ions in the core and the Dy3+ ions in the outer shell (NaYbF4:Tm3+/CaF2/NaDyF4 CSS 

architecture) allowed for UC emission intensities of Tm3+ as high as those from NaYbF4:Tm3+/CaF2 

CS NPs, although even higher emission intensities were expected from CSS NPs.133   

 

Figure 1.15. NaYbF4:Tm3+/CaF2/NaDyF4 CSS NPs used as multimodal UC/T2‑weighted MRI/CT imaging 
probes for lymphatic imaging. Figure taken from [133] with permission. 
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Despite the relatively small r2 relaxivity and CT values, these CSS NPs were tested as potential in 

vivo optical/T2/CT probes (Figure 1.15). This and related work demonstrated the high promise of 

the CSS architecture design as a strategy towards optical/T2/CT probes based on upconverting 

Ln3+ and Dy3+ ions.134 In order to better understand the mechanism of the Dy3+ quenching effect 

and optimize the imaging capabilities, a series of Dy3+-based CSS NPs as multimodal imaging 

probes with superior UC, T2, and CT imaging capabilities were introduced in this thesis (Chapter 5). 

 

1.4 Synthesis of NaREF4 Nanoparticles 

1.4.1 Particle Formation: Growth Mechanism 

Prior to introducing the synthesis of NaREF4 NPs, it is important to understand the formation 

mechanism of nanoparticles, which can provide insights into controlling their size and 

morphology.145, 146 Based on LaMer theory, there are two main processes, namely nucleation and 

particle growth, that must be considered (Figure 1.166).147 The formation process primarily 

proceeds through three different stages.  

 

Figure 1.16. LaMer diagram: visualization of the three, timely separated growth and nucleation stages 
during a particle synthesis (I, II and III). Cs represents the saturation concentration of monomers in the 
reaction solution. Cmin and Cmax indicate the bottom limit (minimum) and the top limit (maximum) 
concentrations, respectively, that determine the range of supersaturation of the monomers. Figure taken 
from [148] with permission. 
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At stage I, the monomer concentration increases continually until it exceeds the saturation level 

of the solution (Cs). It should be noted that the nucleation of particles does not yet occur at this 

stage, even if the monomer concentration is above the saturated concentration.148, 149 At stage 

II, as the monomer concentration further rises, supersaturation takes place when the monomer 

concentration surpasses the critical minimum concentration (Cmin). During this phase, uniform 

formation of crystalline nuclei starts, and more monomers may also attach to already formed 

nuclei. This results in a quick drop of the monomer concentration in solution down to a level at 

which nucleation stops. Subsequently, the system goes to the growth stage (stage III) without 

any further nucleation processes taking place.  

At this stage III, the existing nuclei form nanocrystals and will grow larger until the monomer 

concentration drops below Cs.147, 150 From this point on, detachment of monomer from the 

particles and adsorption of monomer from the solution are in dissolution-recrystallization 

equilibrium, and no further growth occurs. To obtain uniform NPs, the nucleation stage and the 

growth stage must be separated distinctly. Otherwise, if the nucleation process continues 

throughout the synthesis, the growth process of the NPs will vary largely from one to another, 

thus resulting in NPs with broad size distribution.147, 149 

 

1.4.2 Microwave-Assisted Synthesis of NaREF4 Particles 

This section was taken from the published work: Handbook on the Physics and Chemistry of Rare 

Earths, Elsevier, 2024, ISSN 0168-1273. Christian Homann, Nan Liu, Helliomar Barbosa and Eva 

Hemmer. 

A well-known method to synthesize NaREF4 NPs is the thermal decomposition approach,22, 151 

inspired by the synthesis of quantum dots discovered by M. G. Bawendi.152 This approach involves 

the oxygen-free decomposition of organometallic precursors at high temperature.153 RE3+-based 

trifluoroacetates (RE-TFA) are commonly used as the organometallic precursors, while 

octadecene (ODE), oleic acid, and oleylamine (OAm) are employed as the high-boiling-point 

solvents. Oleic acid and OAm with polar groups can selectively adsorb to specific facets of the 

NPs. Therefore, they are usually used as capping reagents to control the size and shape of the 
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formed NPs. The thermal decomposition method allows for some control of the crystalline phase 

of the NPs (within specific size regions) and has been demonstrated as highly suitable for the 

synthesis of CS architectures.38, 154 However, the preparation of NaREF4 NPs – with high batch-to-

batch and lab-to-lab reproducibility – is still a challenge. 

Over the past two decades, the use of microwave (MW) energy to heat chemical reactions has 

gained considerable attention, due to its successful applications in organic synthesis, polymer 

chemistry, material science, and biochemical processes.155-157 More recently, the MW-assisted 

approach has attracted attention for the preparation of Ln3+-based nanomaterials as the 

advantages of MW-induced heating over conventional (conductive) heating methods were 

recognized. These include the significantly shorter reaction duration, uniform heating with 

limited thermal gradients, and high reproducibility.157, 158 With the benefit of highly precise 

synthesis control, new approaches in material design, such as well-defined shells became 

accessible, allowing to create small and core/multi-shell NPs.39, 159  

The heating mechanism of microwave radiation involves two main processes, namely dipolar 

polarization and ionic conduction (Figure 1.17).160 In the event of dipole polarization, the 

oscillation of the microwave causes a realignment of the dipoles, which makes the polar molecule 

move. In turn, there is molecular friction and dielectric loss, which generates heat. By 

continuously irradiating the solution, enough energy to heat the solution is produced (Figure 

1.17 A). Ionic conduction works similarly, but the charged molecule or ion can follow the 

microwave’s oscillation more quickly than a polar molecule and is, thus, releasing more heat 

(Figure 1.17 B). 

 

Figure 1.17. Two main heating mechanisms under microwave irradiation: (A) dipolar polarization; (B) 
ionic conduction mechanism. Figure taken from [160] with permission. 

(B)

(A)
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For the MW-assisted synthesis, reactions are typically carried out in tightly sealed, closed vessels, 

allowing reaction mixtures to be heated very rapidly to temperatures close to or above the boiling 

point of the solvent. Maximum temperatures of ca. 300 °C and pressure as high as 30 bar can be 

obtained with modern MW reactors.161 Furthermore, efficient gas-jet cooling at the end of the 

heating cycle can be used to decrease temperatures to ambient conditions within a few minutes 

(thermal quenching).162, 163 As introduced in the previous sections, crystalline phase and 

morphology control are key to optimize the particles’ optical and magnetic properties. Over the 

past decade, special focus has been set on the selective synthesis of α- versus β-NaREF4. As a 

synthesis method that is still in its infancy with respect to NaREF4, recent achievements in MW-

assisted approaches are mainly based on knowledge gained from thermal decomposition. This 

includes precursor and solvent choices. Yet, it must be mentioned that a simple transfer of 

protocols and reaction conditions from these established routes to a MW process is most often 

not possible. Rather, meticulous fine-tuning of reaction parameters is needed to synthesize the 

sought-after materials. 

 

1.4.2.1 Microwave-Assisted Synthesis of NaYF4 

NaYF4, as one of the most efficient host materials for upconversion, was the first material among 

alkali metal RE tetrafluorides that has been successfully synthesized using the MW-assisted 

approach.163-166 One of the earliest reports was published in 2009 by Wang et al..163 Herein, 

metal-trifluoroacetate (M-TFA) precursors were used as starting materials dissolved in high-

boiling point solvents oleic acid and ODE.163 The subsequent synthesis of oleate-capped α-NaYF4 

NPs doped with Yb3+ and Er3+ (or Tm3+) was achieved in a sealed vessel heated at 290 °C for only 

5 min. This constituted a significant shortening in reaction time compared to other methods, such 

as conventional thermal decomposition and hydrothermal methods, which typically require 

hours to days. The resultant NPs were highly monodisperse with an average particle size of 10 nm 

(Figure 1.188 (A-1)) and exhibited the characteristic narrow UC bands of Er3+ (540 nm and 670 

nm) and Tm3+ (800 nm) under 980 nm excitation.  
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Figure 1.18. (A) TEM images of α-NaYF4:Yb3+,Er3+ NPs prepared using a MW-assisted thermal 
decomposition approach with different RE-TFA precursor concentrations.163, 167 Scale bars: 100 nm. (B) 
SEM images of β-NaYF4:Er3+,Yb3+ microparticles synthesized with a MW-assisted hydrothermal method 
with or without EDTA as an additive.165, 168 Figures adapted from [163, 165, 167, 168], with permission.  

 

Importantly, Wang et al. further extended their work by investigating the effect of reaction 

parameters, such as reaction time and reactant concentrations on NP size and shape.167 They 

observed an increase in particle size from 6 to 13 nm when the reaction time prolonged from 10 

to 70 min, respectively. This early study is a good example showcasing the small NP size typical 

for MW-assisted approaches. 

In contrast to size, no significant change in morphology was observed. All the obtained NPs were 

of spherical shape, irrespective of the reaction time. Conversely, the precursor concentration 

provided a more significant effect on both NP size and shape. At higher precursor concentrations, 

the NPs grew significantly, reaching sizes of 20 – 60 nm depending on the concentrations used 

Figure 1.188 (A-2) to (A-4). Furthermore, the morphology evolved to become flower-like when 

using extremely high precursor concentrations (20 times higher than those that yield sub-15 nm 

sized NPs), while the polydispersity also increased, including bimodal distributions. This seminal 

(B-1) with EDTA(A-1)  RE-TFA]= 4.27 mM (A-2)  RE-TFA]= 8.54 mM 

(A-3)  RE-TFA]= 17.08 mM (A-4)  RE-TFA]= 42.7 mM (B-2) without EDTA

800 nm

 -NaYF4 NANOPARTICLES  -NaYF4 MICROPARTICLES
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work provides important insights into the interplay between reaction parameters and the 

resultant NaREF4 size and morphology. Yet, it must be noted that these early MW-assisted 

protocols suffered from lack of tunability of the crystalline phase, i.e., the phase-selective 

synthesis of hexagonal versus cubic NaREF4, and only the synthesis of cubic NaREF4 NPs was 

reported. Nonetheless, they act as an important stepping stone towards the establishment of 

protocols for the MW-assisted synthesis of similar materials of controlled phase, size, and 

morphology (vide infra). 

In the quest for β-NaYF4 NPs, researchers sought after alternative approaches and established a 

MW-assisted hydrothermal method using water as a solvent.165 While the anticipated phase 

could be achieved, this strategy led to micron-sized β-NaYF4 particles. For instance, Tong et al. 

synthesized β-NaYF4:Yb3+,Er3+ microparticles, using rare-earth chlorides (RECl3) and NaF as 

precursors (Figure 1.188 B).165, 168 The resulting particles showed microrod shape when EDTA was 

used as an additive, while microplates were obtained without the addition of EDTA. The parallels 

to the conventional hydrothermal synthesis (i.e., using an autoclave and conventional heating) 

of β-NaREF4 in terms of morphological evolution are striking, though, might be expected given 

the similar reaction chemistry.169 Interestingly though, the particle formation at 180 °C was 

completed within 30 min, opposed to 12 h in the conventional hydrothermal approach.169, 170 

Despite the successful MW-assisted synthesis of β-NaYF4 microparticles, it is important to 

mention that up to date, there is no report on nanoscale β-NaYF4:Ln3+ via the MW-assisted 

approach. One difficulty in obtaining β-phase NaYF4 NPs is possibly related to the high energy 

required for the α → β phase transformation.151 Working with conventional thermal 

decomposition method, Mai et al. demonstrated that such phase transformation requires high 

temperatures of up to 330 °C, high Na+-to-RE3+ ion ratios, and longer reaction times.151 Despite 

the phase control of nanosized NaYF4 particles by MW-assisted routes is still challenging, it could 

be achieved for NaGdF4 NPs in our lab during my master’s thesis. This phase control of NaGdF4 

NPs using the MW-assisted approach is discussed next. 
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1.4.2.2 Crystalline Phase Control of NaREF4 

NaGdF4 constitutes an alternative, widely investigated host material for optically active Ln3+ ions, 

and efforts were undertaken to achieve its MW-assisted synthesis. Interestingly, NaGdF4 is the 

first representative of the NaREF4 family for which the controlled synthesis of β- over α-NaGdF4 

was achieved.89 Yet, the beginnings of the MW-assisted synthesis of NaGdF4 take us back to the 

year 2014, when Quintanilla et al. first reported the synthesis of ultrasmall α-NaGdF4:Ln3+ (Ln = 

Yb, Er and Tm) NPs.39 Following the seminal work on α-NaYF4 NPs by Wang et al.,163 similar M-

TFA precursors were used, while OAm was added to the oleic acid/ODE solvent mixture. Inspired 

by the work of Quintanilla et al., our group investigated and optimized the process parameters 

and precursor chemistry towards the first synthesis of β-NaGdF4 NPs. Herein, the Na+-to-Gd3+ ion 

ratio was identified as key parameter for the phase-selective synthesis of β- over α-NaGdF4 NPs.89 

Sub-10 nm sized β-NaGdF4 NPs were obtained when the Na+-to-Gd3+ ratio was 2:1, while a 1:1 

ratio resulted in the α-phase (Figure 1.19 (A-1)).  

Irrespective of the sought-after crystalline phase, for NPs of homogenous size and morphology, 

it was deemed crucial to separate the nucleation and growth steps, as for the conventional 

thermal decomposition process. This was attained through a specific temperature profile used 

during the reaction, i.e., heating up to 300 °C for 1 s to trigger nucleation, followed by particle 

growth at lower temperature (e.g., 230 °C) for 10 min. While β-NaGdF4 NPs of monodisperse and 

narrow size distributions were successfully obtained, doping with Ln3+ ions to endow the NPs 

with  C and NIR emitting properties, inevitably resulted in the formation of α-NaREF4 or a phase 

mixture. Thus, additional adjustments to the synthesis protocol were deemed necessary to 

synthesize β-NaGdF4 NPs doped with high amounts of heavier Ln3+ dopant ions, e.g., Yb3+. Further 

variation of the Na+-to-RE3+ ion ratio and stringent adjustment of the precursor concentration 

were identified as key parameters for the phase-selective synthesis of β- over α- NaGdF4:Ln3+ NPs. 

More specifically, when using RE-TFA and Na-TFA as precursors, a 3:1 Na+-to-RE3+ ratio and a RE-

TFA precursor concentration of 0.625 mmol (opposed to 0.125 mmol in case of undoped β-NaGF4 

or Ln3+-doped α-NaGdF4) led to sub-10 nm, phase-pure β-NaGdF4:Yb3+(20%),Er3+(2%) NPs (Figure 

1.199 (A-2) and (A-3)). Detailed reaction conditions are given in Chapter 3. 
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Figure 1.19. Crystalline phase control and phase formation mechanism of NaREF4 NPs by MW-assisted 
synthesis. (A) Effect of the Na+-to-RE3+ ion ratio and precursor concentration on phase formation. (1) XRD 
patterns revealed the obtained NaGdF4 NPs were in α- or β-phase when the Na+-to-Gd3+ ratio was 1:1 or 
2:1 respectively, (precursor concentration: 0.125 mol/L). (2) NPs exhibiting a phase mixture were obtained 
for improper precursor concentration and Na+-to-RE3+ ratio. (3) Pure β-phased NPs obtained when the 
Na+-to-Gd3+ ratio was 3:1 at 0.625 mol/L precursor concentration. XRD patterns (B) and TEM images (C) 
of NaRF4 NPs synthesized at different reaction time (C-1) and reaction temperature (C-2). XRD references: 
α-NaGdF4 (PDF#: 00-027-0697, light grey lines), β-NaGdF4 (PDF#: 01-080-8787, black lines).  

 

Phase formation. In-depth investigations of NaREF4 formation by thermal decomposition led to 

today’s understanding that the β-phase is formed through a α → β phase transformation process, 

whereas phase-pure α-NaREF4 NPs can be isolated if stopping the reaction at an early stage.31 

Given the significantly faster reaction times under MW-irradiation, such isolation of the α-phase 

was found difficult. In fact, XRD results indicated that the β-phase was formed from 1 s onwards 

at a targeted temperature of 250 °C (Figure 1.199 B).159 As the reaction evolves, the crystallinity 
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of the NPs increased, along with particle growth from ca. 3 nm to 6 nm after 10 min (Figure 

1.199 (C-1)). No significant change in crystalline phase, morphology or particle size was observed 

when lowering or increasing the reaction temperature 240 and 260 °C, respectively (Figure 

1.199 (C-2)). These results suggested that, in the MW-assisted approach, the NPs likely 

crystallized in their hexagonal phase from the beginning and did not undergo any detectable α 

→ β phase transformation. 

 

1.4.2.3 Effect of Precursor Chemistry on Particle Size 

While most studies on the MW-assisted synthesis of NaREF4 NPs report the use of RE-TFAs as 

RE3+ ion source, RE-oleate (RE-OA) and RE-acetate (RE-OAc) are suitable alternative precursors, 

overall leading to smaller sized NaREF4 NPs. For example, β-NaGdF4:Yb3+,Er3+ NPs were 3 nm in 

size when RE-OA or RE-OAc were used as RE3+ source, with Na-OA or Na-OAc and NH4F as Na+ 

and F– sources, compared to 6 nm for RE- and Na-TFA precursors.159 The precursor-dependent 

size evolution was ascribed to the differences in the thermal stability of the precursors. TGA 

analysis unveiled that RE-TFA decomposed at lower temperature compared to RE-OA and RE-

OAc, providing more material for the particle growth, resulting in larger particles. In another 

study, Amouroux et al. reported the MW-assisted decomposition of RE-OA into ultra-small 

heavily Yb3+-doped NPs, namely β-NaGdF4:Yb(53%),Tm NPs.171 The authors conducted a 

comparison of the particle sizes obtained through conventional heating and MW-irradiation, 

observing a decrease in particle size from 10 nm to ca. 4 nm when changing the heating method 

from a heating mantle to a MW-reactor. The smaller size was ascribed to the faster heating rate 

induced by MW irradiation compared to convection heating by a mantle.  

Although several efforts have been made to investigate the MW-assisted synthesis of NaREF4 

particles, as one of the newest methods, MW-assisted strategies are less explored than other 

methods, and challenges remain. For instance, the currently reported work for the synthesis of 

NaREF4 mainly focuses on NaYF4 and NaGdF4 materials. Hence, a systematic investigation of the 

synthesis of other NaREF4 (RE ≠ Y, Gd) NPs and the evaluation of their phase accessibility were 

topic of this thesis and are discussed in Chapter 4. 
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1.4.2.4 NaREF4 Core/Multi-Shell NPs 

Quintanilla et al. demonstrated for the first time that the MW-based approach was also suitable 

for the synthesis of core/multi-shell NPs (Figure 1.2020 A).39 Despite the very thin shell thickness 

of only 0.5 – 1 nm, the overall shell growth was fast (ca. 10 min) compared to the conventional 

thermal decomposition (ca. 1 h), and the in-depth assessment of the UC behaviour of the Tm3+- 

and Er3+ ions confirmed the existence of all Ln3+ ions in the NPs. Subsequently, our group reported 

that the solvent choice also played an important role for efficient shell growth.159 While the 

presence of OAm as co-solvent in the reaction mixture was found necessary to guarantee 

monodisperse and homogeneous spherical core RE-NPs, OAm had to be omitted in the shelling 

step.159 In the absence of OAm, shell growth around β-NaREF4 core NPs was sufficiently efficient 

to protect the Ln3+ emitters in the core from surface quenching. Increasing the reaction time for 

shell growth from 10 to 30 min led to the increase in shell thickness from 2.5 to 4.1 nm (Figure 

1.2020 B), ultimately resulting in small yet bright UCNPs.159 

 

 

Figure 1.20. Strategies to NaREF4 core/shell NPs by MW-assisted synthesis. (A) TEM images of core (1), CS 
(2), CSS NPs (3), and their corresponding size distributions (4) when OAm was used as co-solvent in the 
reaction mixture. (B) Effect of reaction time. Photographs of NaREF4 CS NPs dispersed in toluene under 
excitation with a 980 nm 50 mW laser pointer. Brighter green upconversion emission was observed with 
thicker undoped shell (4.1 nm) yielding from 30 min shell growth compared to 10 min (2.5 nm shell 
thickness). Figure (A) adapted from [39], figure (B) adapted from [159] with permission. 
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Gaining the knowledge to grow a thicker shell for CS NPs was promising, yet achieving a tunable 

shell thickness for CSS NPs remained a challenge, which limited the multifunctional design of 

NaREF4 NPs. In this thesis, we further optimized the MW-assisted approach to control the shell 

thickness of CSS NPs and explored their potential bioimaging applications (Chapter 5). 

 

1.5 Surface Modification of Ln3+-based NPs 

Due to the hydrophobic nature of the capping ligands used such as OA and OAm during the 

synthesis, the obtained Ln3+-based NPs with hydrophobic surfaces limit their biomedical 

applications in diverse fields such as drug delivery, biodetection and bioimaging where 

hydrophilicity is a prerequisite.172 Therefore, various modification strategies have been 

developed, including ligand removal, ligand exchange, ligand attraction, ligand oxidation, layer-

by-layer assembly, and surface silanization (Figure 1.2121) as summarized in several review 

papers.21, 173-176 Hence, this section provides only a brief introduction to the ligand removal and 

ligand exchange methods used in this thesis. 

 

Figure 1.21. Typical surface modification strategies used for making hydrophilic Ln3+-doped NPs with 
pendant functional groups. Figure taken from [176] with permission. 
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1.5.1 Ligand Removal  

Removal of the organic ligands coordinated on the surface of the NPs is a simple way to disperse 

Ln-NPs into aqueous phase (also called ligand-free (LF) NPs).177, 178 Ligand-free Ln-NPs can be 

obtained by treating the as-prepared hydrophobic NPs with strong acids.177 At low pH, the oleate 

ligands (and OAm, depending on the chosen synthesis route) are re-protonated and thus detach 

from the NP surface. 

Capobianco and coworkers first reported ligand removal of OA-capped NaGdF4:Yb3+,Er3+ NPs with 

HCl solution.177 When dispersing the NPs in the HCl solution (pH = 4) with the assistance of 

sonication, the carboxylate groups of the oleate ligand were gradually protonated to yield oleic 

acid, resulting in the release from the NP surface. The authors demonstrated that the obtained 

ligand-free NPs maintained the same size and shape as the OA-capped NPs. This approach not 

only achieves water-dispersible NPs, but also offers great flexibility with respect to subsequent 

application-specific surface modification and functionalization. The resulting abundant metal 

ions on the surface of the particles exhibit strong coordination capabilities. As a result, positively 

charged NPs allow for further surface conjugation with negatively charged functional groups, 

such as −COOH, −NH2, −OH, by electrostatic interactions in aqueous solution for further biological 

applications.179-181 However, pH values as low as 1 have also been reported for various β-phase 

MREF4 NPs with sizes in the 10 to 30 nm range.181-184 Subjected to such relatively harsh conditions, 

the chemical stability of the NaREF4 might be at risk. A systematic investigation of the chemical 

stability of NaREF4 NPs after acidic treatment (pH below 3) is discussed in Chapter 4.  

 

1.5.2 Ligand Exchange 

Ligand exchange is currently one of the most popular methods to modify the surface of 

hydrophobic NPs without affecting their shapes, compositions, and morphologies.185 In a typical 

ligand exchange procedure, the original hydrophobic capping ligand such as OA and OAm 

anchored on the NP surface can be replaced with new hydrophilic ligands exhibiting stronger 

coordination abilities. Such hydrophilic ligands possess one functional group capable of binding 
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to the NP surface and another hydrophilic functional group at the other end so that the NPs can 

be well dispersed in water or can be further functionalized.186 The hydrophilic ligands usually 

used in ligand exchange process include citrate,174 polyethylene glycol (PEG) derivatives,187 

poly(acrylic acid) (PAA) derivatives,188 and phosphate derivatives189.   
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Chapter 2. Objectives 

 

 

As highlighted in the Introduction, the development of MW-assisted approaches led to promising 

achievements for the synthesis of small Ln3+-doped NaREF4 (RE = Y and Gd) NPs within 

significantly shorter reaction times and at high reproducibility. Yet, when the research in the 

frame of this thesis kicked off, the MW-assisted synthesis lacked diversity in materials selection 

and architectural design compared to the much more established thermal decomposition 

approaches. Therefore, the objectives of this thesis were to expand the MW-assisted synthesis 

protocols towards other host materials (NaREF4 and NaMnF3) and CS architectures, and to 

investigate their potential applications. The specific objectives of this thesis were as follows: 

1. MW-assisted synthesis beyond Ln3+-doped NaGdF4? – Synthesis of NaREF4 (RE ≠ Gd) NPs to 

evaluate the accessibility of different crystalline phases (α versus β) as a function of RE ion 

choice (Chapter 4), followed by the optimization of the MW-assisted strategy to control the 

shell thickness of core/multi-shell NPs (Chapter 5) and the exploration of the MW-assisted 

approach for the synthesis of NaMnF3 particles (Chapter 6). 

2. Is NaREF4 really chemically stable? – Assessment of the chemical stability of NaREF4 NPs under 

the acidic treatment (pH at 1.5) required to render them water dispersible (Chapter 4). 

3. How can the properties of the NaREF4 NPs be controlled? Potential application of the 

core/multi-shell NPs for multimodal imaging, taking advantage of property control through 

architectural design (Chapter 5).  

4. Next steps – Design of core/multi-shell NPs using the MW-assisted approach to investigate 

their thermometric properties in the NIR-III spectral range (Chapter 7). 
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Chapter 3. Experimental Details and Characterization Techniques 

 

 

3.1 Chemicals 

All reagents were used as received without any further purification. Yttrium oxide (Y2O3, 

99.999%), praseodymium oxide (Pr2O3, 99.9%), neodymium oxide (Nd2O3, 99.999%), samarium 

oxide (Sm2O3, 99.9%), europium oxide (Eu2O3, 99.996%), gadolinium oxide (Gd2O3, 99.999%), 

holmium oxide (Ho2O3, 99.995%), erbium oxide (Er2O3, 99.99%), ytterbium oxide (Yb2O3, 99.9%) 

and lutetium oxide (Lu2O3, 99.995%) were purchased from Alfa Aesar. Terbium oxide (Tb2O3, 

99.99%), dysprosium oxide (Dy2O3, 99.9%) and manganese oxide (MnO, 99.99%) were purchased 

from Sigma Aldrich. Trifluoroacetic acid (CF3COOH, TFA, 98%), sodium trifluoroacetate 

(CF3COONa, Na-TFA, 98%), potassium trifluoroacetate (CF3COOK, K-TFA, 98%), oleic acid 

(CH3(CH2)7CH=CH(CH2)7COOH, 90%), oleylamine (CH3(CH2)7CH=CH(CH2)7CH2NH2, OAm, 70%) and 

1-octadecene (CH3(CH2)15CH=CH2, ODE, 90%) were purchased from Sigma Aldrich. Sodium citrate 

dihydrate (C6H9Na3O9, 99%) and poly(acrylic acid) (PAA, #323667) were purchased from Sigma 

Aldrich. Trypsin and ethidium homodimer-1 were purchased from Sigma Aldrich. Ethanol (99%) 

was purchased from Commercial Alcohols. Acetone, dimethyl sulfoxide (DMSO), and hexane 

(analytical grade) were purchased from Fischer Chemicals. Toluene (99.8%), phenol, nitric acid 

(HNO3), hydrochloric acid (HCl, 36.5 %), and phosphate-buffered saline (PBS) were purchased 

from Fisher Scientific.  
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 3.2 Microwave-Assisted Synthesis of NaREF4 NPs 

3.2.1 Synthesis of Rare Earth Trifluoroacetate Precursor 

The synthesis of the NaREF4 NPs was performed using a MW-assisted approach as previously 

reported by our group.89, 159 The optimized synthesis parameters for the core-only NPs were 

applied in this thesis without further variation. In this synthesis method, rare earth 

trifluoroacetate, RE(TFA)3, (RE = Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu), were used as 

precursors. RE(TFA)3 precursors were prepared by mixing a certain amount of RE2O3 (0.625 mmol 

for α-NPs, 0.3125 mmol for β-NPs) with 10 mL of a 1:1 TFA-to-H2O mixture in a 50 mL round 

bottom flask. The slurry was refluxed at 95 °C until it became clear. The solvent was evaporated 

by drying the product overnight at 60 °C in an open atmosphere. The powder RE(TFA)3 was 

obtained with no further purification (equation 3.1). 

  

 

3.2.2 Synthesis of α/β-NaREF4 Core NPs  

 

 

 

The scheme of the synthesis of NaREF4 core NPs is shown in Figure 3.1 A. Na-TFA was first added 

to the flask containing the RE(TFA)3 precursor (equation 3.2).190 Detailed RE(TFA)3 and Na-TFA 

precursor amounts as well as RE3+-to-Na+ ratios used to phase-selectively synthesize each NaREF4  

NP composition are given in Table 3.1. Irrespective of the choice of RE ions or crystalline phase 

of the NaREF4 NPs, 10 mL of high-boiling point solvents ODE, OAm, and oleic acid in a ratio of 

2:1:1 were added to the RE(TFA)3 and Na-TFA precursor mixture, and the solution was degassed 

under vacuum at 120 °C for 30 min to remove oxygen and residual water/TFA. 

 

RE2O3 + 6 CF3COOH 2 RE(OOCCF3)3 + 3 H2O 

95 °C, reflux 

H
2
O 

(Eq. 3.1) 

RE(OOCCF3)3 + Na(OOCCF3)  NaREF4 + CO2 + CO + (CF3CO)2O  

 

             Ta: 1 s; Tb: 10 min 

1-octadecene  
(Eq. 3.2) 

oleic acid, oleylamine 
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Figure 3.1. Schematic representation of the synthesis of NaREF4 (A) core and (B) core/shell NPs. This 
figure was made in BioRender (www.biorender.com). 

 

Subsequently, 10 mL of the degassed precursor solution were transferred to a 35 mL MW glass 

vessel, purged with N2 and tightly sealed. The vessel was inserted into a CEM Discovery SP 

microwave reactor, and the NaREF4 NPs were grown under constant stirring. The temperature 

profiles used for the NP synthesis are given in Table 3.1. Following the synthesis, the reaction 

mixture was washed with a 1:3 hexane-to-ethanol mixture and centrifuged at 6595 RCF for 20 

min. The product was then washed with a 1:3 toluene-to-acetone mixture and centrifuged using 

the same conditions reported above. After purification, the NPs were dispersed and stored in 5 

mL of toluene for further use. For the synthesis of β-NPs, solid NaF as a potential by-product can 

be removed by redispersing the NPs in 5 mL of ethanol prior to the addition of 5 mL of water, 

followed by precipitation via centrifugation. Obtained NPs were washed one more time with 10 

mL of ethanol before being stored in 5 mL of toluene for further characterization. In case of loss 

of dispersion stability of the NPs following this washing procedure, dispersibility in toluene can 

be restored by adding 0.2 mL of oleic acid to the NP dispersion and subsequent stirring at room 

temperature overnight. 

 

http://www.biorender.com/
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Table 3.1. Overview of the experimental conditions used in the microwave-assisted synthesis of OA-
capped α/β-NaREF4 NPs as well as the representative average NP size (± standard deviation). 

NaREF4 
Ion Ratio 

(RE3+-to-Na+) 

Ln3+ 

Precursor 

Amount 

(mmol) 

Ta 
1 

(°C) 

Tb
 2

 

(°C) 

NaREF4 

Crystalline 

Phase 

NaREF4 

 Size  

(nm) 

NaYF4 1:1 1.250 300 230 α 8.6 ± 0.5 

NaPrF4 
1:1 1.250 300 230 α 5.3 ± 0.5 

1:3 0.625 260 250 β 5.3 ± 0.6 

NaNdF4 

1:1 1.250 300 230 α 4.8 ± 0.6 

1:3 0.625 260 250 β 6.5 ± 0.3 

NaSmF4 
1:1 1.250 300 230 α 6.5 ± 0.6 

1:3 0.625 260 250 β 6.3 ± 0.2 

NaEuF4 
1:1 1.250 300 230 α 7.8 ± 0.3 

1:3 0.625 260 250 β 6.4 ± 0.1 

NaGdF4: Nd (10%) 
1:1 1.250 300 230 α 7.3 ± 0.4 

1:3 0.625 260 250 β 5.6 ± 0.2 

NaGdF4: Eu (10%) 1:1 1.250 300 230 α 8.1 ± 0.4 

NaGdF4 
1:1 

1.250 
300 230 α 7.4 ± 0.4 

1:2 260 250 β 5.9 ± 0.5 

NaGdF4: Tb (10%) 1:1 1.250 300 230 α 7.2 ± 0.5 

NaGdF4: Er/Yb 

(2%/20%) 

1:1 1.250 300 230 α 8.4 ± 0.3 

1:1c 0.625 - 230 α 11.7 ± 0.9 

1:3 0.625 260 250 β 6.5 ± 0.4 

1:3c 0.625 - 230 β 7.4 ± 0.5 

NaTbF4 
1:1 1.250 300 230 α 6.3± 0.8 

1:3 0.625 260 250 β 6.5 ± 0.6 

NaDyF4 
1:1 1.250 300 230 α 5.2 ± 0.8 

1:3 0.625 260 250 β 6.8 ± 0.2 

NaHoF4 1:1 1.250 300 230 α 5.6 ± 0.8 

NaErF4 1:1 1.250 300 230 α 6.3 ± 1.0 

NaYbF4 1:1 1.250 300 230 α 7.6 ± 1.0 

NaLuF4 1:1 1.250 300 230 α 6.3 ± 1.0 

1 Holding time at Ta = 1 s 
2 Reaction time at Tb = 10 min 
c Reaction conditions for growing an undoped NaGdF4 shell 
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3.2.3 Synthesis of β-NaGdF4:Yb3+,Er3+/NaREF4 (RE = Gd, Dy) Core/Shell NPs  

A shell layer was grown onto the doped core NPs to prevent surface quenching effects by 

subjecting the NPs to a second MW-assisted treatment, adding [RE(TFA)3] as a shell precursor 

(Figure 3.1 B). For instance, an undoped NaGdF4 shell was often used as the passivating shell 

grown on NaGdF4:Yb3+,Er3+ core NPs. To grow a NaGdF4 shell, 0.625 mmol of the shell precursor 

was prepared as described above, using Gd3+ as sole lanthanide. Subsequently, 1.875 mmol of 

Na-TFA (3:1 Na+-to-Gd3+ ratio), 4 mL of ODE and 5 mL of oleic acid were added to the shell 

precursor. The reaction mixture was degassed under vacuum at 120 °C for 30 min. The shell 

thickness was controlled by adjusting the ratio between the core NPs acting as seeds for shell 

growth and the shell precursor (Figure 3.2). More specifically, 100 mg, 40 mg, or 30 mg of the 

core NPs, prepared in the previous step, were used as seeds to grow shells of ca. 3, 4, and 6 nm, 

respectively (resulting CS NPs are labelled 3nmCS, 4nmCS, and 6nmCS). Therefore, the respective 

amount of core NPs was firstly dispersed in 1 mL of ODE (note: in contrast to the core synthesis, 

no OAm was used to grow the NaGdF4). Subsequently, this 1 mL of ODE containing core NPs and 

9 mL of the degassed shell precursor solution were transferred to a 35 mL microwave vessel, 

purged with N2, and tightly sealed. The vessel was inserted into a CEM Discover SP microwave 

reactor, and the mixture was heated to 250 °C and held for 10 min under stirring. The cooling 

and washing procedure as well as storage of the obtained CS NPs were as described above for 

the core NPs. 

However, when the ratio between core NPs and shell precursor in the reaction mixture dropped 

below a critical value (i.e., a mass of core NPs of less than 30 mg), flower-like NPs were formed 

(Figure 3.3). The relatively high concentration of shell precursor is proposed to lead to the 

nucleation and subsequent growth of individual undoped NaGdF4 NPs at the surface of the core 

NPs.191 This ultimately results in heterogeneous structures that resemble flower petals. 
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Figure 3.2. Schematic representation of MW-assisted shell thickness control in CS NPs. The nominal ratio 
between NaGdF4:Yb3+,Er3+ core NPs, and the amount of shell precursors was used to illustrate the shell 
thickness control. 

 

 

 

Figure 3.3. (A) TEM image of “flower-like” CS NPs and (B) their corresponding size distribution. 

 

3.2.4 Synthesis of β-NaREF4:Yb3+,Er3+/NaGdF4/NaDyF4 Core/Shell/Shell NPs 

The procedure to grow the second shell was similar to that used for the synthesis of the CS NPs. 

For instance, to grow a NaDyF4 shell to obtain magnetic properties, the shell precursor, 

0.625 mmol of [Dy(TFA)3], was prepared as described above, using Dy3+ as sole lanthanide. Then, 

1.25 mmol of Na-TFA (2:1 Na+-to-Dy3+ ratio), 4 mL of ODE and 5 mL of oleic acid were added to 

the precursor. The reaction mixture was degassed under vacuum at 120 °C for 30 min. The shell 

thickness was controlled by adjusting the ratio between the CS NPs acting as seeds for shell 
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growth and the shell precursor (Figure 3.4). More specifically, 160 mg, 120 mg, or 90 mg of the 

CS NPs, prepared in the previous step, were used as seeds to grow shells of ca. 1, 3, and 4 nm 

(resulting CSS NPs are labelled CSS1nm, CSS3nm and CSS4nm), respectively. Subsequently, 1 mL of 

ODE containing the CS NPs and 9 mL of the degassed shell precursor solution were transferred 

to a 35 mL MW glass vessel, purged with N2, and tightly sealed. The vessel was inserted into a 

CEM Discover SP microwave reactor, the mixture was heated to 250 °C and held for 10 min under 

stirring. The cooling and washing procedure as well as storage of the obtained CSS NPs were as 

described above for the core NPs. Of note, throughout many different batches of CS and CSS NPs 

synthesized in the frame of this thesis and by co-workers in the HemmerLab, the batch-to-batch 

variability was found to be small, indicating excellent reproducibility of the MW-assisted 

approach. 

 

Figure 3.4. Schematic representation of MW-assisted shell thickness control in core/shell/shell NPs. 
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3.3 Microwave-Assisted Synthesis of MMnF3 (M = Na and K) Particles 

3.3.1 Microwave-Assisted Synthesis of NaMnF3 Particles 

The procedure to synthesize NaMnF3 particles was similar to that used for the synthesis of α-

NaREF4 core NPs. The precursor, 1.25 mmol of manganese trifluoroacetate (Mn(CF3COO)2, 

Mn(TFA)2), was prepared as described above, using Mn2+ as sole metal ion (equation 3.3).  

 

 

Subsequently, a stoichiometric amount of Na-TFA was added to the synthesized Mn(TFA)2 along 

with 2.5 mL of oleic acid, 2.5 mL of OAm and 5 mL of ODE. To investigate the effect of the Na+-

to-Mn2+ ion ratio on particle formation, different amounts of Na-TFA were added as following: 

1.25 mmol, 1.875 mmol, 2.5 mmol, and 3.75 mmol, yielding Na+-to-Mn2+ ratios of 1:1, 1.5:1, 2:1, 

and 3:1, respectively. This mixture was degassed at 120 °C under vacuum for 30 min. 

Subsequently, the degassed precursor solution was transferred to a 35 mL MW glass vessel, 

purged with N2 and tightly sealed. The vessel was inserted into a CEM Discovery SP microwave 

reactor, and the particles were grown by subjecting the reaction mixture under constant stirring 

to the following temperature profile: (i) slow stirring with rapid increase in temperature to a set 

nucleation temperature Ta (7 min), (ii) rapid cooling to the growth temperature Tb (15 s), (iii) 

static heating at Tb (10 min) under slow stirring , and (iv) gradual cooling to 50 °C (6 min). In a 

typical synthesis, Ta and Tb were 300 °C and 240 °C, respectively. To assess the effect of reaction 

temperature and time on particle formation and growth, Ta and Tb as well as the holding time at 

Tb were varied (equation 3.4). An overview of all reaction parameters is given in Chapter 6. The 

washing procedure as well as storage of the obtained particles were as described above for the 

NaREF4 NPs. 

 

 

MnO + 4 CF3COOH 2 Mn(OOCCF3)2 + 2 H2O 

95 °C, reflux 

H
2
O 

(Eq. 3.3) 

Mn(OOCCF3)2 + Na(OOCCF3)  NaMnF3 + CO2 + CO + (CF3CO)2O 

 
1-octadecene  

(Eq. 3.4) 

oleic acid, oleylamine 

             Ta: 1 s; Tb: 10 min 
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3.3.2 Microwave-Assisted Synthesis of KMnF3 Particles 

The synthesis of the KMnF3 particles followed the same protocol as described above for the 

NaMnF3 particles, by replacing Na-TFA by K-TFA. The Mn(TFA)2 precursor was prepared following 

the aforementioned protocol. Subsequently, different amounts of K-TFA (1.25 mmol or 2.5 mmol, 

yielding K+-to-Mn2+ ratios of 1:1 and 2:1, respectively) were added to the synthesized precursor 

along with 2.5 mL of oleic acid, 2.5 mL of OAm, and 5 mL of ODE. This mixture was degassed at 

120 °C under vacuum for 30 min. The Ta and Tb used in the microwave reactor were 300 °C and 

240 °C (holding time: 10 min), respectively. The subsequent washing procedure was the same as 

described above for the NaMnF3 particles. 

 

3.4 Surface Modifications of the Particles Towards Water Dispersibility  

3.4.1 Ligand-Free NPs  

Ligand-free NPs (LF-NPs) were obtained through acidic treatment of the OA-capped NaREF4 NPs 

following a modified version of previously reported protocols.177,178 In brief, approximately 

150 mg of OA-capped NaREF4 NPs were dispersed in 15 mL of hexane and transferred to a 125 mL 

Erlenmeyer flask. To this suspension, 15 mL of an aqueous solution of HCl (pH = 1.0, 1.5, 2.0, 2.5, 

and 3.0, respectively) was added, resulting in a 1:1 (v:v) ratio between the organic and aqueous 

phase and a 5 mg/mL NP concentration. The flask was closed, and the mixture was vigorously 

stirred at room temperature for pre-determined times, namely: 1 h, 4 h, 8 h, and 20 h. Further 

details of the different pH conditions as well as stirring time studies are discussed in Chapter 4. 

To obtain successful LF-NaREF4 NPs, a HCl solution of pH 1.5 and 20 h stirring time were deemed 

necessary. Subsequently, irrespective of the pH and stirring time, the bi-phasic system (acidic 

aqueous phase and organic hexane phase) was separated using a separation funnel. The organic 

phase was discarded, while the aqueous phase was transferred to a centrifuge tube, diluted with 

a 1:3 ratio of a water-to-acetone mixture and centrifuged at 8346 RCF for 20 min. This washing 

procedure was repeated twice after which the LF-NPs were stored in 5 mL of water for posterior 

characterizations.  
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3.4.2 Surface Modification with Citrate Groups 

70 mg of OA-capped NPs was dispersed in 5 mL of hexane, and the dispersion was mixed with 

5 mL of 0.2 M trisodium citrate buffer (pH = 2.5). The resulting mixture was stirred for 3 h at 

40 °C.192 The aqueous/organic mixture was poured into a separatory funnel, and the aqueous 

phase now containing the NPs was isolated. The NPs were precipitated with 25 mL of acetone 

(1:5 aqueous phase:acetone) and centrifuged for 15 min (6595 RCF). The organic solvent was 

removed, and the recovered solids were redispersed in 5 mL of trisodium citrate buffer (pH = 7). 

The dispersion was stirred for 2 h, followed by three washing steps using water (5 mL) and 

acetone (25 mL) (1:5 water:acetone) for precipitation and subsequent centrifugation under 

aforementioned conditions. The obtained citrate (Cit)-capped NPs were stored in 5 mL of water. 

 

3.4.3 Surface Modification with Poly(acrylic acid)  

To prepare PAA-coated NPs, 120 mg PAA were dispersed in 10 mL of ethanol, and 100 mg OA-

capped NPs were dispersed in 5 mL of chloroform. The two solutions were mixed together and 

stirred overnight.193 Subsequently, the NPs were precipitated with 120 mL of acetone (8:1 

acetone:NP dispersion) and centrifuged for 20 min (6595 RCF). The recovered solids were 

dispersed in 5 mL of water and washed with acetone twice. The obtained PAA-coated NPs were 

stored in 5 mL of water. 

 

3.5 Characterizations Techniques 

3.5.1 Powder X-Ray Diffraction (XRD) 

To determine the crystalline phase of the NPs, powder X-ray diffraction (XRD) analysis was 

performed on all samples using a Rigaku Ultima IV Diffractometer or a Bruker D8 Endeavor (Cu 

Kα, λ = 1.5401 Å), operating at 44 kV and 40 mA (step size: 0.02°, scan speed: 1°min-1). Therefore, 

the NPs were deposited on a glass slide from their suspension. 
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To distinguish the morphology-specific assignment between LF-α-NaREF4 and orthorhombic LF-

REF3 (RE = Ho and Lu) phase (Chapter 4.2.4), the interplanar distances obtained from XRD 

patterns, dXRD, were calculated by direct application of Bragg equation: 

𝑛𝜆 = 2𝑑𝑋𝑅𝐷𝑠𝑖𝑛𝜃                                                          (Eq. 3.5) 

where, n = 1 (first order diffraction); λ = 1.5401 Å; 𝑠𝑖𝑛𝜃 ≅ 𝜃, for small 𝜃. 

The crystallite size (L) of LF-GdF3 particles (Chapter 4.2.1) estimated from the XRD pattern was 

calculated by the Scherrer equation: 

𝐿 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                     (Eq. 3.6) 

Where K is a dimensionless shape factor, with a value close to unity. The shape factor of spheres 

has a typical value of about 0.9, but varies with the actual shape of the crystallite; λ is the X-ray 

wavelength; β is the line broadening at half the maximum intensity (FWHM), after subtracting 

the instrumental line broadening, in radians; 𝜃 is the Bragg angle. 

 

3.5.2 Transmission Electron Microscopy (TEM) 

The morphology and size distribution of all obtained NPs were investigated by transmission 

electron microscopy (TEM, FEI Tecnai Spirit). The samples were dispersed on a Formvar/carbon 

film supported on a 300-mesh copper TEM grid. Size distributions (mean size ± standard deviation) 

of the samples were derived from TEM images using the software ImageJ. The respective size 

distributions were obtained by analyzing 200 particles per sample and plotted with Gaussian fit 

using Origin software. The spatial resolution of the TEM instrument is ca. 0.4 nm. 

 

3.5.3 Selected Area Electron Diffraction (SAED) Measurements 

The morphology-specific phase of the samples (LF-HoF3, LF-NaHoF4, LF-LuF3, and LF-NaLuF4, see 

the discussion in Chapter 4.2.4) was determined by selected area electron diffraction (SAED) 

analysis. The SAED patterns were obtained using a JEOL (JEM 2100F) TEM operating at 200 kV. 
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The camera length was calibrated using a gold foil as standard. The samples were prepared as 

described above for TEM analysis. 

The interplanar distances (dSAED) were calculated based on the camera length calibration with a 

standard Au sample (Au foil, dAu = 0.204 Å for the first ring) using a derivation of Bragg´s equation: 

𝑑 =
𝜆𝐿

𝑅
                                                                 (Eq. 3.7) 

where, d = interplanar distance; λ = wavelength of the diffracted electrons; L = camera length. 

and by adopting the ratio between the radius of the first ring of the SAED image of the Au 

standard and that of the sample:  

                                                
𝑑𝑠𝑎𝑚𝑝𝑙𝑒

𝑑𝐴𝑢
=

𝑅𝐴𝑢

𝑅𝑠𝑎𝑚𝑝𝑙𝑒
                                                                    (Eq. 3.8) 

where, RAu = radius of the SAED ring of the Au standard; Rsample = radius of the SAED ring for the 

sample; dAu = interplanar distance of the Au foil for the corresponding ring.  

 

3.5.4 Scanning Electron Microscopy (SEM) 

The morphology of NaMnF3 particles was investigated by scanning electron microscopy (SEM, 

JEOL JSM-7500F FESEM). The SEM analysis was conducted on samples drop-casted on a 5 mm x 

5 mm silicon wafer after gold-sputtering (3 nm gold layer thickness) in a vacuum coater (Leica EM 

ACE200). 

 

3.5.5 Energy Dispersive X-ray (EDX) Measurements  

The elemental composition of the obtained NaMnF3 particles was investigated by energy 

dispersive X-ray (EDX) spectroscopy analysis. The EDX measurements were performed on a Zeiss 

Gemini SEM 500 equipped with a Bruker EDX detector. 
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3.5.6 Fourier Transform Infrared (FTIR) Spectroscopy 

In order to confirm the successful surface modification of the NPs, the presence of the functional 

groups at the particles’ surface was investigated by Fourier-transform infrared (FTIR) 

spectroscopy, using a Cary 630 FTIR spectrometer in ATR mode (Diamond ATR crystal), with 

acquisition of 128 scans and resolution of 4 cm-1. 

 

3.5.7 Thermogravimetric Analyses (TGA) 

Thermogravimetric analysis (TGA) of the surface modified samples was carried out using a TGA 

Q500/Discovery instrument, heating from 30 to 800 °C at a heating rate of 10 °C min−1 under N2 

atmosphere, allowing to estimate the degree of surface modification in each sample.  

 

3.5.8 Dynamic Light Scattering (DLS) 

The hydrodynamic diameter and the zeta potential of the water-dispersible NPs were measured 

with a Malvern Zetasizer Nano-ZS instrument. The measurements were carried out on NPs 

dispersed in water at room temperature. Three measurements were performed for each sample. 

 

3.5.9 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 

The metal ion concentration in the samples for MRI relaxivity and CT measurements was 

determined with an Agilent ICP-OES spectrometer. Therefore, 10 mg of particles was added to a 

mixture of 0.5 mL of concentrated HNO3 and 1.5 mL of concentrated HCl, followed by heating at 

80 °C for 5 h ensuring that all NPs were digested. Flow conditions of the Agilent ICP-OES 

spectrometer were as follows: nebulizer flow = 0.7 L/min, plasma flow = 12 L/min, auxiliary flow 

= 1 L/min.  
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3.5.10 Time-Domain Nuclear Magnetic Resonance (NMR) Relaxivity Measurements 

The proton relaxation times of PAA-capped NaMnF3 and KMnF3 suspensions were measured 

using a time domain NMR relaxometer. R1 and R2 relaxation rates (in s-1) were obtained from T1 

and T2 relaxation times (in s) determined at 40 °C on a Bruker Minispec mq20 instrument (Bruker, 

Billerica, MA, School of Nutrition Sciences, University of Ottawa) operating at 0.47 T and 20 MHz, 

equipped with a temperature control unit. T1 was obtained with an inversion-recovery sequence 

with the following parameters: first pulse separation time = 40 ms, final pulse separation time = 

10000 ms, fifteen data points separated by exponentially increasing intervals were recorded, 

acquisition scans = 4. T2 was obtained by a Carr-Purcell-Meiboom-Gill sequence with the 

following parameters: 90° – 180° pulse separation time (tau) = 5 ms, 3000 data points were 

acquired, acquisition scans = 4. Relaxivities r1 and r2 and their statistical difference (p-value) were 

obtained from the linear fit of the plots of R1 and R2 against the molar concentration of Mn2+ ions 

of the tested particle dispersions (ICP-OES), carried out with Minitab 19 (Minitab LLC, State 

College, PA). 

 

3.5.11 Magnetic Resonance Imaging (MRI) Relaxivity Measurements 

MRI relaxivity measurements were performed on a 7.0 T preclinical MRI instrument (Discovery 

MR901, Agilent/General Electric, Pre-clinical Imaging Core Facility (PCIC), Faculty of Medicine, 

University of Ottawa). Samples were prepared by dispersing NPs in water with different 

concentrations. T1 measurements were performed using a classical inversion recovery method 

with the following parameters: repetition time TR = 15000 ms, echo time TE = 6.4 ms, eight 

inversion recovery times (TI = 50, 100, 400, 800, 1200, 2000, 3000 and 4000 ms), field of view 

(FOV) = 8 × 8 mm2, slice thickness = 3 mm, matrix = 128 × 128. T2 measurements were performed 

using a Carr-Purcell-Meiboom-Gill (CPMG) sequence with the following parameters: TR = 5000 

ms, FOV = 10 × 10 mm2, slice thickness = 3 mm, matrix = 128 × 256, TE = 13, 26.1, 39.1, 52.2, 65.2, 

78.2, 91.3 and 104 ms. T2-weighted images were obtained on the same MR instrument using the 

following parameters: TR = 5000 ms, FOV = 10 × 10 mm2, slice thickness = 3 mm, matrix = 128 × 

256, TE = 52 ms. T1 and T2 relaxation times (R1 and R2) were calculated using single exponential 
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fitting of the data extracted from mapping images for different concentrations of particles in 

water. 

 

3.5.12 Photoluminescence Spectroscopy 

Investigation of the steady-state photoluminescence properties of the NPs in suspension (in 

toluene or water) was carried out in a quartz cuvette (suitable spectral range from 200 to 

2500 nm, 1 cm optical path) inserted into the Peltier temperature sample holder of a 

QuantaMaster 8075-21 spectrofluorometer from HORIBA, equipped with double grating 

emission monochromators, a red-extended photomultiplier detector R13456 PMT (185 to 980 

nm), a liquid nitrogen cooled InGaAs detector (800 to 1550 nm) for the emission acquisition of 

Nd3+-based sample, and an InAs detector (1000 to 3450 nm) for the emission acquisitions of Er3+ 

and Tm3+-based samples. The UV continuous excitation of the Eu- and Tb-doped samples was 

performed with a Xenon lamp (75 W). The NIR continuous excitation was performed using 980 

nm and 808 nm continuous-wave laser diodes with a maximum power of 2 W.  

Power-dependent studies were performed using the same setup described above, including 

different neutral density filters to stepwise reduce the incident laser power. The slopes of the 

fitted curves of the log-log power plots (which reflect the number of photons involved in the UC 

process) were determined by the power-dependent measurements. 

For temperature-dependent studies, the temperature of the sample was changed from 15 °C to 

50 °C (following a heating regiment of 15, 20, 25, 30, 35, 40, 45, 50 °C), using the Peltier 

temperature sample holder with a liquid cooling system. At each step, the temperature was 

allowed to stabilize for 15 min prior to the measurements.  

Excited state lifetimes were obtained by time-resolved spectroscopy, using the Xenon lamp or 

980 nm laser diode in pulsed mode. Lifetime values were obtained by integration of the area 

under the normalized decay curves. For all the optical measurements, filters were placed in front 

of detectors. A long-pass 400 nm filter was used for the UV excitation, a short-pass 775 nm filter 

was used for upconversion acquisition, while a long-pass 1025 nm filter was used for NIR emission 

detection.  



59 
 

3.5.13 X-Ray Absorption Spectroscopy 

X-ray absorption spectroscopy measurements were conducted using a Hamamatsu L12161-07 

tungsten source collimated to a 1 mm beam. A 0.6 mm Cu filter was used to harden the beam. 

The source current was 150 µA, and the source voltage was 150 kV. An Amptek Cd-Te 25 mm2 

spectrometer was used in combination with an Amptek PX-5 Digital Pulse Processor (Department 

of Earth and Environmental Sciences, University of Ottawa). Each spectrum had an acquisition 

time of 120 s. Samples were prepared by dispersing different amounts of NPs (5 – 30 mmol of 

Ln3+ ions as determined by ICP) in 1 mL of water in 1 cm of plastic cuvettes.  

 

3.5.14 Radiograph Imaging 

Radiograph imaging measurements were performed with a PXS MicroCT system (Pinnacle X-ray 

Solutions Inc.) consisting of a Hamamatsu L12161-07 source coupled with a Varian PaxScan 

1313DX digital image detector (Department of Earth and Environmental Sciences, University of 

Ottawa). Conditions of the source were 150 µA current with different voltages, i.e., 70, 80, 90, 

100, 110 and 120 kV. The X-ray beam was hardened using a 3.3 mm Al filter.  Each image consists 

of the average of 20 frames taken at 2 frame per second for a total acquisition time per image of 

10 s. ImageJ 1.52c was used to determine an average attenuation value from an area within the 

frame. Images of water and an empty (air) cuvette were obtained as reference to calculate the 

HU values. Samples were prepared by dispersing different amounts of NPs (5 – 30 mmol of Ln3+ 

ions determined by ICP) in 1 mL of water in 1 cm of plastic cuvettes. 

 

3.5.15 Computed Tomography Imaging 

The CT images were collected using a Hamamatsu L12161-97 source coupled with a Varian 

PaxScan 1313DX flat panel detector. Conditions of the source were 110 kV voltage and 250 µA 

current. The X-ray beam was hardened using a 3.3 mm Al filter. Data acquisition was done using 

PXS iRAD software (v7.0.0.12) with each image consisting of the average of 10 frames, each frame 
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being captured at 15 fps (or 0.067 s exposure per frame). Prior to the acquisition, flat field 

correction of the panel was obtained as well as a bright (X-ray on, no target) and a dark file (X-

ray off) for reconstruction calibration. A total of 360 images were taken with a 1° clockwise 

stepping. The obtained images were imported using VGS-studio-max software for the 

reconstruction. Average values of a volume within water-filled and the empty vials were obtained 

with ImageJ 1.52c and used to determine the HU values. Samples were prepared by dispersing 

different amounts of NPs (5 – 30 mmol of Ln3+ ions determined by ICP) in 1 mL of water in 1 cm 

of plastic cuvettes. 

 

3.6 Cytotoxicity of Ln-NPs 

Human lung adenocarcinoma (A549) cells were seeded (75,000 cells) in a 6-well plate to a final 

volume of media of 1 mL. After 48 h the media was removed from wells, and fresh media 

containing Ln-NPs (50 μg/mL, 250 μg/mL, 500 μg/mL) was added. The Ln-NPs were incubated at 

37 °C with the cells for 24 h. After the incubation, the cells were washed 3 times with PBS, 

followed by the addition of 250 μL of trypsin, diluted with 750 μL phenol red-free media and 

centrifuged (1000 RCF, 6 min). After the cells were decanted, 1 mL of PBS with 0.2% DMSO, 1 μM 

calcein-AM, and 2 μM ethidium homodimer-1 were added. The mixture was vortexed briefly 

three times. All cell experiments including controls were performed in triplicates. Flow cytometry 

(Beckman Coulter Gallios Flow Cytometer, Center for Chemical and Synthetic Biology, University 

of Ottawa) was performed doing standard compensation and gating. The flow cytometry data 

analysis was performed with Kaluza software. 
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Chapter 4. Water Dispersible Ligand-Free Rare Earth Fluoride Nanoparticles: 

Water Transfer versus NaREF4-to-REF3 Phase Transformation 

 

 

This Chapter is based on published work in Dalton Transactions: Nan Liu, Nicholas Gobeil, Parrish 
Evers, Isabel Gessner, Emille M. Rodrigues and Eva Hemmer, Dalton Trans., 2020, 49, 16204-
16216. 

 

Author contributions: E. H. and N. L. conceptualized the study. N. L. and N. G. synthesized OA-
capped NaREF4 NPs, and P. E. performed ligand-removal experiments. I. G. optimized the 
conditions for ligand-removal. N. L. did structural characterizations, E. M. R. conducted the 
optical measurements. N. L., E. M. R., and E. H. co-wrote the manuscript. 

 

Abstract: 

The chemical stability of OA-capped sub-10 nm α- and β-NaREF4 NPs (RE = Y, Pr, Nd, Sm, Eu, Gd, 

Tb, Dy, Ho, Er, Yb, Lu for α- and RE = Pr, Nd, Sm, Eu, Gd, Tb, Dy for β-phase NPs) was evaluated 

under the acidic conditions used for ligand removal towards water dispersibility. It was found 

that for such small NPs, a pH lower than 3 was necessary for the water transfer to be efficient 

and to yield well-dispersed LF-NPs. In stark contrast to the generally considered good chemical 

stability of NaREF4, these conditions were observed to pose a risk to phase transformation of the 

NaREF4 NPs into much larger, hexagonal- or orthorhombic-phase REF3, depending on the NP 

composition. A correlation between the thermodynamic stability of the α/β-NaREF4 and the 

hexagonal/orthorhombic REF3 phases – dictated by the RE ion choice – and the chemical stability 

of the NPs was found. For instance, β-NaGdF4 NPs remained stable, while α-NaGdF4 NPs 

underwent phase transformation into hexagonal GdF3. More general, NaREF4 NPs based on 

lighter RE ions were more prone towards phase transformation, while those based on heavier RE 

ions exhibited stability. Herein, within the RE series, the borderline for phase transformation was 

identified as Tb/Dy for α-NaREF4 NPs and Sm/Eu for β-NaREF4 NPs, respectively. Also, given the 

large interest in luminescent NPs for, e.g., biomedical applications, optically active Ln3+ ions (Ln 

= Nd, Eu, Tb, Er/Yb) were doped into α/β-NaGdF4 host NPs, and the dopant influence on the 

chemical stability was evaluated. Steady state and time-resolved spectroscopy unveiled spectral 

features characteristic for Ln3+ f-f transitions, i.e., downshifting and upconversion, before and 

after ligand removal. Overall, the results herein described emphasise the importance of minding 

the chemical procedure used for ligand removal of NaREF4 NPs of different crystalline phases and 

RE compositions.    
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4.1 Introduction 

As introduced in Chapter 1.5.1, ligand removal is a simple and efficient way to obtain water-

dispersible MREF4 (M = Li and Na) NPs for their biomedical applications. Typically, pH values of 3 

to 4 are used for the acidic treatment of OA-capped NPs.177, 178, 194, 195 However, pH values as low 

as 1 have also been reported for various β-phase MREF4 NPs with sizes in the 10 to 30 nm 

range.181-184 In fact, pH values < 3 were deemed necessary for an efficient organic-to-aqueous 

phase transfer of most of the sub-10 nm sized NPs presented in this work. Subjected to such 

relatively harsh conditions, the chemical stability of the NaREF4 constitutes a crucial aspect. 

Indeed, one of the advantages of NaREF4 NPs over their oxide counterparts is their generally 

claimed superior chemical stability.19, 196, 197 As such, good chemical stability of β-NaREF4 NPs in 

acidic environments (pH 3 to 6) has been demonstrated.178, 181, 182, 195 Conversely, Lahtinen et al. 

reported the disintegration of β-NaYF4:Er3+/Yb3+ NPs in very diluted aqueous suspensions (pure 

water and different buffers at pH 7.7 and 8.0).198 The authors demonstrated that the 

disintegration of these NPs was concentration-dependent, namely, most of the NPs completely 

dissolved in diluted suspensions (µg/mL). According to the solubility product (Ksp), the fluoride 

ion has been proven to play a major role in NP disintegration. Work by Lisjak et al. unveiled the 

instability of α/β-NaYF4:Tm3+/Yb3+ NPs under neutral physiological conditions.199,200 They found 

that the degree of dissolution increased with decreasing particle size, increasing temperature, 

and increasing concentration of HPO4
2− in the aqueous media. 

Given the outstanding application potential of water-dispersible NaREF4 NPs, crystallized in 

either the β or α lattice, more careful analysis of their chemical stability seemed overdue, 

specifically at pH < 3 required for the removal of OA/OAm surface groups from our small NPs. 

With this in mind, we systematically evaluated the outcome of the ligand removal procedure for 

both crystalline phases of small NaREF4 NPs, α and . More specifically, we carefully assessed the 

influence of the chosen RE3+ ions, either being used to form the host lattice (RE = Y, Pr, Nd, Sm, 

Eu, Gd, Tb, Dy, Ho, Er, Yb, and Lu for α- NaREF4; RE = Pr, Nd, Sm, Eu, Gd, Tb, and Dy for -NaREF4) 

or constituting the optically active Ln3+ ion doped into α- or -NaGdF4 (Ln = Nd, Eu, Tb, Er/Yb). In 

short, those NPs that were based on the heavier RE ions exhibited superior stability, while NaREF4 
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NPs based on the lighter RE ions were more prone to suffer from chemical instability, this trend 

being more pronounced for the α-phase of NaREF4 than its β polymorph. Interestingly, instead 

of mere NP disintegration,198-200 we observed phase transformation from ternary NaREF4 to 

binary REF3, either in its orthorhombic or hexagonal crystal phase. Based on these findings, a 

correlation was established between the chemical and thermodynamic stability of the crystalline 

phase of NaREF4 – α versus β 31, 151, 200, 201 – as a function of the RE ion. A similar correlation was 

found with respect to the crystalline phase of the formed REF3 materials – hexagonal versus 

orthorhombic.201-203  

In the solid state, NaREF4 systems have been described as eutectic mixtures between NaF and 

REF3 at high temperatures.204 As such, the interconversion between REF3 and NaREF4 is known 

for bulk materials in solid state and micro-sized particles.204-206 With respect to the synthesis of 

REF3, various methods using different RE3+ and F- precursors have been proposed, often involving 

high temperatures and long reaction times (e.g., solvothermal processes),203, 207-212 while only a 

few examples of room temperature reactions exist.213-215 Herein, special attention is paid to the 

hexagonal REF3 phase, which is considered to be the more efficient host material for optically 

active Ln3+ ions compared to the orthorhombic REF3 phase.210, 214, 216, 217 In addition to 

phosphors218, 219 and MRI CAs125, 219, e.g., based on Eu3+- and Gd3+, various other applications have 

been described for REF3 materials, such as PrF3 as bactericidal,220 NdF3 as glass ceramic for band 

pass filters,221 SmF3 for Li-ion batteries,222 or TbF3 and DyF3 in magnets223. While a NaREF4-to-

REF3 phase transformation at the nanoscale has been observed under the influence of an electron 

beam,224 it has not been reported so far for NPs dispersed in aqueous media, at room 

temperature, and under ambient pressure. Hence, foremost, our findings came as a warning to 

mind the chemical procedure used for ligand removal of NaREF4 NPs of different crystalline 

phases and RE compositions, but also as an alternative method to obtain REF3 from NaREF4 NPs. 
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4.2 Results and Discussion 

4.2.1 Formation of GdF3 as a Function of the Crystalline Phase of the OA-Capped NaGdF4 NPs 

NaGdF4 being a good host for doping with optically active Ln3+ ions and offering MRI capabilities, 

α- and -phase NPs of this material are of great interest for various biomedical applications, 

including multimodal imaging.89, 225-228 Thus, the NaGdF4-based system constitutes an important 

candidate to investigate in detail the effects of ligand removal under acidic conditions on the NPs’ 

structural integrity. OA-capped NaGdF4 NPs in the β and α crystalline phases were successfully 

synthesized by a previously established MW-assisted protocol (Figure 4.1, (A/B-1/2)).159 Both 

samples exhibited a narrow size distribution with similar sizes in the sub-10 nm realm (Figure 4.1, 

(A/B-4)).  

 

Figure 4.1. Formation of hexagonal GdF3 upon treatment of NaGdF4 NPs at pH 1.5 (20 h) as a function of 

their crystalline phase: (A-1) XRD patterns of -NaGdF4 NPs before (OA-capped) and after treatment at pH 
1.5 (ligand-free, LF). (B-1) XRD patterns of OA-capped α-NaGdF4 NPs and resulting LF-hexagonal GdF3 

particles. References: α-NaGdF4, PDF card [00-027-0697] (black line, B); -NaGdF4, PDF card [01-080-8787] 
(black line, A); hexagonal EuF3, PDF card [00-032-0373] (light grey line, A and B; this card was used as no 

reference for hexagonal GdF3 is available). (A-2) and (B-2): TEM images of OA-capped - and α-NaGdF4 
NPs obtained by MW-assisted synthesis approach. (A-3) and (B-3): TEM images of LF-NPs obtained upon 
stirring of the respective OA-NPs shown in (A/B-2) at pH 1.5 for 20 h. The inset shown in (B-3) is the higher 
magnification image, note the different scale bars for (B-3). (A-4/5) and (B-4/5): Average particle sizes and 

size distributions of OA-capped - and α-NaGdF4 NPs as well as their respective LF-NPs. 
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The as-synthesized, OA-capped NPs were submitted to a ligand removal procedure, modified 

from those reported in the literature.177,178 Most importantly, it was found that commonly 

applied pH 3-4 was not efficient in case of such small NPs capped with OA and OAm. In contrast, 

lower pH, e.g., pH 1.5, was necessary to transfer the hydrophobic NPs into the aqueous phase at 

good yield (vide infra for further discussion of the effect of pH on ligand removal and phase 

transformation). As expected, following stirring of OA-capped β-NaGdF4 NPs in a HCl solution of 

pH 1.5 for 20 h, LF-β-NaGdF4 NPs were successfully obtained, size and morphology not 

undergoing any significant variation (Figure 4.1 A). 

Conversely, in the case of α-NaGdF4 NPs, the same treatment triggered a phase transformation 

of the initial small α-NaGdF4 NPs into significantly larger (ca. 174 nm in diameter) hexagonal-

phase GdF3 NPs (Figure 4.1 (B-3)). The NPs’ plate-like morphology is commonly reported for 

hexagonal-phase GdF3 (vide infra for TEM and SEM images taken on various REF3 structures 

confirming their plate-like character).201 The higher magnification TEM image (Figure 4.1 (B-3)) 

unveiled a granular structure of the formed GdF3 plates, being built up by smaller NPs of about 

17 nm in size. The crystallite size estimated from the XRD pattern shown in Figure 4.1 (B-1) was 

about 20 nm, which is in line with TEM observations and provides further evidence that the larger 

structures are formed by self-assembly of smaller GdF3 NPs. 

Previous reports demonstrated the dissolution of NaREF4-type NPs in diluted (1 mg/mL and 

below) aqueous suspensions at pH 5-7.199, 200 These studies revealed quantitatively more Na+ and 

F- ions being released into solution than RE3+ ions, and the possibility of REF3 crystallization was 

hypothesized. However, to the best of our knowledge, this is the first time that the phase 

transformation of NaREF4 to REF3 is reported during a ligand removal procedure, specifically as a 

function of the crystalline phase of the starting NaGdF4 NPs. While the concentration of the NP 

suspensions used in this study (ca. 5 mg/mL) was significantly higher than the critical 

concentration reported in the literature (1 mg/mL and below), the low pH fosters the dissolution 

of the NPs, resulting in leaching of Na+, RE3+, and F- ions into the solution. Herein, the very high 

solubility product of NaF (Ksp = 7.1 × 10-1) compared to that of REF3 (e.g., Ksp(LaF3) = 3.26 × 

10- 21)199, 229 is proposed to result in dissolution of Na+ and F- ions, while promoting the 

precipitation of REF3. In other words, the presence of dissolved F- ions in solutions of very low pH 
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containing RE3+ ions has been reported to favour the precipitation of REF3 NPs, for instance by a 

hydrothermal method.203 Indeed, in our study, the presence of NaCl – formed between Na+ ions 

dissolved from the NPs and Cl- ions from the acid – in the dried supernatant after the ligand 

removal was confirmed by XRD (data not shown), corroborating this hypothesis.  

 

4.2.2 Assessment of pH for Successful Ligand Removal 

As discussed previously, a pH < 3 was deemed necessary to transfer OA/OAm-capped α-NaGdF4 

NPs from the organic into the aqueous phase. Conversely, in case of -NaGdF4 NPs, the synthesis 

of which also included oleic acid and OAm as solvent and capping agent, LF--NaGdF4 NPs could 

be transferred at pH 3 (samples shown in Figure 4.2 (A-1) are the same batch of NPs as those 

used for ligand removal at pH 1.5, Figure 4.1 A). The crystalline phase of the LF-NPs was confirmed 

by XRD analysis (Figure 4.2 (A-3)). Yet, as evident from Figure 4.2 (A-2), the LF-NPs suffered from 

severe aggregation and lost their crisp spherical morphology. Based on these findings, a pH value 

of 3 was deemed unsuitable for the successful preparation of LF--NaGdF4 NPs. 

Effect of surface chemistry. The use of both OAm and oleic acid during NP synthesis is expected 

to result in NPs capped with OA and OAm groups. FTIR spectra shown in Figure 4.2 D confirmed 

the presence of OA. The peaks at 2926 cm-1 and 2850 cm-1 can be assigned to the asymmetric 

and symmetric stretching of -CH2 groups while the peaks at 1550 cm-1 and 1460 cm-1 originate 

from the asymmetric (δas) and symmetric (δs) -COO– stretching. 230 The presence of OAm could 

not be unambiguously confirmed by FTIR spectroscopy given the overlap of the spectral features 

for both compounds, neither can its presence be ruled out. 

In order to investigate the influence of surface chemistry, i.e., the presence of OAm on the NP 

surface, a batch of -NaGdF4 NPs of comparable size was synthesized without OAm. As the MW-

assisted approach requires the presence of OAm as a surfactant in addition to oleic acid to yield 

NPs of homogeneous morphology, it was not possible to simply omit OAm during the reaction. 

Conveniently, no OAm is used for the MW-assisted growth of a thin shell onto the NPs.  
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Figure 4.2. Effect of (A) the NaREF4 crystalline phase on the pH necessary for ligand removal, (B) surface 
chemistry on ligand removal, and (C) particle size on phase transformation upon ligand removal. (A-1/2) 

TEM images of -NaGdF4 NPs synthesized using oleic acid and OAm before and after ligand removal at 
pH 3 (20 h) reveal the poor quality of LF-NPs obtained under these conditions. XRD patterns of both 
samples are shown in (A-3). Reflections at 39° due to NaF (a possible by-product of NP synthesis)159 were 
removed for clarity. Size and size distribution of (A-1) are given in Figure 4.1 (A-4). (B-1/2) TEM images of 

-NaGdF4:Er3+,Yb3+/NaGdF4 CS NPs (only OA was used during shell growth) before and after ligand removal 
at pH 3 (20 h) demonstrate the successful transfer of the NPs into the aqueous phase. XRD patterns of 
both samples are shown in (B-3). Size and size distribution are given in (B-4/5). (C-1/2) TEM images of 
larger α-NaGdF4:Er3+,Yb3+/NaGdF4 CS NPs before and after ligand removal at pH 1.5 (4 h) indicate phase 
transformation into hexagonal GdF3 (see C-3 for XRD patterns) despite the larger particle size (no OAm 
was used for shell growth). (C-4) Size and size distribution of (C-1). (D) Representative FTIR spectra 
recorded of NaGdF4 NPs grown in the presence (NPs-OA/OAm) and absence (NPs-OA) of OAm, 
respectively. Spectra obtained of pure oleic acid and OAm used in the synthesis are also shown. 

References: -NaGdF4, PDF card [01-080-8787] (black line in A/B-3); α-NaGdF4, PDF card [00-027-0697] 
(black line in C-3); hexagonal EuF3, PDF card [00-032-0373] (light grey line in C-3).  
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XRD – B-3; Size – B-4, FTIR – D). The thickness of the shell was estimated to be 0.7 nm, based on 

TEM images recorded of the core-only NPs before the addition of the shell precursor (data not 

shown). 

Obtained OA-capped CS NPs were treated with a HCl solution at pH 3 for 20 h to assess the ligand 

removal. The NPs were transferred successfully to the aqueous phase, without any phase 

transformation (Figure 4.2 B). It should be noted that this was the only sample that underwent 

an organic-to-aqueous phase transfer retaining morphology at pH 3. These observations indicate 

the importance of surface chemistry for ligand removal, i.e., the presence of OAm groups 

requiring lower pH. In light of this, the use of pH 3-4 for ligand removal reported in the literature 

may be related to the fact that many of these studies revolve around NPs that – based on their 

synthesis method – are only OA-capped.177, 178, 194, 195 In addition, it is notable that successful 

ligand removal at pH 4 is typically achieved on NaREF4 NPs crystallized in the β-phase and of 

larger size.178, 194 Consequently, it is hypothesized that both surface chemistry and particle size 

(the latter being briefly addressed in the following paragraph) have an influence on conditions 

required for ligand removal. Further investigation of a broad range of NPs exhibiting various sizes 

and surface chemistries may provide clarification yet is beyond the scope of this study.     

Besides the potential influence of the ligand on pH requirements, phase transformation itself is 

thought not to be governed (neither prevented nor fostered) by the presence of OA/OAm ligands. 

In case of stable NPs, upon re-protonation, oleic acid migrates into the organic phase, while LF-

NPs are dispersed in the (still acidic) aqueous phase. Even under prolonged stirring (e.g., 20 h), 

these LF-NPs did not undergo phase transformation, despite lack of any protecting OA/OAm 

ligands on their surface. In case of instable NPs, the phase transformation takes place in the 

aqueous phase of the bi-phasic mixture used for ligand removal: The dissolution and re-

precipitation processes are ruled by the relative thermodynamic stability of each NaREF4 and 

REF3, which in turn, depends on the equilibrium of the solvated ions and the precipitated NPs in 

the aqueous phase. Hence, the (in)stability of NaREF4 NPs is rather due to the intrinsic materials 

properties than due to the synthesis-related OA/OAm ligands.     
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Size effect. In addition, it was investigated whether larger NP size may prevent phase 

transformation from α-NaGdF4 into GdF3 upon treatment at pH 1.5 (4 h). Given that surface 

grows significantly over volume upon decreasing particle size, the larger surface of small NPs – 

as used in this study – may enhance the interaction with H+ ions in the acidic solution, thus, 

challenging chemical stability. As the MW-assisted approach generally provides access to small 

NPs at the sub-10 nm realm, the CS strategy was applied to obtain larger NPs, namely α-

NaGdF4:Er3+,Yb3+/NaGdF4 NPs of almost 12 nm in size (Figure 4.2 C). Yet, TEM and XRD analysis 

revealed that phase transformation into GdF3 took place. Hence, while larger sizes may endow 

the NPs with chemical stability, size effects at the size scale accessible by our MW-assisted 

approach can be ruled out. Finally, it should be mentioned that the obtained LF-GdF3 NPs 

exhibited a hexagonal crystalline phase. This is in contrast to GdF3:Er3+,Yb3+ obtained from α-

NaGdF4:Er3+,Yb3+ core-only NPs, which crystallized in the orthorhombic phase. The presence of 

the undoped shell, i.e., α-NaGdF4, may explain this behaviour as pure α-NaGdF4 was shown to 

transform into hexagonal GdF3.  

 

4.2.3 Formation of GdF3 from OA-Capped α-NaGdF4 

Interestingly, the NaGdF4-to-GdF3 phase transformation took place only for the metastable α-

phase of NaGdF4, yet, not for the thermodynamically more stable β-phase. It is important to keep 

in mind that both samples only differed in their crystalline phase, while NP size and surface 

chemistry were intentionally kept constant to rule out any effect related to size or surface. Hence, 

the observed phase-selective behaviour can be correlated with the thermodynamic stability of 

the crystalline phase of the initial material. Overall, under the given conditions (low pH, room 

temperature), β-NaGdF4 NPs were found to be chemically and thermodynamically stable enough 

to resist phase transformation into the hexagonal GdF3 phase. In contrast, the metastability of 

the α-phase drove the transformation into the thermodynamically more stable GdF3 phase.  

Lastly, it should be mentioned that, in general, the orthorhombic phase of GdF3 is 

thermodynamically favoured over the hexagonal polymorph at room temperature.201, 212, 214, 216 

Consequently, synthetic efforts are undertaken to stabilize the hexagonal phase as the more 
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efficient host lattice when aiming for optically active materials. For instance, Li et al. tuned 

hydrothermal reaction times and solvent compositions to selectively obtain either the hexagonal 

or orthorhombic phase of Eu3+-doped GdF3.212 Zhao et al. achieved the hexagonal phase of GdF3 

via a hydrothermal approach through doping with Sr2+ and Ca2+.216 Thus, the here observed 

favoured crystallization of well-formed hexagonal GdF3 NPs at room temperature is noteworthy 

with respect to the potential formation of their luminescent, Ln3+-doped analogues (vide infra).  

pH dependence. As mentioned above, treatment of sub-10 nm sized OA-capped α-NaGdF4 at pH 

3 did not result in any efficient transfer of the NPs from the organic into the aqueous phase. 

While lowering the pH to 1.5 led to LF-NPs in good yield, the crystalline α-NaGdF4 phase could 

not be preserved. In order to investigate whether a pH higher than 1.5 but lower than 3 would 

grant access to LF-α-NaGdF4 NPs, the ligand removal experiment was repeated at pH values 2.5, 

2.0, and 1.0 (Figure 4.3). The large particle sizes of approximately 150-180 nm (Figure 4.4, Table 

4.1) and the granular structure observed in TEM (Figure 4.3 (A-C)) indicate the formation of GdF3, 

even at higher pH (2.5 and 2.0). 

 

Figure 4.3. The effect of pH on ligand removal and phase transformation of OA-capped α-NaGdF4 NPs. 
TEM images (higher magnification images are shown as insets) of LF particles obtained upon treatment of 
OA-capped α-NaGdF4 NPs at (A) pH 2.5, (B) pH 2, (C) pH 1.5, and (D) pH 1. Treatment at pH 3 did not yield 
any particle transfer from the organic into the aqueous phase. 
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Figure 4.4. Average sizes and size distributions of particles obtained upon treatment of α-NaGdF4 NPs for 
20 h at (A) pH 1.5, (B) pH 2.0, and (C) pH 2.5, respectively. (C) In addition to the diameter, the average 
thickness of the plate-like structures is given as determined from plates that self-arranged perpendicular 
to the TEM grid. Similar dimensions were observed for the other GdF3 structures.  

 

Table 4.1. Overview of the experimental conditions used for the evaluation of the pH dependence of the 
ligand removal for α-NaGdF4 NPs and size of the resulting GdF3 NPs.  

pH 

Stirring 

Time 

(h) 

Transfer into 

Aqueous Phase 

GdF3 

Formation 

GdF3 

Crystalline 

Phase 

GdF3 NP 

Diameter 

(nm) 

GdF3 NP 

Thickness 

(nm) 

1 

20 

Yes Yes hexagonal a - 

1.5 yes Yes hexagonal 174 ± 45 -  

2 yes Yes hexagonal 147 ± 34 - 

2.5 yes Yes hexagonal 171 ± 39 45 ± 13 

3 no No no b - 

a Due to the non-defined morphology of the obtained NPs, it was not possible to obtain any size distribution. 
b At this pH, no product was found in the aqueous phase, yet, the OA-capped α-NaGdF4 NPs could be easily recovered from the 
organic phase after precipitation with ethanol. 

 

Phase transformation was further confirmed by XRD analysis (Figure 4.5). While some material 

was transferred from the organic into the aqueous phase upon treatment at pH 1.0, the resultant 

structures exhibited a poorly defined morphology that may be described as aggregates of small 

plate- and rod-like structures. According to XRD analysis, again, hexagonal GdF3 was formed, yet 

of poor crystallinity as indicated by the broad and weak reflections. 
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Figure 4.5. XRD patterns of particles obtained upon treatment of α-NaGdF4 NPs for 20 h at pH 1, 1.5, 2, 
and 2.5, respectively. Reference: hexagonal EuF3, PDF card [00-032-0373]. 

 

Time dependence. When developing a modified protocol for efficient ligand removal for sub-10 

nm OA-capped α-NaREF4 NPs, in addition to lowering pH, prolonging reaction times (20 h versus 

2 h reported in the original work)21 was found to increase the yield in LF-NPs. However, given the 

observed α-NaGdF4-to-GdF3 transformation, reaction times were reduced to assess the time 

dependence of the phase transformation. Therefore, α-NaGdF4 NPs were stirred at pH 1.5 for 

different times: 1 h, 4 h, 8 h, and 20 h. Subsequent analysis by TEM (Figure 4.6) and XRD (Figure 

4.7) did not reveal any significant time effect on the formation of GdF3. Irrespective of the stirring 

time, the crystalline phase, morphology, i.e., granularly structured plates, and size (Figure 4.6) of 

the GdF3 NPs were retained. Based on these observations, a 4-h time frame was chosen for the 

following investigation of the chemical stability of α-NaREF4 NPs and their possible 

transformation into REF3 as a function of the RE3+ ion. Yet, as our phase-dependent study (Figure 

4.1) revealed better stability for β-NaGdF4 NPs, i.e., stronger resistance towards phase 

transformation, the 20-h time frame was kept for all further studies on β-NaREF4 NPs (vide infra). 
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Figure 4.6. (1) TEM images and (2) size distributions of hexagonal GdF3 particles obtained by stirring of α-

NaGdF4 NPs at pH 1.5 for (A) 1 h, (B) 4 h, (C) 8 h, and (D) 20 h, respectively. Scale bars: 1 m. 

 

 

Figure 4.7. XRD patterns revealing hexagonal GdF3 as the sole crystalline phase upon treatment of α-
NaGdF4 NPs at pH 1.5 for 1, 4, 8, and 20 h, respectively. Reference: hexagonal EuF3, PDF card [00-032-
0373]. 

 

 

B-1  4 h D-1  2  hA-1  1 h C-1    h

D-2  2  hA-2  1 h B-2  4 h C-2    h

162 nm
 47 nm
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4.2.4 RE3+ Ion Dependence of the Chemical Stability and Phase Transformation of NaREF4 NPs 

As already briefly mentioned, there is a strong influence of the RE3+ ion on the stability of the 

NaREF4 phase, α or . While the lighter RE3+ ions, Pr to Gd, favour the crystallization of -NaREF4, 

heavier RE3+ ions, Tb to Lu, tend to form α-NaREF4.31, 151 Y ion belongs to the class that 

preferentially crystallize in the α-phase, while La is mostly found in form of its binary fluoride, 

LaF3 (which is the reason why the latter was excluded from this study).31, 151 Similarly, different 

RE3+ ions favour either the hexagonal or the orthorhombic REF3 phase, whereas the hexagonal 

phase is preferentially found for the lighter and the orthorhombic phase for the heavier RE3+ 

ions.203 Given the interest in the various NaREF4 materials beyond NaGdF4 (e.g., NaDyF4 and 

NaHoF4 for application as T2 MRI CAs, NaYF4 as host matrix for UCNPs, NaNdF4 for use as 

photothermal therapy temperature probes, and NaSmF4 for mass cytometry applications, among 

others)109, 231-237, we stepped forward to investigate the chemical stability and possible NaREF4-

to-REF3 phase transformation for a series of RE3+ ions and as a function of the NaREF4 crystalline 

phase, α versus β. 

α-NaREF4 NPs; RE = Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb and Lu. The α-NaREF4 NPs (RE ≠ Gd) 

were synthesized following the same MW-assisted method as used for α-NaGdF4. XRD analysis 

confirmed that all obtained OA-capped NPs were phase-pure α-NaREF4 (Figure 4.8). Across the 

series, the NPs exhibited a spherical morphology with comparable sizes in the sub-10 nm realm 

(Figure 4.9 (A-1) to (L-1) and Figure 4.10). Interestingly, TEM images obtained on NPs after ligand 

removal revealed a strong influence of the chosen RE3+ ion on morphology and size of the LF-NPs 

(Figure 4.9 (A-2) to (L-2) and Figure 4.11). From Pr to Eu, plate-like structures of granular 

morphology were obtained, similar to those found for GdF3. Indeed, XRD analysis confirmed that 

those structures consisted of REF3 crystalized in the hexagonal phase of the binary RE fluoride 

(Figure 4.12). For the light RE ions, α-NaREF4 is not the most thermodynamically stable crystalline 

phase at room temperature. This relates to the here observed complete transformation of α-

NaREF4 NPs (RE = Pr to Gd) into hexagonal REF3 – which, in turn, is thermodynamically more 

stable for these RE ions when compared to orthorhombic REF3.  
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Figure 4.8. XRD patterns of α-NaREF4 NPs obtained by microwave-assisted thermal decomposition. RE 
refers to the rare earth ions studied as labelled for each pattern. References: α-NaYF4, PDF card [00-006-
0342]; α-NaPrF4, PDF card [00-022-1393]; α-NaNdF4, PDF card [00-028-1114]; α-NaSmF4, PDF card [00-
027-0778]; α-NaGdF4, PDF card [00-027-0697] (this card was also used for RE = Eu, Tb, Dy); α-NaHoF4, PDF 
card [01-077-2040]; α-NaErF4, PDF card [01-077-2041]; α-NaYbF4, PDF card [01-077-2043] (this card was 
also used for RE = Lu). 

 

Moreover, the Ksp of REF3 is lower for RE at the beginning of the RE series, which further facilitates 

the nucleation of these NPs during the phase transformation process.199 Noteworthy, there is a 

clear size trend for the transformed REF3 NPs, showing a decrease in diameter and thickness of 

the plate-like structures from GdF3 to PrF3 (approximate diameters: Gd – 180 nm, Eu – 84 nm, 

Sm – 44 nm, Nd – 42 nm, Pr – 22 nm; see Figure 4.11 for size distributions and estimated 

thicknesses). Such trend in size as a function of the RE ion was previously observed for REF3 NPs 

synthesized by a co-precipitation method.238 A possible explanation was proposed based on the 

fact that the larger the radii of the RE, the higher is the stabilization of the surface charge of the 

starting REF3 nuclei. This stabilization prevents their aggregation into super-structures of larger 

sizes, ultimately resulting in smaller REF3 NPs.  
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Figure 4.9. TEM images of (1) OA-capped α-NaREF4 NPs as well as (2) LF particles obtained after treatment 
of the NPs shown in (1) at pH 1.5 for 4 h. RE refers to the rare earth ions studied as labelled in each image, 
A to L. 

 

Figure 4.10. Average sizes and size distributions of the OA-capped α-NaREF4 NPs used for ligand removal 
(pH 1.5, 4 h). 
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Figure 4.11. Average sizes and size distributions of the LF-NPs shown in Figure 4.9 (A2 to L2) obtained by 
treatment of the OA-capped α-NaREF4 NPs at pH 1.5 for 4 h. The insets in B to E provide an estimated 
value for the thickness of the obtained plates. Dimensions given in G correspond to the length, width and 
thickness of the TbF3 bundle-like structures. The inset in I shows the length and width of the nanorods 
ascribed to HoF3 as minor, secondary phase. 

 

For the RE from Tb to Lu, including Y, α-NaREF4 is known as the thermodynamically stable phase. 

In line with this, LF-α-NaREF4 NPs were obtained when choosing RE ions from Dy to Lu as well as 

Y (Figure 4.9 and Figure 4.12). Herein, the particle size of the LF-NPs did not significantly differ 

from that of the starting OA-capped NPs (Figure 4.10 and Figure 4.11). Yet, it must be noted that 

in case of Ho and Lu, both XRD and TEM provided evidence for at least minor presence of HoF3 

and LuF3 in their orthorhombic crystalline phase. For Ho, this is supported by the X-ray reflection 

at a 2 value of 30.4 °, which can be ascribed to orthorhombic HoF3. The observation of 

orthorhombic HoF3 rather than its hexagonal analogue is not surprising given Ho’s position within 

the RE series favouring orthorhombic REF3 as stable phase. In addition, the rod-like morphology 

of structures seen in TEM along with spherical NPs coincides with that reported elsewhere for 

orthorhombic REF3.211, 238 For Lu, unambiguous phase assignment to α-NaLuF4 or orthorhombic 

LuF3 was challenging due to the overlap of the characteristic X-ray reflections for both phases in 
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combination with the broadness of the reflections in the recorded pattern due to small particle 

size. Nevertheless, reflections in the 2 range from 25° to 35° indicated the formation of LuF3 in 

addition to α-NaLuF4 (most intense LuF3 reflections at 23.48° and 25.74°). The observation of 

ribbon-like structures as secondary morphology in TEM provided further evidence for the 

presence of orthorhombic LuF3 (note that prolonged pH treatment of α-NaLuF4, i.e., 20 h, strongly 

promoted the formation of these ribbons as shown in Figure 4.13).208, 211  

 

Figure 4.12. XRD patterns of LF-NPs obtained from α-NaREF4 NPs upon stirring at pH 1.5 for 4 h. 
References: black lines – α-NaYF4, PDF [00-006-0342]; α-NaGdF4, PDF card [00-027-0697], used for α-
NaDyF4; α-NaHoF4, PDF card [01-077-2040]; α-NaErF4, PDF card [01-077-2041]; α-NaYbF4, PDF card [01-
077-2043] (this card was also used for α-NaLuF4); grey lines – hexagonal PrF3, PDF card [00-046-1167]; 
hexagonal NdF3, PDF card [00-009-0416]; hexagonal SmF3, PDF card [00-012-0792]; hexagonal EuF3, PDF 
card [00-032-0373] (this card was also used for hexagonal GdF3); orthorhombic TbF3, PDF card [00-037-
1487]; orthorhombic HoF3, PDF card [00-023-0284]; orthorhombic LuF3, PDF car [00-032-0612]. 

 

Figure 4.13. TEM image of LF-NPs and ribbon-like structures obtained upon stirring OA-capped α-NaLuF4 
NPs at pH 1.5 for 4 and 20 h, respectively. 
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To further validate the assignment of the crystalline phases to specific morphologies, SAED 

analysis was performed in the selected regions highlighted in Figure 4.14. The interplanar 

distances obtained from the SAED patterns (calculations are shown in Chapter 3.5.3) for the small 

spherical NPs of the Ho-based sample (Figure 4.14, (A/B-2)) reveal an interplanar distance of 3.15 

Å attributed to the α-NaHoF4 (1 1 1) planes (Table 4.2, highlighted in green). These findings 

confirm that α-NaHoF4 partially resisted the phase transformation into HoF3. Further, the size of 

the small spherical LF-NPs (Figure 4.11 I) was very close to the size of the used OA-capped NPs 

(Figure 4.10 I), which corroborates the suggested phase/morphology assignment. SAED patterns 

of the rod-like structures of the same sample (Figure 4.14, (A/B-1)) correspond to an interplanar 

distance of 3.02 Å, which can be assigned to the (2 1 0) planes of the orthorhombic HoF3 

crystalline structure (Table 4.2, highlighted in green). Overall, these observations show that a 

phase transformation started to take place in this sample, with a clear morphological difference 

between the two phases as confirmed by SAED and TEM analysis.  

 

Figure 4.14. (A) TEM images showing the highlighted areas from which the SAED patterns shown in (B) 
were obtained. (1) LF-HoF3 structures of rod-like morphology, (2) LF-NaHoF4 NPs, (3) LF-LuF3 band-like 
structures; (4) LF-NaLuF4 NPs. 

 

A-1 - LF- oF3 A-2 - LF-Na oF4

2 1  

B-1 - LF- oF3

   nm

 .  1/nm  .  1/nm

1 1 1

2 2  

B-2 - LF-Na oF4

   nm    nm

A-3 - LF-LuF3

B-3 - LF-LuF3

A-4 - LF-NaLuF4

B-4 - LF-NaLuF4

1 1 1

3   1 2 1 1

1 1 1

2    

 .  1/nm  .  1/nm

   nm



80 
 

Table 4.2. Comparison between the values of the interplanar distances (d) calculated from Scherrer 
equation using the main reflections in the recorded XRD patterns shown in Figure 4.12, those obtained 
from the first and second rings of the SAED patterns shown in Figure 4.14, and the standard values from 
the PDF cards for the Ho- and Lu-based samples. 

Sample 
2θ  

(°) 

dXRD  

(Å) 

dSAED  

(Å) 

dPDF  

(Å) 
h k l 

Crystalline 

Phase 
PDF # 

LF-

NaHoF4 

27.94 3.19 3.15 3.17 1 1 1 α-NaHoF4 01-077-2040 

30.40 2.94 3.02 2.90 2 1 0  HoF3 00-023-0284 

32.36 * 2.77 - 2.74 2 0 0  α-NaHoF4 01-077-2040 

46.42 † 1.95 
1.91 1.94 2 2 0 α-NaHoF4 01-077-2040 

1.90 1.94 1 3 1  HoF3 00-023-0284 

LF-NaLuF4 

25.74 * 3.46 - 3.38 0 2 0  LuF3 00-032-0612 

28.34 3.15 
3.09 3.19 1 1 1 LuF3 00-032-0612 

3.10 3.13 1 1 1  α-NaLuF4 01-077-2043 

32.80 * 2.73 - 2.70 2 0 0  α-NaLuF4 01-077-2043 

47.20 † 1.92 
1.88 1.91 2 2 0 α-NaLuF4 01-077-2043 

1.90 1.91 1 3 1  LuF3 00-032-0612 

* These diffractions were present in the XRD patterns but were not observed by SAED analysis. 
† These diffractions were present both in the XRD patterns and SAED analysis, however, they are common to both crystalline 
phases and, therefore, are not suitable to distinguish between the α-NaREF4 and REF3 phases. 

 

For the Lu-based samples, however, both the SAED patterns of the small spherical NPs (Figure 

4.14, (A/B-4)) and of the ribbon-like structures (Figure 4.14, (A/B-3)) showed very similar 

interplanar distances of 3.09 and 3.10 Å, respectively, which can be attributed to the (1 1 1) 

planes from either the α-NaLuF4 or the orthorhombic LuF3 crystalline phases (Table 4.2). 

Therefore, an unambiguous attribution of the planes was not possible, as the interplanar 

distances found from the SAED patterns and the respective standards are too close to both the 

α-NaLuF4 and orthorhombic LuF3 reflections. This observation is in line with the XRD patterns 

shown in Figure 4.12, where the presence of the cubic-phase NaLuF4 is clear but a phase mix with 

the orthorhombic LuF3 cannot be ruled out. Nevertheless, having been able to clearly ascribe a 

crystalline phase to each of the morphologies in the Ho-based samples, we propose a similar case 

for the Lu-based samples. As such, the size of the small LF-NPs was again in good agreement with 
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that of the initial OA-capped NaLuF4 NPs, indicating a certain resistance of the sample to phase 

transformation. Moreover, the ribbon-like structures shown in Figure 4.13 and Figure 4.14 (A-3) 

have been described by Becerro et al. as a possible morphology adopted by orthorhombic LuF3 

as reported.208 

Lastly, Tb takes a special position in the here discussed RE series. According to TEM, sub-micron 

sized bundle-like structures were formed through self-assembly of smaller NPs upon stirring of 

α-NaTbF4 at pH 1.5 for 4 h. As obvious from XRD analysis, these structures consist of pure 

orthorhombic TbF3, the most stable REF3 phase for the heavier RE ions. 

To provide a first conclusion, these results demonstrate that the stability of α-NaREF4 NPs under 

acidic conditions used for efficient ligand removal (pH 1.5) and a possible phase transformation 

into REF3 are highly dependent on RE ion choice. Generally speaking, the more 

thermodynamically stable the respective α-NaREF4 phase is in comparison to its -counterpart, 

the more resistant it will be to the referred phase transformation; hence, allowing the synthesis 

of LF-α-NaREF4 NPs with RE = Dy to Lu and Y. Yet, some care must be taken with regard to the 

formation of secondary REF3 phases, as observed in case of Ho and Lu. Less thermodynamically 

stable α-NaREF4 phases tend to undergo phase transformation, herein resulting in crystalline 

hexagonal (Pr to Gd) or orthorhombic (Tb) REF3, depending on the preferred binary fluoride 

phase for the respective RE ion.  

-NaREF4 NPs; RE = Pr, Nd, Sm, Eu, Gd, Tb, and Dy. As shown above, for α-NaREF4 NPs, phase 

transformation to REF3 upon ligand removal strongly depended on the thermodynamic stability 

of the crystalline phase of the fluorides, being determined by RE3+ ion choice. It was also shown 

that the crystalline phase of NaGdF4 – α versus β – had a strong influence on whether or not LF-

NaGdF4 NPs could be obtained (namely, only in case of , yet not in case of α due to phase 

transformation).  

To further elucidate this phase and RE ion dependence, we extended our study towards a series 

of β-NaREF4 NPs with RE = Pr, Nd, Sm, Eu, Gd, Tb, and Dy. The selection of these RE ions was 

determined by the NaREF4 compositions accessible in the hexagonal crystalline phase by MW-

assisted synthesis. Successful synthesis of β-NaREF4 NPs was confirmed by XRD (Figure 4.15) and 
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Figure 4.15. XRD patterns of -NaREF4 NPs obtained by MW-assisted approach. RE refers to the rare earth 

ions studied as labelled for each pattern. References: -NaPrF4, PDF card [01-082-4240]; -NaNdF4, PDF 

card [00-027-0756]; -NaSmF4, PDF card [00-027-0779]; -NaEuF4, PDF card [00-028-1085]; -NaGdF4, 

PDF card [01-080-8787]; -NaTbF4, PDF card [00-027-0809]; -NaDyF4, PDF card [00-027-0687]. 

 

TEM (Figure 4.16 (A-1) to (G-1)). The latter revealed spherical particles of homogeneous sizes at 

the sub-10 nm level with narrow size distributions (Figure 4.17). TEM images and XRD patterns 

of each of the compositions after ligand removal are presented in  

Figure 4.16 (A-2) to (G-2) and 6H. Accordingly, β-NaREF4 with RE = Pr, Nd, and Sm were the only 

compositions that underwent phase transformation, resulting in hexagonal-phase REF3 plate-like 

particles, similar to those obtained from the α-NaREF4 polymorphs. Conversely, in case of the 

other RE (Eu to Dy), LF-β-NaREF4 were successfully transferred into the aqueous phase. The very 

weak reflection at 25.12° in the XRD pattern of LF-NaEuF4 (Figure 4.16 H) may indicate an early 

stage of phase transformation to hexagonal EuF3, making Eu the borderline RE ion with respect 

to phase transformation.  
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Figure 4.16. (A-G) TEM images of (1) OA-capped β-NaREF4 NPs and (2) their respective LF particles 
obtained by stirring at pH 1.5 for 20 h. RE = (A) Pr, (B) Nd, (C) Sm, (D) Eu, (E) Gd, (F) Tb, and (G) Dy. Scale 
bars: 50 nm (unless noted otherwise). (H) XRD patterns of LF β-NaREF4 (RE = Eu, Gd, Tb, Dy) and hexagonal 
REF3 (RE = Pr, Nd, Sm) NPs, respectively. References: grey lines – hexagonal PrF3, PDF card [00-046-1167]; 
hexagonal NdF3, PDF card [00-009-0416]; hexagonal SmF3, PDF card [00-012-0792] ; black lines – β-NaEuF4, 
PDF card [00-028-1085]; β-NaGdF4, PDF card [01-080-8787]; β-NaTbF4, PDF card [00-027-0809]; β-NaDyF4, 
PDF card [00-027-0687]. 

 

Overall, two trends were observed. First, β-NaREF4 NPs exhibited a higher chemical stability and 

resistance towards phase transformation than their cubic counterparts when approaching the 

lighter RE ions – down to Eu versus Dy in case of α-NaREF4 NPs. Second, despite their good 

thermodynamic stability, the lightest β-phase ternary fluorides (RE= Pr to Sm) transformed into 

hexagonal REF3. This speaks for a competition in terms of stability between the binary and the 

ternary fluorides of these RE ions, the hexagonal REF3 phase becoming most stable when 

choosing a sufficiently light RE ion. 
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Figure 4.17. Average particle sizes and size distributions of (1) OA-capped β-NaREF4 NPs and (2) their 
respective LF counterparts obtained by stirring at pH 1.5 for 20 h. RE = (A) Pr, (B) Nd, (C) Sm, (D) Eu, (E) 
Gd, (F) Tb, and (G) Dy. 

 

4.2.5 Ln3+ Dopant Influence on the Formation of REF3 From OA-Capped Ln3+-Doped α/β-NaGdF4 

(Ln = Nd, Eu, Tb, Er/Yb) 

NaGdF4 is receiving attention as host matrix for optically active Ln3+ ions, particularly at the 

nanoscale. Excitation in NIR-I (700-950 nm) and emission in NIR-II (1000-1350 nm) or NIR-III 

(1550-1870 nm) biological windows as well as in the UV-visible is particularly significant for a 

gamut of biomedical applications. 197, 232, 239 For instance, when doped into a host lattice such as 

NaGdF4, the dopant pair Er3+/Yb3+ gives rise to UC and NIR-III emission under 980-nm excitation. 
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Nd3+ constitutes an excellent choice when seeking NIR-II emission. 233, 239, 240 Being excited with 

808-nm light, the Nd3+ dopant has further been established as an interesting alternative to 980-

nm excited Yb3+, reducing sample heating and increasing penetration depth into biological tissue. 

240, 241 Doping with Eu3+ or Tb3+ ions enables downshifting properties, yielding visible emission 

under UV excitation, and resulting nanomaterials have been proposed for applications ranging 

from in vitro tumour marker detection242 to aptamer sensors243. As many of the aforementioned 

applications require water-dispersibility or, more generally, tuning of the NP surface chemistry, 

we included Ln3+-doped α-and β-NaGdF4 NPs in this study and evaluated the influence of the Ln3+ 

dopant on the NaGdF4-to-GdF3 phase transformation. A set of OA-capped Ln3+-doped α- and β-

NaGdF4 NPs were successfully synthesized as confirmed by XRD and TEM analysis (Figure 4.18 

(A- 1) to (E-1) and Figure 4.19-1). Nd, Eu, and Tb (dopant concentration: 10 mol%) as well as Er/Yb 

(dopant concentration: 2 and 20 mol%, respectively) were chosen as dopants for α-phase NPs for 

two reasons: (i) due to their significance for optical applications (vide infra) and (ii) as constituting 

representative candidates of the lighter and heavier ions of the RE series, that have different 

impact on phase transformation as previously described (vide supra). Similarly, this was our 

rational for choosing Nd and Er/Yb as exemplary dopants for β-NaGdF4 NPs. 

For ligand removal, all samples were stirred at pH 1.5 for 20 h. XRD analysis and electron 

microscopy of the NPs before and after the treatment clearly showed phase transformation from 

α-NaGdF4:Ln3+ to GdF3:Ln3+, along with morphological changes, irrespective of dopant choice. 

The Eu, Tb, and Nd-doped α-NaGdF4 NPs, respectively, transformed into pure hexagonal Ln3+-

doped GdF3 NPs, which exhibited a plate-like morphology with a mean diameter of ca. 86, 144 

and 185 nm, respectively (Figure 4.18 (A-2) and B/E(3-4)). The thickness of Tb-doped GdF3 plates 

was estimated by SEM as ca. 38.5 nm (Figure 4.20).  
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Figure 4.18. (A-1) XRD patterns of OA-capped α-NaGdF4 NPs doped with 10% Nd3+, 10% Eu3+, 10% Tb3+, 
and 2%/20% Er3+/Yb3+, respectively. (A-2) XRD patterns of hexagonal LF-GdF3 doped with 10% Nd3+, Eu3+, 
and Tb3+, respectively, as well as GdF3 doped with 2%/20% Er3+/Yb3+ exhibiting an orthorhombic crystalline 
phase (the sharp reflections at 25.5° and 29.1° [marked by *] point toward the presence of hexagonal 
GdF3 as secondary phase). References: α-NaGdF4, PDF card [00-027-0697] (black lines in A-1); hexagonal 
EuF3 (for GdF3), PDF card [00-032-0373] (black lines in A-2); orthorhombic GdF3, PDF card [00-049-1804] 
(light grey lines). (B-E) TEM images and their corresponding size distributions of (1-2) OA-capped α-NaGdF4 
and (3-4) LF-GdF3 particles doped with (B) 10% Nd3+, (C) 10% Eu3+, (D) 10% Tb3+, and (E) 2%/20% Er3+/Yb3+, 
respectively. 
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Figure 4.19. XRD patterns of (A-1) OA-capped and (A-2) LF-β-NaGdF4 NPs doped with 10% Nd3+ and 2%/20% 
Er3+/Yb3+, respectively. References: β-NaGdF4, PDF card [01-080-8787]. (B-C) TEM images of (1) OA-capped 
and (2) LF-β-NaGdF4 NPs doped with (B) 10% Nd3+, and (C) 2%/20% Er3+/Yb3+, respectively. All LF-NPs were 
obtained by stirring at pH 1.5 for 20 h. The respective average sizes and size distributions are shown in (D) 
and (E).  
 
 

 

Figure 4.20. SEM images of LF- (A) hexagonal GdF3 doped with 10% Tb3+ and (B) orthorhombic GdF3 co-
doped with 2% Er3+ and 20% Yb3+. Both samples were obtained upon stirring of the respective Ln+-doped 
α-NaGdF4 NPs at pH 1.5 for 20 h. 

 

In agreement with results obtained on REF3 particles deduced from α-NaREF4 (vide supra), a size 

trend was noticeable for the formed hexagonal GdF3 NPs depending on dopant ion choice: while 

the OA-capped α-NaGdF4:Ln3+ NPs exhibited comparable sizes ranging from 7.2 to 8.1 nm, the 

size of the GdF3:Ln3+ plates increased from Nd3+ to Tb3+. Consequently, phase and morphology 

evolvement of the Ln3+-doped α-NaREF4 NPs (RE = Eu, Tb, Nd) upon ligand removal coincided 

with that of the undoped α-NaREF4 NPs; hence, following the dominant behaviour of the host 
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material with respect to stability and phase transformation. For the hexagonal phase, XRD 

patterns and TEM images confirmed that Ln3+-doped β-NaGdF4 NPs were successfully transferred 

into the aqueous phase, with no morphology or phase transformation and irrespective of Ln3+ 

ion choice, thus, corroborating results obtained on undoped NPs (Figure 4.17). In contrast, 

orthorhombic GdF3 was formed when Er/Yb-doped α-NaGdF4 NPs underwent the same 

procedure (Figure 4.18 (A-2)). Recalling that Er and Yb belong to the heavier RE ions that foster 

crystallization of orthorhombic REF3, the Er/Yb dopant concentration of 22 mol% in total was high 

enough to drive the crystallization of the Gd-based host towards the orthorhombic GdF3 phase. 

It should be noted that some hexagonal phase GdF3 impurity may be present as evidenced by the 

sharp X-ray reflections at 25.5° and 29.1°. Nevertheless, TEM and SEM images showed irregularly 

shaped GdF3 structures at the nano- and sub-micron scale, some of which exhibited the 

characteristic bundle-like structure of orthorhombic REF3 (Figure 4.18 (E-1) and Figure 4.20).203  

The relative stability of the NaREF4 and REF3 crystalline phases depending on the RE ion is 

summarized in Figure 4.21. These findings unveil the importance to carefully consider the entire 

NP composition and not only the major RE component of the host lattice when choosing an 

adequate procedure for surface modification of NaREF4-type NPs. 

 

Figure 4.21. Representation of the relative stability of the NaREF4 and REF3 crystalline phases depending 
on the RE ion.  
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4.2.6 Optical Properties 

The intrinsic spectroscopic features of optically active Ln3+ are a consequence of the intra-

configurational 4f transitions, that experience a low influence of the crystal field. Therefore, 

regardless of the host matrix the Ln3+ is doped into, the ion’s characteristic emission bands will 

appear at the same wavelengths.244 However, the change in the symmetry of the site where the 

Ln3+ ion is placed in a host matrix can lead to different splitting and intensity ratios between these 

emission bands.  

UV-Excited OA-α-NaGdF4 and LF-GdF3 NPs Doped with Eu3+ or Tb3+. Excitation and emission 

spectra recorded for Eu3+- and Tb3+-doped NPs are given in Figure 4.22 (A-1/2) and (B-1/2), 

respectively. The corresponding energy level diagrams are shown in Figure 4.23. Characteristic 

excitation lines of the Gd3+ ion indicate a possible indirect excitation of Eu3+ and Tb3+, 

respectively, through the Gd3+ ions of the host matrix. Indeed, for Tb3+, the most efficient 

excitation was at 311 nm, corresponding to the Gd3+ 6P5/2 level. Yet, in case of Eu3+, the direct 

excitation pathway was found more efficient, as the band at 393 nm (Eu3+ 7F0  5L6) was the most 

intense. Interestingly, the excitation spectra of the OA-α-NaGdF4:Ln3+ doped with either Eu3+ or 

Tb3+ showed a large excitation band from 290 to 350 nm, which is not present in the excitation 

spectra of the respective LF-GdF3 NPs. This broad band can be attributed to the presence of 

OA/OAm surface groups anchored to the surface of the as-synthesized NPs. 245  

All Eu3+- and Tb3+-doped samples showed emission in the red and green wavelength region, 

respectively, which is characteristic for the f–f transitions of these Ln3+ ions and which can be 

ascribed to the Eu3+ 5D0  7FJ (J = 1-4) and Tb3+ 4D4  7FJ (J = 6-3) transitions. Eu3+ is frequently 

used as an optical probe to assess the local symmetry of Ln3+ ions in a host matrix. 246 The forced 

electric-dipole allowed 5D0  7F2 transition (613 nm) is sensitive to the symmetry around the ion. 

Therefore, comparison of its intensity with that of the internal reference transition – i.e., the 

magnetic-dipole allowed transition 5D0  7F1 (592 nm) – allows to monitor changes in the Eu3+ 

environment. Hence, Eu3+ exhibiting an Oh symmetry when doped into α-NaGdF4 and a C2 

symmetry in the hexagonal GdF3 lattice explains the differences in the emission profiles before 

and after phase transformation.31, 216 
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Figure 4.22. (A/B-1) Excitation and emission spectra of OA-capped α-NaGdF4 NPs doped with (A-1) 10% of 
Eu3+ and (B-1) 10% of Tb3+. (A/B-2) Excitation and emission spectra of hexagonal LF-GdF3 NPs doped with 
(A-2) 10% of Eu3+ and (B-2) 10% of Tb3+. (C-1/2) NIR emission spectra obtained under 808 nm laser 
excitation of (1) OA-capped α-NaGdF4 and (2) LF-GdF3 NPs doped with 10% of Nd3+. (D-1/2) Upconversion 
emission spectra obtained under 980 nm laser excitation of (1) OA-capped α-NaGdF4 and (2) LF-GdF3 NPs 

co-doped with 2% Er3+ and 20% Yb3+. Excitation wavelengths, EX, and monitored emission wavelengths, 

EM, are indicated in the respective figures (A) to (D). 

 

In addition, narrowing of the emission bands and more pronounced Stark splitting for the Eu3+ 

and Tb3+ transitions are a consequence of the larger size and crystallinity of the GdF3 particles in 

comparison with the small α-NaGdF4 NPs.  
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Figure 4.23. Energy level schemes for (A) the Eu3+/Gd3+, (B) the Tb3+/Gd3+, (C) Nd3+, and (D) Er3+/Yb3+ 
showing the respective f-f transitions. 

 

Fluorescence decay curves and the corresponding lifetimes for the Eu3+ 5D0  7F2 and the Tb3+ 5D4 

 7F5 transitions in OA-capped and LF samples are given in Figure 4.24. Due to the complex nature 

of the upconversion emission process in Ln-NPs, the luminescence decay curves shown below do 

not have a clear single-exponential character.247 Therefore, lifetime values were obtained by 

integration of the area under the normalized decay curves. The determined lifetime values of the 

emitting states were ca. 4 ms (Table 4.3), close to the reported values for comparable NP sizes 

and compositions. 
214, 234, 248 

 

Figure 4.24. Fluorescence decay curves and respective lifetime values for the indicated transitions of 
samples doped with (A) Eu3+ (10%), (B) Tb3+ (10%). 
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Table 4.3. Overview of all obtained lifetime values. 

Ln3+ Dopant 
Monitored 

Transition 

NaGdF4  

Crystalline Phase 

GdF3  

Crystalline Phase 

Lifetime 

OA-NPs LF-NPs 

Eu (10%) 5D0  7F1 
α  4.06 ms  

 hexagonal  4.17 ms 

Tb (10%) 5D4  7F5 
α  3.33 ms  

 hexagonal  4.45 ms 

Er/Yb 

(2%/20%) 

4S3/2  4I15/2 

α  22 s  

 orthorhombic  – a 

β  41 s 38 s 

4F9/2  4I15/2 

α  12 s  

 orthorhombic  – a 

β  56 s 49 s 

Nd (10%) 4F3/2  4I11/2 
α  19 s – a 

β  < 10 s b – a 

a Emission intensity too weak.  
b Based on the experimentally determined decay curve and the instrument response function (IRF), a lifetime of ca. 4 s was 
obtained, yet, such short value must be taken with care due to instrumental limitations.  

 

NIR-Excited OA-α-NaGdF4 and LF-GdF3 NPs Doped with Nd3+ or Er3+/Yb3+. Emission spectra of 

Nd3+-doped α-NaGdF4 and GdF3 NPs under 808 nm excitation are shown in Figure 4.22 (C-1/2). 

Two Nd3+ emission bands were observed in the NIR spectral region, i.e., at 1056 nm and 1328 

nm, corresponding to the 4F3/2  4I11/2 and 4F3/2  4I13/2 transitions (Figure 4.23), respectively. 

Again, increase in particle size that came along with the phase transformation resulted in 

narrowing and clearer Stark splitting of the emission bands. Upon doping with Er3+/Yb3+, OA-α-

NaGdF4 and LF-GdF3 NPs exhibited upconversion emission under 980 nm excitation (Figure 4.22 

(D-1/2)). Characteristic Er3+ emissions in the green (520/540 nm) and red (650 nm) spectral 

regions were observed in both samples, with a small difference in the relative intensities of these 

emissions – OA-α-NaGdF4 NPs showing a slightly more intense red emission, as is typically found 

for the cubic NaREF4 phase.211  
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Table 4.4. Overview of NP concentrations, excitation wavelength (EX), and power of the excitation source 
used for steady state and time-resolved spectroscopy of OA-capped and LF-Ln3+-doped NaGdF4 and GdF3 
NPs. 

Ln3+ Dopant 

NaGdF4 

Crystalline 

Phase 

OA-NP 

Concentration 

(mg/mL) 

LF-NP 

Crystalline 

Phase 
a 

LF-NP 

Concentration 

(mg/mL) 

λEX 

(nm) 

Power  

OA / LF b 

(W) 

Nd (10%) 
α 33 h-GdF3 13 

808  1.30 
β 15 β-NaGdF4 3 

Eu (10%) α 42 h-GdF3 18 394 75 c 

Tb (10%) α 54 h-GdF3 11 311 75 c 

Er/Yb (2%/20%) 
α 5 o-GdF3 5 

980  
1.35 / 1.83 

β 2 β-NaGdF4 6 1.35 

a h = hexagonal, o = orthorhombic 
b The same laser power was used for OA-capped and LF-NPs, unless stated otherwise.  
c 75 W Xenon lamp 

 

Noteworthy, for the Er3+/ Yb3+ dopant pair, phase transformation resulted in the crystallization 

of orthorhombic GdF3 in opposite to hexagonal GdF3 that was observed for all other Ln3+-doped 

samples. As previously mentioned, the orthorhombic crystalline phase is considered the less 

efficient host material when seeking luminescence-based applications. 201, 214, 216, 249 In good 

agreement with this, relatively high excitation power (Table 4.4) was deemed necessary to induce 

detectable UC emission. Emission spectra of Nd3+- and Er3+/Yb3+-doped OA-capped and LF-β-

NaGdF4 NPs exhibited similar spectral features as those obtained for their cubic counterparts and 

are shown in Figure 4.25.  

Fluorescence decay curves and corresponding lifetimes obtained for the green 4S3/2  4I15/2 and 

red 4F9/2  4I15/2 Er3+ emissions as well as the NIR 4F3/2  4I11/2 Nd3+ transition (Figure 4.23) are 

given in Figure 4.26 and Table 4.3. For OA-capped Er3+/Yb3+-doped α- and β-NaGdF4 NPs, lifetimes 

of both the green (4S3/2  4I15/2) and the red (4F9/2  4I15/2) emission were found to be in a similar 

range as previously reported, namely around 50 μs (Figure 4.26 A/B/C).159  
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Figure 4.25. NIR emission spectra for (A-1) OA-capped and (A-2) ligand-free Nd3+-doped β-NaGdF4 as well 
as upconversion emission spectra for (B-1) OA-capped and (B-2) ligand-free Er3+/Yb3+-doped β-NaGdF4. 

 

 

 

Figure 4.26. Fluorescence decay curves and respective lifetime values for the indicated transitions of (A) 
OA-capped α-NaGdF4 doped with Er3+/Yb3+, (B) and (C) OA-capped and LF-β-NaGdF4 doped with Er3+/Yb3+, 
and (D) α- and β-NaGdF4 doped with Nd3+ (10%). IRF: instrument response function of the InGaAs detector. 

 



95 
 

Not surprisingly, lifetime shortening was observed for LF-Er3+/Yb3+-doped β-NaGdF4 NPs when 

compared to their OA-capped counterparts (Figure 4.26 C), indicating stronger contribution of 

non-radiative processes, e.g., due to interaction with the solvent, i.e., water. As discussed 

previously, the α-NaGdF4-to-GdF3 phase transformation resulted in orthorhombic ligand-free 

Er3+/Yb3+-doped GdF3 NPs. Their weak upconversion emission intensity did not allow to obtain an 

emission decay curve for this sample. 

Relatively short lifetimes were determined for the 4F3/2  4I11/2 NIR emission of Nd3+-doped OA-

capped α- and β-NaGdF4 NPs; namely 19 μs for the α-NPs, while even shorter values of less than 

10 μs were estimated for the β-NPs (Figure 4.26 D). Such short lifetimes may be ascribed to the 

relatively high Nd3+ dopant concentration of 10%: it is known that higher concentrations foster 

cross-relaxation processes, which can result in shorter lifetime values.250 The corresponding 

ligand-free Nd3+-doped β-NaGdF4 NPs exhibited too weak emission when dispersed in water, not 

allowing for reliable lifetime measurements. The growth of a passive shell on core-only NP is an 

efficient strategy to enhance the emission intensity, which will be further investigated in 

Chapter 5. 

 

4.3 Conclusions 

A series of NaREF4 NPs were synthesized using a MW-assisted approach. Herein, the accessibility 

of NaREF4 in the α and β phase as a function of the RE ion was investigated. Furthermore, an 

adapted ligand removal procedure was developed, suitable to efficiently render OA- and OAm-

capped NaREF4 NPs of sub-10 nm in size water dispersible. Importantly, pH < 3 was deemed 

necessary, which was found to pose a risk with respect to the chemical stability of some of the 

investigated samples. More precisely, under acidic conditions, phase transformation of α- and β-

NaREF4 NPs into hexagonal or orthorhombic REF3 NPs during ligand removal was systematically 

studied as a function of RE ion choice. As the parameters playing a key role in the likelihood of 

phase transformation to occur, we identified (i) the starting α/β-NaREF4 composition, and (ii) the 

relative thermodynamic stability of the NaREF4 (α or ) versus the REF3 (hexagonal or 
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orthorhombic) crystalline phases. For the lighter RE3+ ions, Pr to Sm, higher stability of hexagonal 

REF3 versus α/β-NaREF4 resulted in a phase transformation, regardless of the starting phase of 

the NaREF4 NPs (α or ). Moving to the middle of the series, Eu to Dy, phase transformation 

occurred only in case of the less thermodynamically stable α-NaREF4. Finally, for the heavier RE3+ 

ions, Ho to Lu as well as Y, the α-NaREF4 phase is known as the most stable NaREF4 phase, and 

indeed, these compositions were more resistant towards phase transformation. Crystallization 

of the formed REF3 either in the hexagonal or orthorhombic crystalline phases followed the 

expected tendency predicted by the type of RE ions present in the starting α/β-NaREF4 NPs 

compositions (Figure 4.21). 

Overall, these findings offer an alternative route to hexagonal-phase REF3 NPs at room 

temperature and under ambient pressure. Most important though, they unveil unaddressed 

chemical stability concerns for the large family of NaREF4 NPs. As such, it comes as an alert to the 

community working with small NaREF4-type NPs: Water dispersibility can be achieved by ligand 

removal under acidic conditions, yet, may come along with a morphologic and crystallographic 

transformation into significantly larger REF3 particles. Nevertheless, we are pleased to refer to 

alternative approaches to render small α- and -NaREF4 NPs water dispersible, i.e., via ligand 

exchange with stabilizing and hydrophilic groups, such as citrate or PAA 89, 186, 195, 251, 252 which will 

be used in Chapter 5 and Chapter 6, respectively. 
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Chapter 5. Core-Multi-Shell Design: Unlocking Multimodal Capabilities in 

Lanthanide-based Nanoparticles as Upconverting, T2-Weighted MRI and CT 

Probes 

 

This Chapter is based on published work in Nanoscale: Nan Liu, Christian Homann, Samuel Morfin, 
Meghana Kesanakurti, Nicholas D. Calvert, Adam J. Shuhendler, Tom Al, and Eva Hemmer, 
Nanoscale, 2023, 15, 19546-19556. 

 

Author contributions: E. H. and N. L. conceptualized the study. N. L. synthesized all the samples 
and characterized their structural (TEM and XRD) and optical properties. C. H. provided guidelines 
for lifetime measurements, and S. M. did X-ray absorption and CT measurements. T. A. helped to 
design the experiment setup for the CT measurements. M. K. and N. D. C. did the cell toxicity 
experiments under the guidelines of A. J. S.. N. L. and E. H. co-wrote the manuscript with input 
from A. J. S. and T. A.. 

 

Abstract: 

Multimodal bioimaging probes merging optical imaging, MRI, and CT capabilities have attracted 

considerable attention due to their potential biomedical applications. Lanthanide-based 

nanoparticles are promising candidates for multimodal imaging because of their optical, 

magnetic and X-ray attenuation properties. We prepared a set of β-phase 

NaGdF4:Yb,Er/NaGdF4/NaDyF4 CSS NPs (Dy-CSS NPs) and demonstrated their optical/T2-weighted 

MRI/CT multimodal capabilities. A known drawback of multimodal probes that merge the 

upconverting Er3+/Yb3+ ion pair with magnetic Dy3+ ions for T2-weighted MRI is the loss of UC 

emission due to Dy3+ poisoning. Particular attention was paid to controlled nanoparticle 

architectures with tuned inner shell thicknesses separating Dy3+ and Er3+/Yb3+ to shed light on the 

distance-dependent loss of UC due to Yb3+  Dy3+ energy transfer. Based on the Er3+ UC spectra 

and the excited state lifetime of Yb3+, a 4 nm thick NaGdF4 inner shell did not only restore but 

enhanced the UC emission. We further investigated the effect of the outer NaDyF4 shell thickness 

on the particles’ magnetic and CT performance. MRI T2 relaxivity measurements in vitro at a 

magnetic field of 7 T performed on citrate-capped Dy-CSS NPs revealed that NPs with the thickest 

outer shell thickness (4 nm) exhibited the highest r2 value, with a superior T2 contrast effect 

compared to commercial iron oxide and other Dy-based T2 contrast agents. In addition, the 

citrate-capped Dy-CSS NPs were demonstrated suitable for CT in in vitro imaging phantoms at X-

ray energies of 110 keV, rendering them interesting alternatives to clinically used iodine-based 

agents that operate at lower energies. 
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5.1 Introduction 

As introduced in Chapter 1.3, Ln3+-based NPs are promising candidates used as multimodal (e.g., 

optical, MRI and CT) imaging probes.136 CSS architecture design as a strategy holds promise 

towards optical/T2/CT probes based on upconverting Ln3+ and Dy3+ ions.134 The overarching goal 

of this work was to design Ln3+-based nanoparticle probes that merge the manifold properties of 

the Ln3+ ions into one multimodal imaging agent that has UC, T2-modulating, and CT capabilities. 

Inspired by previous work, here, we designed a set of CSS NPs, i.e., β-phase 

NaGdF4:Yb,Er/NaGdF4/NaDyF4 (Dy-CSS, Figure 5.1 A). Particular attention was paid to the 

establishment of new protocols for the controlled shell growth via a rapid and straightforward 

MW-assisted route. The adjustment of the inner and outer shell thicknesses allowed to (i) shed 

light on distance-dependent Dy3+ quenching effects and energy transfer mechanisms as well as 

(ii) assess the effect of shell thickness on T2 MRI and CT performance. As a result, Dy-CSS NPs 

were obtained with not only restored but enhanced UC emission as well as superior T2 and CT 

capabilities compared to previously reported nanoparticle architectures and common CAs, 

holding potential as a multimodal imaging probe.  

 

5.2 Results and Discussion 

5.2.1 Synthesis and Structural Characterization of Dy-CSS NPs 

A set of OA-capped Dy-CSS NPs was successfully synthesized using a modified version of the MW-

assisted protocol as introduced in Chapter 3.89, 159 Control over the shell thickness in multi-shell 

Ln-NPs is crucial to optimize their performance and to understand structure-property 

relationships. While the MW-assisted route was previously reported as suitable for simple CS 

architectures, stringent control over shell thicknesses and the synthesis of core/multi-shell 

systems remained a challenge. Here, we demonstrate that adjustment of the ratio between the 

core NP seeds and the shell precursor in the reaction mixture was found to be key, as discussed 

in Chapter 3.2. 
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Figure 5.1. (A) Schematic illustration of the CSS Dy-NP architecture proposed as multimodal optical/T2/CT 
probe. (B-D) TEM images and sizes of OA-capped (1) core β-NaGdF4:Yb3+,Er3+, (2) β-
NaGdF4:Yb3+,Er3+/NaGdF4 CS, and (3) β-NaGdF4:Yb3+,Er3+/NaGdF4/NaDyF4 CSS NPs. The NaGdF4 inner shell 
thickness and NaDyF4 outer shell thickness are indicated in brackets. Core sizes and outer shell thicknesses 
were kept comparable, while the thickness of the inner shell increased from B to D. The 50 nm scale bar 
applies to all TEM images. 

 

Decreasing the number of core NPs, while keeping the amount of shell precursor constant 

allowed to tune the thickness of the undoped NaGdF4 shell on the Er3+/Yb3+-co-doped core from 

ca. 3 to 4 and 6 nm (3nmCS, 4nmCS, and 6nmCS), respectively (Figure 5.1 and Table 5.1). Similarly, 

during the synthesis of CSS Dy-NPs, the thickness of the outer NaDyF4 shell could be tuned by 

controlling the ratio of CS NP seeds and the Dy-TFA precursor in the reaction mixture from ca. 1 

to 3 and 4 nm (4nmDy-CSS1nm, 4nmDy-CSS3nm, and 4nmDy-CSS4nm, whereas the first and second 

superscript indicate the thickness of the inner and outer shell), respectively. XRD analysis 

confirmed that all the Dy-CSS NPs were of pure hexagonal phase of NaGdF4 and NaDyF4 (Figure 

5.2). The morphology and size of core, CS and CSS NPs were examined by TEM. As shown in Figure 

5.1 (B-D) and Figure 5.3, all NPs were monodisperse with narrow size distributions. The obtained 

NaGdF4 core NPs, co-doped with 2 mol% Er3+ and 20 mol% Yb3+ to induce luminescent properties, 

exhibited a spherical morphology with an average diameter of ca. 5.4 nm. Growing an undoped 

NaGdF4 shell resulted in CS NPs of 11.3 ± 0.3 nm, 12.8 ± 1.0 nm, and 17.0 ± 1.1 nm, with controlled 

shell thicknesses of ca. 3, 4, and 6 nm. 
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Table 5.1. Overview of the compositions and dimensions of the core, CS, and CSS NPs used in this study. 
Green shaded samples were used to study the effect of inner shell thickness on UC. Blue shaded samples 
were used to study the effect of outer shell thickness on MRI and CT performance. Sample 4nmDy-CSS3nm 
was used in both studies, the first and second superscript indicate the thickness of the inner and outer 
shell. 

Sample Code 

NaGdF4:Yb,Er 

Core Size 

(nm) 

NaGdF4 

Inner Shell 

Thickness 
(nm) 

NaDyF4 

Outer Shell 

Thickness 
(nm) 

Overall 
Particle 

Size 

(nm) 

Surface 
Chemistry 

Investigated 
Performance 

Dy-CS 5.3 ± 0.5 - 3.4 12.1 ± 1.0 oleate UC 

3nmCS 

5.3 ± 0.5 3.0 

- 11.3 ± 0.3 

oleate UC 3nmDy-
CSS3nm 

3.0 17.3 ± 1.3 

4nmCS 
5.0 ± 0.2 3.9 

- 12.8 ± 1.0 oleate 

UC 4nmDy-
CSS3nm 

2.7 18.1 ± 1.1 
oleate, 
citrate 

6nmCS 

5.7 ± 0.2 5.7 

- 17.0 ± 1.1 oleate 

UC, MRI 6nmDy-
CSS3nm 

2.5 22.0 ± 1.3 
oleate, 
citrate 

4nmCS 

5.4 ± 0.2 4.4 

- 14.2 ± 0.9 oleate UC 
4nmDy-
CSS1nm 1.3 16.9 ± 1.0 

oleate, 
citrate 

UC, MRI, CT 

4nmCS 

5.0 ± 0.2 3.9 

- 12.8 ± 1.0 oleate UC 
4nmDy-
CSS3nm 

2.7 18.1 ± 1.1 
oleate, 
citrate 

UC, MRI, CT 

4nmCS 

5.1 ± 0.3 4.3 

- 13.8 ± 1.0 oleate UC 
4nmDy-
CSS4nm 4.0 21.9 ± 1.3 

oleate, 
citrate 

UC, MRI, CT 

 

 

Further growth of a ca. 2.7 nm thick NaDyF4 outer shell to introduce Dy3+ ions for T2-weighted 

MRI led to overall NP sizes of 17.3 ± 1.3 nm, 18.1 ± 1.1 nm, and 22.0 ± 1.3 nm for 3nmDy-CSS3nm, 

4nmDy-CSS3nm, and 6nmDy-CSS3nm, respectively. Importantly, the core size and outer shell thickness 

of the obtained Dy-CSS NPs were kept comparable among the three NP architectures, while three 

different inner shell thicknesses were introduced. Such control of the CSS architecture allows for 

the investigation of the efficiency of the inner barrier layer between the Er3+/Yb3+ ions in the core 

and the Dy3+ ions in the outer shell. 
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Figure 5.2. XRD patterns of OA-capped CSS β-NaGdF4:Yb,Er/NaGdF4/NaDyF4 (Dy-CSS) with different inner 
shell thicknesses of 3.0 nm (3nmDy-CSS3nm), 3.9 nm (4nmDy-CSS3nm), and 5.7 nm (6nmDy-CSS3nm), respectively. 
Reference: β-NaGdF4, PDF card [01-080-8787]. 

 

 

Figure 5.3. Size distributions of (A) 3nmDy-CSS3nm, (B) 4nmDy-CSS3nm, as well as (C) 6nmDy-CSS3nm NPs and their 
corresponding CS (3nmCS, 4nmCS, 6nmCS) and core NPs, demonstrating the varying thickness of the inner shell, 
while keeping core size and outer shell thickness constant. 

 

5.2.2 Optical Properties of Dy-CSS NPs 

The UC luminescence properties of the obtained NPs, dispersed in toluene, were investigated 

under 980 nm excitation. As shown in Figure 5.4 (A-1), the emission spectra of 3nmDy-CSS3nm and 

their corresponding core/shell (3nmCS) and core NPs exhibited characteristic UC emission peaks 

in the green and red spectral regions ascribed to the 2H11/2  4I15/2 (520 nm), 4S3/2  4I15/2 (540 

nm), and 4F9/2  4I15/2 (650 nm) Er3+ transitions.  
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Figure 5.4. (A) UC spectra of OA-capped 3nmDy-CSS3nm (1), 4nmDy-CSS3nm (2), and 6nmDy-CSS3nm (3) NPs (blue) 
as well as their corresponding core (green) and CS (pink) NPs. All spectra were obtained under 980 nm 
laser excitation. Power density = 6.0 W/cm2, [NP] = 5 mg/mL in toluene. (B) Partial energy level diagram 
for Er3+/Yb3+ and Dy3+, schematically showing how the addition of an inner shell physically separates 
Er3+/Yb3+ from Dy3+ ions, thus, preventing Dy3+-induced loss of the UC. Solid lines are radiative transitions, 
dotted lines indicate energy transfer, and wavy lines are non-radiative transitions. (C) Luminescence decay 
curves of the Yb3+ emission under 980 nm excitation obtained from core, CS, and CSS NPs. 

 

The low emission intensity obtained from core NPs was no surprise given the very small NP size 

(ca. 5 nm) resulting in severe surface quenching. When adding a 3 nm undoped NaGdF4 shell, as 

expected, the emission intensity increased, reducing surface quenching effects.41 However, the 

addition of an additional outer NaDyF4 shell (3nmDy-CSS3nm NPs) resulted in lower UC emission 

intensities than obtained for 3nmCS NPs without the NaDyF4. The observed loss (ca. 50 % for both 

the green and red emissions) indicated that an inner shell of 3 nm thickness was not sufficient to 

protect the emitter pair Er3+/Yb3+ from the Dy3+ quencher. Previous studies reported that an inner 

CaF2 shell as thin as 2.3 nm was suitable to restore the UC emission,133 while in our study, 

emission loss was observed with a 3 nm inner NaGdF4 shell. This might be explained by potential 

cation intermixing in the Dy-CSS NPs taking place during shell growth, resulting in the distribution 

of Ln3+ dopant ions (i.e., Er3+ and Dy3+) into the nominally undoped shell.41, 42 As expected, 
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growing a thicker inner shell of 4 nm on core NPs significantly increased the UC emission intensity, 

4nmCS NPs showing an overall 2000 times higher UC intensity than core NPs (Figure 5.4 (A-2)). 

Most interestingly, no loss of UC was observed upon the addition of an outer NaDyF4 shell. The 

obtained 4nmDy-CSS3nm NPs exhibited not only restored UC emission but an UC enhancement by 

more than 100 % for the green and by ca. 270 % for the red emission compared to their respective 

4nmCS NPs. This result indicated that an inner NaGdF4 shell of at least 4 nm in thickness was 

required to overcome the Dy3+-induced loss of UC.  

Possible quenching processes caused by Dy3+ were previously proposed by Zhang et al. based on 

steady-state UC spectroscopy.140 As schematically shown in Figure 5.4 B, in close vicinity to Dy3+ 

ions, the 2F5/2 excited state of Yb3+ and the 2I11/2 excited state of Er3+ can be depopulated via 

resonant energy transfer to the excited 6H5/2 level of Dy3+ (steps (a) and (b)). This depopulation 

of the excited Yb3+ and intermediate Er3+ levels compromise efficient UC to the emitting Er3+ 

levels (step (c)), ultimately resulting in loss of UC emission. The added inner shell acts as a barrier 

hampering the Yb3+ (and Er3+)  Dy3+ energy transfer, restoring Er3+ UC. In order to confirm the 

UC loss mechanism, two reference samples were synthesized, namely, α-phase NaDyF4:Yb,Er 

core NPs and β-phase NaGdF4:Yb,Er/NaDyF4 NPs (Dy-CS) (Figure 5.5).  

 

Figure 5.5. (A) XRD patterns of OA-capped α-NaDyF4:Yb,Er core and β-NaGdF4:Yb,Er/NaDyF4 (Dy-CS) core-
shell NPs. References: red line – α-NaDyF4, PDF card [00-027-0697]; black line – β-NaGdF4, PDF card [01-
080-8787]. (B and C) (1) TEM images and (2) their corresponding size distributions of OA-capped (B) α-
NaDyF4:Yb,Er and (C) β-NaGdF4:Yb,Er/NaDyF4 NPs. Scale bars: 50 nm. Note that β-NaDyF4:Yb,Er is not 
accessible via our MW-assisted synthesis.253 Therefore, α-NaDyF4:Yb,Er was used as a similar-sized 
reference core sample. 
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Figure 5.6. UC spectra of OA-capped α-NaDyF4:Yb,Er, β-NaGdF4:Yb,Er, and β-NaGdF4:Yb,Er/NaDyF4 CS NPs. 
All spectra were obtained under 980 nm laser excitation. Power density = 6.0 W/cm2, [NP] = 5 mg/mL in 
toluene. 

 

As shown in Figure 5.6, not surprisingly, the emission of Er3+ was completely lost when the 

emitting Ln3+ ions were co-doped into the NaDyF4 host. UC loss still took place upon separation 

of Er3+/Yb3+ and Dy3+ into the β-NaGdF4:Yb3+,Er3+ core and a NaDyF4 shell (Dy-CS).  

Confirmation of the proposed quenching mechanism was obtained by determining the excited 

state lifetime of Yb3+ in the series of core, CS and CSS NPs under investigation. Therefore, the 

time-dependent emission of Yb3+ under 980 nm excitation was monitored at the shoulder of the 

ion’s emission at 940 nm.254, 255 The decay curves and respective lifetime values (obtained by 

integrating the area under the decay curves) are given in Figure 5.4 C and Table 5.2. The small 

core NPs exhibited a relatively short lifetime of 25.5 µs due to surface quenching, which was 

slightly prolonged to 33.3 µs when an undoped shell of 3 nm was added (3nmCS). Yet, growth of 

an additional NaDyF4 shell shortened the lifetime to 26.1 µs (3nmDy-CSS3nm). This decrease in 

lifetime is in line with the reduced Er3+ emission (Figure 5.4 (A- 1)). As expected, the addition of 

a thicker undoped NaGdF4 shell on the doped core led to a significantly longer lifetime (4nmCS: 

207.6 µs). The observed increase in UC emission intensity upon growth of an additional outer 

NaDyF4 shell (4nmDy-CSS3nm) suggests efficient shielding of the Yb3+/Er3+ ion pair from Dy3+ (Figure 

5.4 (A-2)) as well as additional protection against surface loss processes. Hence, a prolonged Yb3+ 

lifetime might be expected. 
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Table 5.2. Lifetime values extracted from the decay curves of the Yb3+ emission under 980 nm. 

Sample Inner Shell Thickness (nm) Lifetime (µs) 

Core NA 25.5 

3nmCS 
ca. 3 

33.3 

3nmDy-CSS3nm 26.1 

4nmCS 
ca. 4 

207.6 
4nmDy-CSS3nm 175.8 

6nmCS 
ca. 6 

251.3 
6nmDy-CSS3nm 207.6 

 

Conversely, the decay time decreased to 175.8 µs for 4nmDy-CSS3nm NPs, indicating continuous 

depopulation of the 2F5/2 Yb3+ level by Dy3+ ions. To assess whether an even thicker undoped shell 

could fully overcome energy transfer to Dy3+, the optical properties of 6nmDy-CSS3nm NPs with a 

ca. 6 nm thick inner shell were analyzed. As expected, emission spectra did not indicate any UC 

poisoning effect of Dy3+, and the sample exhibited the strongest emission intensity among all the 

investigated NPs due to its overall thick shell (NaGdF4 + NaDyF4: 8.2 nm) (Figure 5.4 (A-3)). Still, 

time-dependent measurements revealed that energy transfer to Dy3+ was not fully suppressed, 

as indicated by the shortening of the Yb3+ lifetime upon shelling with NaDyF4 (251.3 µs for 6nmCS 

versus 207.6 µs for 6nmDy-CSS3nm). 

The influence of the NaDyF4 shell on the UC emission was further demonstrated by power-

dependent photoluminescence spectroscopy. As shown in Figure 5.7, regardless of the 

architecture of the NPs, the slopes of the fitted curves of the log-log power plots (which reflect 

the number of photons involved in the UC process256) were larger than 1 for both the green (4S3/2 

 4I15/2) and red (4F9/2  4I15/2) Er3+ UC emissions. Thus, a 2-photon process took place, as 

expected for the Yb3+/Er3+ UC ion pair. Nonetheless, the presence of Dy was found to have an 

influence on the UC process. Interestingly, the addition of a NaDyF4 shell on the Er3+/Yb3+-doped 

core lowered the slope values of the double logarithmic power plots from 1.88 to 1.49 and 1.75 

to 1.68 for the green and red emissions, respectively (Figure 5.7 (A-B)). 



106 
 

 

Figure 5.7. Integrated 4S3/2  4I15/2 and 4F9/2  4I15/2 Er3+
 emission intensities versus 980 nm excitation 

power for OA-capped (A) β-NaGdF4:Yb,Er (core), (B) Dy-CS, (C) 4nmCS, (D) 4nmDy-CSS3nm, (E) 6nmCS, and (F) 
6nmDy-CSS3nm NPs. 

 

This decrease in the slope values indicated a perturbation of the classical UC process for which a 

slope close to 2 would be expected, along with energy transfer from Er3+/Yb3+ to Dy3+ as a 

competing process. Moreover, this observation agrees with the reduced Er3+ UC emission (Figure 

5.6) and shortened lifetime of the Yb3+ excited state (Figure 5.4 C). When adding a 4 nm undoped 

NaGdF4 shell on the Er3+/Yb3+-doped core (4nmCS NPs), the values slightly increased to 1.91 and 

1.86 for the green and red emission (Figure 5.7 C), approaching the theoretical value of 2. This 

increase was ascribed to the prevention of surface quenching via inner shelling. Upon further 

growth of a NaDyF4 outer shell (4nmDy-CSS3nm NPs), minor additional increase of the slope values 

to 1.95 and 1.91 was observed (Figure 5.7 D). This might indicate that the energy transfer process 

from Er3+/Yb3+ to Dy3+ was not dominant anymore but that recovery of classical 2-photon UC 

process took place. The same trend in terms of slope values was observed for 6nmCS NPs (green: 

1.95, red: 1.90) and 6nmDy-CSS3nm NPs (green: 1.92, red: 1.95) (Figure 5.7 E/F). Overall, based on 

the Er3+ emission spectra and Yb3+ lifetimes of 4nmDy-CSS3nm and 6nmDy-CSS3nm, a 4 nm inner shell 
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thickness was deemed sufficiently efficient to suppress the most severe Dy3+-induced UC loss, 

resulting in bright UC emitters, despite some remaining energy transfer from Yb3+ to Dy3+.  

Herein, the increased shell thickness is suggested to play a dual role. First, the Yb3+  Dy3+ energy 

transfer is hindered by the barrier layer, resulting in more efficient UC to the Er3+ emitting levels. 

Second, the overall shell (NaGdF4 + NaDyF4) around the emitting core reaches a thickness that 

was previously reported as highly efficient in reducing non-radiative depopulation of the emitting 

Er3+ levels, which is supported by increasing lifetimes of the green (4S3/2) and red (4F9/2) emitting 

excited states (Figure 5.8 and Figure 5.9).257 Fluorescence decay curves and the corresponding 

lifetimes of the green and red Er3+ emissions at 540 nm (4S3/2  4I15/2) and 650 nm (4F9/2  4I15/2) 

under 980 nm excitation are shown in Figure 5.8. As expected, the small core NPs exhibited 

relatively short lifetimes for the green (62.1 µs) and red (66.4 µs) emissions due to surface 

quenching. The slightly longer lifetime for the red emission is in agreement with previous 

studies.159, 250 Growth of a passivating shell is expected to increase the lifetimes of the green and 

red emissions, along with increased photoluminescence intensities, due to reduced surface 

quenching.  

 

Figure 5.8. Luminescence decay curves of the (A) 4S3/2  4I15/2 (540 nm) and (B) 4F9/2  4I15/2 (650 nm) Er3+
 

transitions for (1) Dy-CS, (2) 4nmDy-CSS3nm, and (3) 6nmDy-CSS3nm NPs and their corresponding core and CS 
NPs in toluene. λex = 980 nm. 
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In line, lifetimes prolonged to more than 200 μs upon growth of an undoped NaGdF4 shell (4nmCS 

and 6nmCS NPs, Figure 5.8 (A/B-2/3)), whereas increased shell thickness resulted in longer 

lifetimes.  

Shelling of an Er3+/Yb3+-doped NaGdF4 core with NaDyF4 resulted in severe loss of UC emission 

(Figure 5.6). Yet, noteworthy, the Er3+ lifetime values of Dy-CS NPs (Figure 5.8 (A/B-1)) were 

comparable to those obtained for 4nmCS and 6nmCS NPs with a NaGdF4 shell (green emission: 

200.6 µs, red emission: 218.4 µs). This indicated that Dy3+ ions in the shell do not significantly 

contribute to UC emission loss via non-radiative depopulation of the excited Er3+ levels. Rather, 

both shell types – NaGdF4 and NaDyF4 – protect the Er3+ emitters from surface quenching, leading 

to similar lifetimes. To recall, lifetime measurements of the Yb3+ emission provided evidence for 

energy transfer from Yb3+ in the core to Dy3+ ions in the shell, depopulating the excited Yb3+ state 

and hence, hampering efficient UC of Er3+ to the ion’s emitting levels. Thus, while radiative decay 

of Er3+ ions once excited to the green- and red-emitting levels took place upon shelling with 

NaDyF4, the Yb3+-sensitized population of these emitting levels was hampered by Dy3+ ions 

(reflected in the shortened lifetime of Yb3+, Figure 5.4). Consequently, only a few Er3+ ions 

undergo efficient UC excitation followed by radiative decay, resulting in overall poor UC emission 

when Dy3+ ions are in proximity to the emitters. Growth of an outer NaDyF4 shell resulted in even 

longer Er3+ lifetimes for both the green and red emissions (Figure 5.8 (A/B2/3)), reaching lifetimes 

from ca. 240 to ca. 330 μs for 4nmDy-CSS3nm and 6nmDy-CSS3nm NPs, respectively, providing overall 

efficient protection from surface quenching. Figure 5.9 summarizes the interplay between the 

Yb3+  Dy3+ energy transfer hampering efficient UC excitation of Er3+ and UC emission intensity 

as a function of NP architecture. Ultimately, both aspects together result in not only restored but 

enhanced UC emission, demonstrated here – to the best of our knowledge – for the first time. 
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Figure 5.9. Partial energy level diagrams for UC pair Yb3+/Er3+ and Dy3+ as well as mechanisms resulting in 
the observed architecture-dependent green and red UC emission intensities of (A) core, (B) Dy-CS, (C) CS, 
and (D) Dy-CSS NPs. The following dominating mechanisms are proposed based on UC emission intensities 
as well as Yb3+ and Er3+ excited state lifetimes: (A) Loss of UC emission due to surface quenching. (B) Loss 
of UC emission due to Dy3+-mediated energy migration to the NP surface. (C) Enhancement of UC emission 
due to prevention of surface quenching. (D) Restoration and enhancement of UC emission due to 
prevention of Dy3+-mediated energy migration and protection of the Er3+ excited states from surface 
quenching. 

 

To explore the effect of the NaDyF4 shell on the probes’ performance, particularly MRI T2 and CT 

capabilities (vide infra), additional Dy-CSS NPs were synthesized. Given the good optical 

performance of 4nmDy-CSS3nm, exhibiting a ca. 4 nm thick inner shell, two samples with an outer 

NaDyF4 shell of varying thickness on 4nmCS NPs were synthesized. This resulted in a total set of 

three samples of comparable core size and inner shell thickness, yet, varying outer shells of ca. 

1 nm (4nmDy-CSS1nm), 3 nm (4nmDy-CSS3nm), and 4 nm (4nmDy-CSS4nm), respectively (Table 5.1). The 

morphology, size and crystalline phase of these samples are shown in Figure 5.10 and Figure 5.11. 
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Figure 5.10. Dy-CSS NPs with tuned outer shell thickness: (1-3) TEM images and (4) their corresponding 
size distributions of OA-capped (A) 4nmDy-CSS1nm, (B) 4nmDy-CSS3nm and (C) 4nmDy-CSS4nm NPs. The core 
diameter and the thickness of the inner shell were kept constant. The 50 nm scale bar applies to all TEM 
images.     

 

 

 

Figure 5.11. XRD patterns of OA-capped 4nmDy-CSS1nm, 4nmDy-CSS3nm and 4nmDy-CSS4nm NPs with tunable 
outer shell thickness. Reference: β-NaGdF4, PDF card [01-080-8787]. 
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Figure 5.12. UC spectra of OA-capped (A) 4nmDy-CSS1nm, (B) 4nmDy-CSS3nm and (C) 4nmDy-CSS4nm NPs (blue) 
as well as their corresponding core (green) and CS (pink) NPs. All spectra were obtained under 980 nm 
laser excitation. Power density = 6.0 W/cm2, [NP] = 5 mg/mL in toluene. 

 

Figure 5.12 shows the UC spectra of Dy-CSS NPs with comparable inner shell thickness (ca. 4 nm), 

yet, different outer shell thicknesses, 1 nm, 3 nm, and 4 nm, respectively. Due to the efficient 

inner shell protection, the emission intensities of Dy-CSS NPs in all the three samples were higher 

than those of their corresponding CS NPs. With the thinnest NaDyF4 outer shell growth, the 

obtained 4nmDy-CSS1nm NPs exhibited an enhancement of 100 % for the green and by ca. 32 % for 

the red emission compared to their respective 4nmCS NPs (Figure 5.12 A). The enhancement 

obtained between 4nmDy-CSS3nm NPs and their corresponding 4nmCS NPs (Figure 5.12 B) was 106 % 

for the green and 271 % for the red emission, due to the thicker outer shell thickness. When the 

NaDyF4 shell thickness increased to ca. 4 nm, the obtained 4nmDy-CSS4nm NPs showed the 

strongest intensity among all the samples due to its overall thick shell (NaGdF4 + NaDyF4: 8.4 nm) 

(Figure 5.12 C). Once having a set of Dy-CSS NPs with different inner and outer shell thicknesses 

in hand, their MRI and CT imaging performances were assessed. 

 

5.2.3 Rendering the NPs Water-Dispersible: Citrate-Capping 

Prior to explore MRI and CT capabilities, the NPs had to be rendered hydrophilic and water 

dispersible. Citrate (Cit) groups were chosen as a model capping agent to transfer the as-

obtained, hydrophobic OA-capped NPs into water. The surface modification of OA-capped NPs 
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with citrate groups was obtained through a ligand exchange process described in Chapter 3.4.89, 

192  

3nmDy-CSS3nm NPs were disregarded given their inferior optical performance. The morphology of 

the citrate-capped Dy-CSS NPs was confirmed by TEM analysis (Figure 5.13 A), showing the same 

morphology and size comparing to their OA-capped counterparts. A representative Cit-4nmDy-

CSS3nm sample was selected for further characterizations by FTIR, XRD, and DLS. As shown in 

Figure 5.13 B, the successful citrate capping was confirmed by Fourier transform infrared (FTIR) 

spectroscopy. The crystallinity of the Cit-4nmDy-CSS3nm NPs was confirmed by XRD analysis (Figure 

5.13 C), showing that the pure hexagonal phase was retained. The hydrodynamic diameter of the 

Cit-4nmDy-CSS3nm NPs was determined to 23.4 ± 4.7 nm (PDI: 0.27) (Figure 5.13 D), while the NPs 

exhibited a negative zeta potential of -32.4 ± 0.4 mV. In order to evaluate the potential 

bioimaging applications of these Cit-Dy-CSS NPs, the cytotoxicity of Cit-4nmDy-CSS3nm NPs against 

human lung adenocarcinoma cells (A549) was firstly assessed using the flow cytometry assay. 

 

Figure 5.13. (A) TEM images of Cit-4nmDy-CSS1nm (1), Cit-4nmDy-CSS3nm (2), Cit-4nmDy-CSS4nm (3) and Cit-6nmDy-
CSS3nm. The 50 nm scale bar applies to all TEM images. (B) FTIR spectra of citrate- and OA-capped 4nmDy-
CSS3nm

 NPs as well as citrate used as a reference. (C) XRD pattern of Cit-4nmDy-CSS3nm NPs. Reference: β-
NaGdF4, PDF card [01-080-8787]. (D) DLS curve of Cit-4nmDy-CSS3nm NPs dispersed in water. DLS data 
revealed a hydrodynamic diameter of 23.4 nm (polydispersity index, PDI: 0.27). 
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As shown in Figure 5.14, the cell viability remained 95 % for all NP concentrations, indicating low 

cytotoxicity of citrate-capped NPs at concentrations below 500 µg/mL in line with the reported 

results for the NaREF4 NPs.258 

Despite some expected loss of photoluminescence intensity upon dispersion of the NPs in water 

compared to their OA-capped counterparts in toluene, Cit-4nmDy-CSS3nm NPs still showed bright 

UC emission and NIR emission at 1570 nm, which stems from the 4I13/2 4I15/2 Er3+ transition 

(Figure 5.15). Understanding the nano-bio interactions (interactions between NPs and complex 

biological systems) is critical for developing NPs for in vivo applications. Therefore, with respect 

to future applications of the studied NPs, the photoluminescence stabilities in different media 

were investigated. As shown in Figure 5.16, the NPs exhibited good luminescence stability after 

incubation in water and phosphate-buffered saline (PBS) for 24 h at 37° C. The 

photoluminescence stability of Cit-4nmDy-CSS3nm NPs was assessed by monitoring the Er3+ UC 

emission intensity of the NPs in water and PBS buffer, respectively, at room temperature and 

37 °C as a function of time. As shown in Figure 5.16 A, at room temperature, the UC emission 

intensity of Cit-4nmDy-CSS3nm NPs in water remained after 24 h incubation, while a slight decrease 

of 10% was observed in PBS buffer. The emission intensities retained 80 % when incubating the 

NPs in water and PBS at 37°C after 24 h (Figure 5.16 B).  

 

Figure 5.14. Cell viability of A549 cells incubated with Cit-4nmDy-CSS3nm NPs at different concentrations (0, 
50, 250, and 500 µg/mL) for 24 h at 37 °C. 
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Figure 5.15. Upconversion (A) and downshifting (B) luminescence spectra of Cit-4nmDy-CSS3nm NPs 
(5 mg/mL in water for UC emission, 10 mg/mL in water for NIR emission) obtained under 980 nm laser 
excitation. Power densities used to trigger UC and NIR emission were 6.0 W/cm2 and 33.3 W/cm2, 
respectively. 

 

 

Figure 5.16. Overall UC emission intensity of Cit-4nmDy-CSS3nm NPs as a function of incubation time in H2O 
and PBS at (A) room temperature and (B) 37 °C. 

 

Er3+-based upconverting NPs are well known for their thermometric sensing capabilities, whereas 

the temperature-induced change in luminescence intensity ratio (LIR) – LIR being the ratio 

between the 2H11/2  4I15/2 (525 nm) and 4S3/2  4I15/2 (540 nm) emission intensities – is a suitable 

and popular thermometric parameter.47, 259 While nanothermometry was not the major focus of 

this study, we stepped forward to briefly explore this avenue, assessing the potential of the 

prepared NPs for thermal sensing and imaging. In order to assess the performance of Cit-4nmDy-

CSS3nm NPs dispersed in water as nanothermometers, temperature-dependent UC spectra were 
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recorded from 15 to 50 °C, including the physiologically relevant range from 35 to 45 °C. As shown 

in Figure 5.17 A, an increase of the emission intensity at 525 nm (2H11/2  4I15/2) relative to that 

at 540 nm (4S3/2  4I15/2) was observed upon temperature increase. This is expected as higher 

temperatures provide the energy required for the population of the higher laying 2H11/2 Er3+ level. 

The thermometric parameter, LIR = I525/I540, was calculated using the two integrated spectral 

regions of I525 (500 – 535 nm) and I540 (535 – 575 nm). The obtained LIR values as a function of 

temperature are shown in Figure 5.17 B.  

 

 
Figure 5.17. (A) Temperature-dependent emission spectra of Cit-4nmDy-CSS3nm

 NPs dispersed in water. (B) 
Luminescence intensity ratio (LIR) between the two green emission bands stemming from the 2H11/2 and 
4S3/2 excited levels plotted against temperature. (C) Natural logarithm of LIR plotted as a function of the 
inverse absolute temperature (Boltzmann’s plot). (D) Relative thermal sensitivity, Sr, plotted as a function 
of the temperature.  

 

The temperature governed population of the two closely spaced energy levels of Er3+ follows a 

Boltzmann’s distribution, and LIR can be expressed by equation 5.1: 

𝐿𝐼𝑅 =
𝐼525

𝐼540
= 𝐵 × exp (− 

Δ𝐸

𝑘𝐵𝑇
)                                     (Eq. 5.1) 
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where ΔE is the energy gap between the emitting levels in close proximity, I525 and I540, and B is 

a constant that depends on the experimental system and the intrinsic spectroscopic parameters 

of the dopant/host pair. T is given in Kelvin. kB is the Boltzmann factor. The Boltzmann’s plot and 

its linear fits for Cit-4nmDy-CSS3nm are shown in Figure 5.17 C. 

As shown in Figure 5.17 D, the Sr values obtained for the Dy-CSS NPs were larger than 1% °C−1 

over the assessed temperature range, with Sr values of ca. 1.1 to 1.2% °C−1 at physiologically 

relevant temperatures. The obtained Sr values were in line with the reported values of Er3+ based 

upconversion nanothermometry.10  

 

5.2.4 Citrate-Capped Dy-CSS NPs for MR Imaging 

The Dy3+ ion has the potential to be a T2-weighted MRI contrast agent due to its high magnetic 

moment. To study the effect of the NaDyF4 shell thickness of the obtained Cit-Dy-CSS NPs on T2 

contrast performance, T2 and T1 relaxivities (r2 and r1) were measured at 7 T. As shown in Figure 

5.18 A, the T2-weighted MRI signals obtained from Cit-Dy-CSS NPs changed from brighter to 

darker when the concentration of Dy3+ increased, indicating the potential of these NPs to act as 

T2 contrast agents.  

 

Figure 5.18. (A) T2-weighted MR images of Cit-Dy-CSS NPs with varying NaDyF4 outer shell thickness (Cit-
4nmDy-CSS1nm, Cit-4nmDy-CSS3nm and Cit-4nmDy-CSS4nm) as a function of the Dy3+ concentration. (B) Relaxation 
rate R2 (= 1/T2) of water protons plotted against the molar concentration of Dy3+ at 7 T. Solid lines are 
linear fits. 
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The relaxivity values were extracted from the slopes of the linear fits of the relaxation rates R2 

and R1 (= 1/T2 and 1/T1) against the molar concentration of Dy3+ ions of the NP dispersions as 

obtained from ICP-OES (Figure 5.18 B – r2; Figure 5.19 – r1; all values are summarized in Table 

5.3). Similar r2 values were obtained for Cit-4nmDy-CSS1nm (260.0 mM-1 s-1) and Cit-4nmDy-CSS3nm 

NPs (256.9 mM-1 s-1), while a significant increase of r2 to 442.1 mM-1 s-1 was observed when the 

NaDyF4 shell thickness increased to 4 nm (Cit-4nmDy-CSS4nm). This increase in r2 was ascribed to 

the increasing amount of Dy3+ ions in the sample upon growth of a thicker outer shell, resulting 

in a higher Dy3+-to-Gd3+ ratio (Figure 5.20). Larger particle sizes have previously been reported to 

result in more pronounced T2 contrast enhancement, as demonstrated for different-sized NaDyF4 

NPs.109, 111 Even though the direct comparison with data from the literature is difficult given the 

different NP architectures under investigation (CSS in this study versus previously investigated 

core-only NPs), the larger size of the Cit-4nmDy-CSS4nm NPs might also contribute to the observed 

T2 contrast enhancement. 

 

 

Figure 5.19. Relaxation rate R1 (= 1/T1) of water protons plotted against the molar concentration of Dy3+ 
for Cit-4nmDy-CSS1nm, Cit-4nmDy-CSS3nm and Cit-4nmDy-CSS4nm NPs at 7 T. The solid lines are linear fits. 
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 Table 5.3. Relaxivity values r2 and r1 of Cit-Dy-CSS NPs at 7 T. Relaxivity values and the associated errors 
were obtained from the linear fitting procedure of the data sets reported in Figure 5.18, Figure 5.19, and 
Figure 5.21. 

Sample Size (nm) r2 (mM-1 s-1) r1 (mM-1 s-1) r2/r1 

4nmDy-CSS1nm 16.9 260.0 ± 9.8 6.5 ± 0.1 40.0 

4nmDy-CSS3nm 18.1 256.9 ± 17.7 4.6 ± 0.1 55.8 

4nmDy-CSS4nm 21.9 442.1 ± 22.1 3.3 ± 0.2 134.0 

6nmDy-CSS3nm 22.0 116.0 ± 10.0 2.5 ± 1.1 46.4 

 

On the contrary, the r1 values decreased with increasing NaDyF4 shell thickness (Figure 5.19, 

Table 5.3). It is important to recall that NdGdF4 was used as host matrix for the core and inner 

shell of the CSS-NPs. Gd3+ ions are well known for their T1 MRI capabilities when in close vicinity 

to water protons. Thus, the Gd3+ ions in the core and inner shell might influence the overall MRI 

performance of the CSS-NPs. Indeed, the highest r1 value was obtained for Cit-4nmDy-CSS1nm NPs 

with a very thin outer shell. Such thin shelling might be less efficient and prone to cation 

intermixing, resulting in Gd3+ ions close to the NP surface where they can interact with water 

protons, contributing to higher r1 value. Thicker NaDyF4 shells provided greater shielding of the 

Gd3+ ions in the inner shell, resulting in lower r1 values. Overall, the resultant r2/r1 ratios increased 

from 40.0 to 55.8 and 134.0 with increasing NaDyF4 shell thickness. As larger r2/r1 ratios provide 

for higher signal-to-noise and more robust contrast enhancement in T2-weighted images,111 

Cit- 4nmDy-CSS4nm NPs with the thickest outer shell are the most promising among the studied T2 

MRI CA candidates. 
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Figure 5.20. Dy3+-to-Gd3+ ion ratio in the Dy-CSS NPs obtained from ICP measurements. 

 

 

Figure 5.21. (A) T2-weighted MR images of Cit-Dy-CSS NPs with varying NaGdF4 inner shell thickness (Cit-
4nmDy-CSS3nm and Cit-6nmDy-CSS3nm) as a function of the Dy3+ concentration. (B) Relaxation rate R2 (= 1/T2) 
and (C) R1 (=1/T1) of water protons plotted against the molar concentration of Dy3+ for Cit-6nmDy-CSS3nm 
and Cit-4nmDy-CSS3nm at 7 T. Solid lines are linear fits. 

 

The effect of the inner NaGdF4 shell thickness on the T2 contrast behaviour was also investigated. 

As shown in Figure 5.21, Cit-4nmDy-CSS3nm NPs exhibited a higher r2 value (256.9 mM-1 s- 1) than 

Cit-6nmDy-CSS3nm NPs (116.0 mM-1 s- 1), which can be ascribed to the relatively higher Dy3+ content 

in the sample (Figure 5.20). In line, a larger r2/r1 ratio was obtained for Cit-4nmDy-CSS3nm (55.8) 



120 
 

than for Cit-6nmDy-CSS3nm (46.4) NPs, demonstrating the importance to not only tune the outer 

NaDyF4 but also inner NaGdF4 shell. Noteworthy, all the r2 values of Cit-Dy-CSS NPs are higher 

than those of commercial iron oxide-based T2 contrast agents (Combidex: 60.0 mM-1 s-1, Feridex: 

93.0 mM-1 s-1) and other comparable sized Dy-based NPs (Table 5.4) 111, 133, 144, 260-269. These 

observations are promising with respect to the potential use of Dy-CSS NPs T2 CAs. Particularly, 

high relaxivity CAs are generally considered beneficial as they can allow for the administration of 

lower doses, ultimately contributing to lower toxicity risks. 270 

 

5.2.5 Citrate-Capped Dy-CSS NPs for CT Imaging 

Owing to the relatively high K-edge values and X-ray attenuation coefficients of the Ln ions, 

Cit- Dy-CSS NPs hold potential for CT imaging. To assess their CT contrast performance, we first 

used X-ray spectrometry (Figure 5.22) to compare the X-ray absorption efficacy of Cit-Dy-CSS NPs 

to that of Iohexol (a widely used clinical CT CA). With the iodine K-edge at 33.3 keV, Iohexol 

absorbs X-ray photons most effectively in the range 35-50 keV.271 In comparison, Cit-Dy-CSS NPs 

absorb more photons in a higher energy region (50-120 keV) due to the higher K-edge values of 

Gd (50.2 keV) and Dy (53.8 keV). In an alternative approach to demonstrate the X-ray absorption 

behaviour of Iohexol and Cit-Dy-CSS NPs (Cit-4nmDy-CSS3nm, Cit-6nmDy-CSS3nm), radiography 

imaging was performed across a range of X-ray source voltages from 70 to 120 kV. These voltages 

are consistent with conditions used in clinical applications.  

As shown in Figure 5.23 A, CT values (Hounsfield units, HU) for Iohexol were highest at a source 

voltage of 70 kV, followed by a continuous decrease with voltage increase to 120 kV. This is 

expected given the optimized performance of Iohexol at lower energies.272 On the contrary, the 

CT values of Cit-Dy-CSS NPs displayed an initial increase in CT values when the voltage increased 

from 70 to 110 kV, followed by a decrease at 120 kV (Figure 5.23 B/C). This decrease in CT values 

at higher voltage was caused by the mismatch of the K-edge values of Gd and Dy in the high-

energy region. The highest CT value obtained for Cit-6nmDy-CSS3nm NPs at 110 kV was 1080 HU 

(Ln3+ ion concentration, i.e., sum of Gd3+, Dy3+, Yb3+ and Er3+ = 94.2 mM) compared to 850 HU of 

Iohexol (I- ion concentration = 157.6 mM). 
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Table 5.4. Comparison of MRI T2 relaxivity values of clinically used iron oxide NPs, Dy-based chelates, and 
Dy-based NPs. The table also shows examples for multimodal CAs for additional optical and CT imaging. 

Contrast Agents 
Size 
(nm) 

Surface 
Coating 

r2 
(mM-1 s-1) 

r1 
(mM-1 s-1) 

r2/r1 
Magnetic 
Field (T) 

Other 
Imaging 

Capabilities 
Ref. 

Clinically Used CAs 

Combidex (Fe3O4) 5.9 dextran 60.0 10 6.0 1.5 

- 

260 
Feridex  

(Fe3O4, γ-Fe2O3) 
5.0 dextran 93.0 4.1 22.7 3 261 

Resovist (Fe3O4) 4.0 
carboxy- 

dextran 
146.0 4.6 31.7 3 261 

Dy-Based Chelates 

Dy-DOTA 
- - 

20.0 - - 9.4 
- 

262 
Dy-DTPA-PcHexPh2 3.0 0.1 30 7 263 

Dy-Based Nanoparticles 

NaDyF4:Tb 30×35 CTABa 22.3 - - 7 optical 273 

NaDyF4 20.3 
PMAO-

PEGb 
101.0 - - 9.4 - 111 

NaGdF4:Dy 7.5 PEGc 10.6 5.2 2.0 9.4 CT 265 
NaGdF4:Yb,Er 

/NaYbF4:Dy(38 %) 
31.0 citrate 70.0 0.5 140 9.4 optical 141 

NaLuF4:Yb,Tm 
/NaLuF4/NaDyF4 

21×39 PCd 40.0 - - 7 
optical 

CT 
144 

NaYbF4:Tm 
/CaF2/NaDyF4 

16.0 citrate 41.0 - - 7 
optical 

CT 
133 

NaYF4:Nd 
/NaDyF4 

15.7 liposome 44.0 - - 11.7 optical 267 

Dy2O3 70.0 dextran 190 - - 7 - 268 

Dy-doped γ-Fe2O3 4.2 PEG 123.3 - - 1.5 - 269 

Cit-4nmDy-CSS1nm 16.9 citrate 260.0 6.5 40.0 7 
optical 

CT 

this 
work 

Cit-4nmDy-CSS3nm 18.1 citrate 256.9 4.6 55.8 7 
optical 

CT 

this 
work 

Cit-4nmDy-CSS4nm 21.9 citrate 442.1 3.3 134 7 
optical 

CT 

this 
work 

Cit-6nmDy-CSS3nm 22.0 citrate 116.0 2.5 46.4 7 optical 
this 

work 
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Figure 5.22. X-ray absorption spectra for water, Iohexol, and Cit-4nmDy-CSS3nm NPs using a tungsten X-ray 
tube operating at 150 kV. Peaks marked with stars belong to the X-ray source, tungsten. 

 

 

Figure 5.23. CT values of (A) Iohexol, (B) Cit-4nmDy-CSS3nm NPs, (C) Cit-6nmDy-CSS3nm NPs, and (D) their 
corresponding normalized values as a function of X-ray source peak voltage. 
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Normalization of the CT values to the concentration of the corresponding contrast agent, 

revealed more than two-times higher values for the Cit-Dy-CSS NPs than for Iohexol between 100 

and 120 kV (Figure 5.23 D). These findings demonstrate the potential of Cit-Dy-CSS NPs as CT CA 

candidates with higher contrast efficacy compared to Iohexol at 110 kV and the advantage that 

X-rays optimized for the K-edge of the Ln3+ have lower potential for tissue damage than those 

optimized for the K-edge of iodine.132  

Encouraged by the results of radiography imaging, CT phantom imaging measurements of Cit-Dy-

CSS NPs and Iohexol were performed at 110 kV. Herein, samples with thinner and thicker NaDyF4 

shells were investigated to assess any potential effect that the outer shell thickness might have 

on CT performance. As shown in Figure 5.24 A, with similar CA concentrations, all Cit-Dy-CSS NPs 

produced brighter CT signals than Iohexol. The obtained CT values increased linearly with the 

concentration for Cit-Dy-CSS NPs and Iohexol (Figure 5.24 B), and the slopes extracted from the 

linear fits are shown in Table 5.5. Among the three Cit-Dy-CSS samples, the slope values increased 

with the NaDyF4 shell thickness increasing from 1 nm to 4 nm (9.4 ± 1.3 HU mM−1 for Cit-4nmDy-

CSS1nm, 11.4 ± 0.5 HU mM−1 for Cit-4nmDy-CSS3nm and 13.1 ± 0.05 HU mM−1 for Cit-4nmDy-CSS4nm). 

These findings can be ascribed to the relatively larger amount of Dy3+ with increasing NaDyF4 

shell thickness, resulting in a higher Dy3+-to-Gd3+ ratio (Figure 5.20), ultimately allowing for higher 

X-ray attenuation. Noteworthy, all the slope values obtained from Cit-Dy-CSS NPs were higher 

than that of Iohexol (5.8 ± 1.3 HU mM−1), indicating that Cit-Dy-CSS NPs exhibit higher contrast 

efficacy than Iohexol.  

 

Figure 5.24. (A) CT images of Cit-Dy-CSS (Cit-4nmDy-CSS1nm, Cit-4nmDy-CSS3nm, and Cit-4nmDy-CSS4nm) NPs and 
clinically used CT CA Iohexol at different concentrations. (B) CT values for different concentrations of Cit-
Dy-CSS NPs dispersed in water and Iohexol solutions. Solid lines are linear fits. 
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Table 5.5. CT capabilities of Cit-Dy-CSS NPs and Iohexol solution measured at 110 kV. 

Sample Size (nm) Slope of the linear fit (HU mM-1) 

4nmDy-CSS1nm 16.9 9.4 ± 0.03 

4nmDy-CSS3nm 18.1 11.4 ± 0.5 

4nmDy-CSS4nm 21.9 13.1 ± 0.05 

Iohexol - 5.8 ± 1.3 

 

 

5.3 Conclusions 

With the goal to design a NP candidate to act as multimodal probe that merges upconversion and 

T2 MRI capabilities, a set of Dy-CSS NPs doped with Er and Yb was synthesized using a microwave-

assisted approach. Careful tuning of the microwave reaction conditions allowed for tuning of the 

inner shell thickness from ca. 3 to 6 nm. Such control is crucial to physically separate the 

luminescent Er3+/Yb3+ ion pair in the core from the magnetic Dy3+ ions in the outer shell, 

ultimately preventing UC loss. The mechanism of UC loss was investigated in detail by evaluating 

the Er3+ upconversion intensities and the excited state lifetimes of Yb3+ and Er3+ as a function of 

the inner shell thickness. Based on the Er3+ emission spectra and Yb3+ lifetimes, an isolating 4 nm 

inner shell between the emitting core and the NaDyF4 outer shell suppressed energy transfer 

from Yb3+ to Dy3+, followed by Dy3+-mediated energy migration and loss at the NP surface. As a 

result, UC excitation of the Er3+ ions was restored, and enhanced UC emission was observed upon 

addition of the outer NaDyF4 shell. Noteworthy, the microwave-assisted strategy led to CSS 

architectures, while keeping the overall NP size close to 20 nm. In addition, the effect of the outer 

NaDyF4 shell thickness on the particles’ magnetic and CT performance was investigated. MRI T2 

relaxivity measurements performed in vitro at 7 T on Cit-Dy-CSS NPs revealed that the Cit-4nmDy-

CSS4nm NPs with the thickest outer shell (4 nm) exhibited the highest r2 value and r2/r1 ratio, 

indicating a superior T2 contrast effect compared to commercial iron oxide-based CAs and other 

Dy-based T2 CAs. In addition, the CT values of Cit-Dy-CSS NPs increased with increasing outer 



125 
 

NaDyF4 shell thickness. Interestingly, all investigated Cit-Dy-CSS NPs exhibited advanced CT 

contrast efficacy compared to commercially used Iohexol at an X-ray energy of 110 keV. Our 

results demonstrate the promise of the designed Dy-CSS NPs to act as potential multimodal 

imaging probe. However, it is important to note that the concentrations of the Dy-CSS NPs 

examined in this study need further testing to meet the requirements for clinical applications. 

The concept of fabricating multilayer NPs by use of microwave-assisted routes that offer control 

over shell thicknesses also provides insights for the future architecture design of Ln-based 

materials for their e.g., biomedical applications and beyond. 
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Chapter 6. Microwave-Assisted Synthesis of NaMnF3 Particles with Tuneable 

Morphologies 

 

 

This Chapter is based on published work in Chemical Communications: Nan Liu, Jessica Holmes, 
Nicolas Bordenave, and Eva Hemmer, Chem. Common., 2021, 57, 11799-11802.  

 

Author contributions: E. H. and N. L. conceptualized the study and co-wrote the manuscript. N. 
L. and J. H. synthesized NaMnF3 samples. N. L. also performed surface coating experiments and 
ran all the relaxivity measurements under the guidance of N. B. 

 

Abstract: 

Here, the synthesis of sub-micron MMnF3 (M = Na or K) particles by a rapid microwave-assisted 
approach is reported. Adjustment of the Na+-to-Mn2+ ratio in the reaction mixture yielded 
tuneable morphologies, i.e., rods, ribbons, and plates. Relaxometric results indicated that 
poly(acrylic acid)-capped MMnF3 particles exhibited characteristic magnetic properties, which 
endows them with potential T1-weighted contrast agent capabilities.            
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6.1 Introduction 

Complex metal fluorides of general stoichiometry ABF3, where A and B stand for metal cations, 

have received considerable attention because of their unique ferroelectric, magnetic, 

electrochemical, and optical properties.274-277 MMnF3 (M = Na, K) as important members of the 

ABF3 family, have been studied for their potential applications as bioimaging contrast agents, 

ferromagnets, and active material for batteries.278-281 In order to obtain MMnF3 materials with 

controlled size and morphology, solvothermal and thermal decomposition methods are 

commonly used.279, 282-284 However, these established strategies relying on conventional heating 

are time-consuming (typical reaction times up to 24 h). Given the application potential, it is highly 

desirable to develop a more straightforward strategy for the preparation of MMnF3 particles of 

controlled size and morphology. In this regard, MW-assisted approaches provide faster and more 

homogenous heating, thus, significantly shorter reaction durations with excellent 

reproducibility.253 Recently, Wang and Chun proposed a MW-assisted solvothermal method 

towards NaMnF3 nanopowders.285 The reported reaction time of 1 h constitutes a significant 

shortening as compared to conventional, convection-based methods. As introduced in Chapter 

4, our group developed a MW-assisted approach yielding reproducibly NaREF4 NPs of narrow size 

distribution within a few minutes.89, 253 In this work, we report the rapid synthesis of NaMnF3 sub-

micron sized particles by a MW-assisted thermal decomposition approach. Especially, we report 

for the first time the morphology-selective synthesis of NaMnF3 particles by varying the Na+-to-

Mn2+ metal ion ratio, yielding rods and ribbons in addition to the commonly seen plate-like 

structures. The particle growth mechanism suggests that this ratio as well as reaction 

temperature and time are key factors controlling crystallographic phase and morphology of the 

particles. Poly (acrylic acid) (PAA)-capped NaMnF3 particles exhibited characteristic relaxometric 

properties under a magnetic field of 0.47 T, indicating that they may be used as MRI CAs, for 

example. Overall, this study offers an alternative way to synthesize NaMnF3 sub-micron particles 

with tuneable morphology and gives insight into their growth mechanism. In addition, the 

versatility of the established approach was demonstrated by its successful adoption for the 

synthesis of the potassium-based analogue, KMnF3. 
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6.2 Results and Discussion 

6.2.1 Synthesis of NaMnF3 Particles 

Effect of the Na+-to-Mn2+ ratio. In order to uncover the optimal conditions for the formation of 

NaMnF3 particles of various yet controlled morphologies, a stringent adjustment of the reaction 

conditions under MW-induced heating was conducted, including the Na+-to-Mn2+ metal ion ratio 

(using sodium and manganese trifluoroacetate as precursors), nucleation and growth 

temperatures (Ta and Tb, respectively), as well as reaction time (see Table 6.1 for an overview of 

all reaction conditions).  

 

Table 6.1. Overview of the experimental conditions used in the microwave-assisted synthesis of NaMnF3 
particles, as well as their resulting products and morphologies. 

Parameter 
Studied 

Ion Ratio 
(Na+-to-Mn2+) 

Ta 
1 Tb t (Tb) Product 

Predominant 
Morphology 

Ion Ratio 
(Na+-to-Mn2+) 

1:1 

300 °C 240 °C 10 min NaMnF3 
2 

     Rods               

1.5:1         Ribbons            

2:1      Plates         

3:1      Plates         

Reaction 
Temperature 

2:1 

260 °C 

240 °C 10 min 

NaF / 
270 °C 

280 °C 

NaMnF3 
Irregular Shape 

290 °C 

300 °C       Plates 

300 °C 

240 °C 

10 min NaMnF3 

      Plates 

250 °C 
Irregular Shape 

280 °C 

Reaction Time 

1:1 

300 °C 240 °C 

1 min 

NaMnF3 
Rods + 

Increasing 
Number of Plates 

5 min 

10 min 

20 min 

2:1 

1 min 
NaMnF3  

NaMn3F7 
 Plates + 

Nanoparticles 

5 min  

     Plates 10 min NaMnF3 

20 min  

1 Holding time at growth temperature Ta: 1 s 
2 All NaMnF3 particles listed in this table crystallized in the orthorhombic phase 
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In the context of complex metal fluorides synthesis, the metal ion ratio has significant influence 

on the crystalline phase, size, and morphology of the targeted material, for example, NaREF4 

NPs.286 Therefore, the effect of the Na+-to-Mn2+ ratio on the crystalline phase formation and 

morphology of NaMnF3 particles was investigated, setting it to 1:1, 1.5:1, 2:1, and 3:1, while 

nucleation and growth temperatures as well as reaction time were kept constant (Ta = 300 °C, Tb 

= 240 °C; t = 10 min – vide infra for a rationale for this parameter choice and discussion of the 

influence of temperature and time on NaMnF3 formation). 

 The XRD patterns shown in Figure 6.1 confirmed that all NaMnF3 samples crystallized in 

orthorhombic phase (space group: Pnma) irrespective of the chosen Na+-to-Mn2+ ratio. The 

formation of sodium fluoride (NaF) as a by-product was observed when Na+ ions were in excess 

due to non-stoichiometric metal ion ratios (1.5:1, 2:1, and 3:1). This by-product was also 

observed previously in the microwave-assisted synthesis of β-phase NaREF4 NPs and could be 

washed away using an ethanol/water mixture.159 The elemental composition of the particles 

obtained was further confirmed by EDX spectroscopy analysis (Figure 6.2). It should be noted 

that the XRD pattern observed for the (1:1) sample differed from those obtained for the other 

samples: the reflections at 31.07° and 32.22° were missing. This is indicative of a preferential 

direction for particle growth, ultimately influencing particle morphology. 

 

 

Figure 6.1. XRD patterns of orthorhombic NaMnF3 particles obtained by a MW-assisted thermal 
decomposition approach using different Na+-to-Mn2+ ratios: 1:1, 1.5:1, 2:1, and 3:1. Ta = 300 °C, Tb = 240 
°C; t = 10 min. References: black line – orthorhombic NaMnF3, PDF card [01-072-0291]; red line – NaF, PDF 
card [00-001-1184]. 
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Figure 6.2. EDX spectra (1) and the corresponding SEM images (2) of the particles obtained using different 
Na+-to-Mn2+ ratios: (A) 1:1, (B) 1.5:1, (C) 2:1, and (D) 3:1. Reaction temperature: Ta = 300 °C, Tb = 240 °C; 
reaction time = 10 min. Scale bars: 1 µm. 

 

Indeed, SEM and TEM (Figure 6.3) showed very different morphologies for NaMnF3 particles 

obtained with increasing Na+-to-Mn2+ ratios (see Figure 6.4 for particle size distributions). The 

particles produced with a 1:1 ratio exhibited a dominant nanorod morphology of 1.3 ± 0.1 µm in 

length and 19.5 ± 2.7 nm in width (resulting in an aspect ratio of ca. 65), and a minor secondary 

plate-like morphology (Figure 6.3 A). A similar morphology of nanorods was previously reported 

for NaMgF3, and the preferred growth direction of the nanorods was determined to be along the 

(0 1 0) crystallographic high-energy facet direction (overlapping with the (1 0 1) reflection in the 

XRD pattern).280, 282  

The EDX spectrum in Figure 6.2 (A-1) corroborated that these nanorods were composed of Na, F, 

and Mn. Upon increase of the amount of Na+ ions in the reaction mixture to a metal ion ratio of 

1.5:1, the particles obtained showed a ribbon-like morphology (Figure 6.3 B). These ribbons were 

ca. 1.7 ± 0.1 µm long and 120 ± 18 nm wide, resulting in an aspect ratio of ca. 14, and exhibited 

hourglass-shaped tips (Figure 6.3 B).  
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Figure 6.3. (1) TEM and (2) SEM images of NaMnF3 particles synthesized using different Na+-to-Mn2+ ratios: 
(A) 1:1, (B) 1.5:1, (C) 2:1 and (D) 3:1. Reaction temperature: Ta = 300 °C, Tb = 240 °C, reaction time = 10 
min. Scale bars: 1 µm. 

 

 

 

Figure 6.4. Size distributions of NaMnF3 particles synthesized using different Na+-to-Mn2+ ratios: (A) 1:1, 
(B) 1.5:1, (C) 2:1, and (D) 3:1. The insets in (A) and (B) provide the width distributions for the rods and 
ribbons obtained; insets in (C) and (D) provide the thickness distributions for the plates obtained. Reaction 
temperature: Ta = 300 °C, Tb = 240 °C; reaction time = 10 min. 
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In addition to the ribbons, the fraction of plate-shaped particles increased compared to the (1:1) 

sample, and a new spherical morphology appeared (ca. 220 nm in diameter). The onsetting NaF 

secondary phase observed in the sample’s XRD pattern (Figure 6.1) was attributed to these 

spherical particles through EDX analysis (Figure 6.2 B). Upon further addition of Na+ to increase 

the metal ion ratio to 2:1 (Figure 6.3 C), the ribbon-shaped morphology almost disappeared, 

forming only few hourglass-shaped structures resembling the ribbons formed at a 1.5:1 ratio. 

Instead, the particles exhibited a dominating plate morphology with a relatively broad size 

distribution (edge length: 466 ± 102 nm, thickness: 115 ± 18 nm). Interestingly, with an increasing 

fraction of NaF in the product, some of the NaMnF3 plates were found to arrange on the surface 

of the spherical NaF particles. In that regard, careful inspection of the SEM images suggests that 

the NaF spheres may act as scaffolds for the assembly of NaMnF3 plates into box-like structures 

(Figure 6.5).  

 

Figure 6.5. SEM images of the particles obtained using a 2:1 Na+-to-Mn2+ ratio providing evidence for the 
proposed assembly of NaMnF3 plates around NaF spheres – (A) partial and (B) full coverage of the spheres. 
The scale bar given in (B-2) applies to all four images. Upon further increase of the metal ion ratio to 3:1, 
SEM and TEM images showed an increasing number of these box-like assemblies. 

 

Finally, at the highest metal ion ratio that was tested (3:1), the plates obtained showed a narrow 

size distribution (edge length: 439 ± 23 nm, thickness: 93 ± 5 nm; Figure 6.3 D). The corresponding 

XRD pattern indicated an increasing amount of NaF, thus, a potentially larger number of NaF 
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particles that may act as scaffolds for NaMnF3 self-assembly. Indeed, at a 3:1 ratio, an increasing 

number of box-like assemblies of ca. 500 nm in size was observed (Figure 6.3 D). It is noteworthy 

that, at high metal ion ratios, the NaF spheres exhibited a truncated morphology and their size 

increased to ca. 500 nm (versus ca. 220 nm at 1.5:1). The good size match between NaF spheres 

and NaMnF3 box-like structures provides further support for the proposed self-assembly 

mechanism. 

Particle shape may be controlled by reaction kinetics, thereby explaining the different 

morphologies of NaMnF3 particles obtained – nanorods, ribbons, and plates.287 Increasing Na+-

to-Mn2+ ratio resulted in increased NaF monomer concentration, which may have in turn resulted 

in high supersaturation. Such high monomer concentration will favour restricted Ostwald 

ripening, limiting particle growth and disfavouring growth in a preferred direction.288 Thus, in 

case of the formation of NaMnF3 particles, the increasing Na+-to-Mn2+ ratio is suggested to 

restrict the growth of the high-energy facet (0 1 0) so that the (0 1 0)-confined plate-shaped 

particles can be formed.282 To the best of our knowledge, this is the first example of a 

morphology-selective synthesis of NaMnF3 particles, controlled by varying the metal ion ratio, 

beyond the common plate morphology obtained by solvothermal or thermal decomposition 

methods.282, 289 Therefore, the current work not only provides a fast route to making NaMnF3 

particles, but also a convenient and simple approach to controlling particle morphology. 

Effect of reaction temperature and time. In order to gain additional insight into the MW-assisted 

formation of NaMnF3, the effect of nucleation and growth temperature (temperatures Ta and Tb) 

on particle morphology and crystalline phase was investigated (Na+-to-Mn2+ ratio: 2:1; reaction 

time: 10 min). First, nucleation temperature Ta was varied between 260 °C and 300 °C, while 

keeping growth temperature Tb constant at 240 °C. As shown by the XRD patterns in Figure 6.6 A, 

at lower Ta, 260 °C and 270 °C, the predominant product was NaF. Increasing nucleation 

temperature up to 300 °C yielded NaMnF3.  
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Figure 6.6. (A) XRD patterns of NaMnF3 particles obtained by a microwave-assisted thermal 
decomposition using a 2:1 Na+-to-Mn2+ ratio and a nucleation temperature Ta of 260 °C, 270 °C, 280 °C, 
290 °C, and 300 °C, respectively (growth temperature Tb = 240 °C; reaction time = 10 min). References: 
black line – orthorhombic NaMnF3, PDF card [01-072-0291]; red line – NaF, PDF card [00-001-1184]. (B-D) 
Transmission electron microscopy (TEM) images of particles obtained at Ta of (B) 280 °C, (C) 290 °C, and 
(D) 300 °C. Scale bars: 500 nm. 

 

The co-formation of NaF observed is in line with the mechanism reported in the literature, 

namely, the separation of NaF monomer out of the reaction mixture, followed by transformation 

into NaMnF3 upon reaction with MnF2 monomer at higher temperature.282 From 280 °C to 300 

°C, the particles’ morphology trends towards relatively well-defined plates of sub-micron size 

(Figure 6.6 (B-D)). Thus, Ta was kept at 300 °C for the subsequent assessment of the effect of 

growth temperature Tb (reaction time: 10 min; Na+-to-Mn2+ ratio: 2:1). As indicated by XRD 

analysis, Tb had no influence on the crystalline phase of the particles obtained (Figure 6.7 A). TEM 

images of the corresponding NaMnF3 samples showed irregularly shaped particles at higher Tb, 

250 °C and 280 °C, while a lower Tb of 240 °C favoured the growth of well-defined plates (Figure 

6.7 (B-D)). Therefore, 300 °C and 240 °C were chosen for Ta and Tb, respectively, for the 

subsequent assessment of reaction time from 1 to 20 min, while the Na+-to- Mn2+ ratio was set 

to 1:1 or 2:1. XRD results (Figure 6.8 A) demonstrated that a 1:1 ratio yielded NaMnF3 from 1 min 

onwards.  



135 
 

 

Figure 6.7. (A) XRD patterns of NaMnF3 obtained by a microwave-assisted thermal decomposition using a 
2:1 Na+-to-Mn2+ ratio and a particle growth temperature Tb of 240 °C, 250 °C, and 280 °C, respectively 
(nucleation temperature Ta = 300 °C; reaction time = 10 min). Reference: black line – orthorhombic 
NaMnF3, PDF card [01-072-0291]; red line – NaF, PDF card [00-001-1184]. (B-D) TEM images of materials 
obtained at (B) 240 °C, (C) 250 °C, and (D) 280 °C. Scale bars: 500 nm. 

 

 

Figure 6.8. (A and C): XRD patterns of NaMnF3 particles synthesized at different reaction times: 1 min, 5 
min, 10 min, and 20 min, using Na+-to-Mn2+ ratios of (A) 1:1 and (C) 2:1, respectively. Reaction 
temperature: Ta = 300 °C, Tb = 240 °C. References: black line – orthorhombic NaMnF3, PDF card [01-072-
0291]; blue line – NaMn3F7, PDF card [00-027-0745]; red line – NaF, PDF card [00-001-1184]. (B and D): 
TEM images of the corresponding NaMnF3 particles obtained using Na+-to-Mn2+ ratios of (B) 1:1 and (D) 
2:1 and reaction times of (1) 1 min, (2) 5 min, (3) 10 min, and (4) 20 min. Scale bars: 500 nm. 
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As already discussed for the sample obtained at 10 min (Figure 6.1), reflections at 31.07° and 

32.22° were missing for any of the reaction times. In agreement, TEM analysis confirmed the 

formation of nanorods (Figure 6.8 B). After 20 min, plate-like structures appeared as a secondary 

morphology (Figure 6.8 (B-4)), likely stemming from a nanorod-to-plate transformation. In 

contrast, at a 2:1 ratio, a short reaction time of 1 min resulted in the formation of NaMn3F7 as a 

secondary phase (Figure 6.8 C). This phase was ascribed to the small nanoparticles visible in the 

respective TEM image (Figure 6.8 (D-1)). Upon longer microwave treatment, the intermediate 

NaMn3F7 phase disappeared, leaving NaMnF3 in a plate-like morphology as expected for this 

metal ion ratio (Figure 6.8 D). No significant change in morphology and size was observed when 

the reaction time increased from 5 to 20 min.  

The yield of NaMnF3 particles obtained using different metal ion ratios and reaction times are 

summarized in Table 6.2. Using a 1:1 Na+-to-Mn2+ ratio resulted in a lower yield (50.6 %) 

compared to higher Na+-to-Mn2+ ratios yielding 78 % to 83.6 %. In the MW-assisted synthesis, 

Na-TFA not only acts as a reagent but also to enrich the reaction medium with ions able to absorb 

microwave energy providing the system the energy required for NaMnF3 crystallization (oleic 

acid/ODE/OAm alone being rather poor microwave absorbers).2, 3 Therefore, excess Na-TFA will 

likely increase the energy intake from the microwave into the reaction, ultimately yielding more 

product. Moreover, the yield was assessed in light of reaction time. At a 2:1 Na+-to-Mn2+ ratio, 

the yield increased when the reaction time was prolonged from 5 to 10 min, without further 

increase after 20 min. No significant change in morphology and size was observed under these 

conditions (Figure 6.8 D). 

These findings indicate that, at sufficiently high metal ion ratio, time is the key aspect to increase 

the reaction’s yield at a 5-10 min scale and once the phase mixture observed after 1 min was 

transformed into a phase-pure product. In contrast, at a metal ion ratio of only 1:1, no obvious 

correlation between reaction time and yield was observed, with yields not exceeding 60 % even 

after 20 min of microwave irradiation. The lack of increase in yield with time indicates that 

formation of rod-like particles takes place at the initial stages of the reaction, followed by their 

subsequent transformation into plate-like structures upon longer reaction times (Figure 6.8 B). 
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Table 6.2. Overview of the yield of NaMnF3 particles obtained using different metal ion ratios and reaction 
times. The yields were determined by calculating the ratio of Mn2+ ions in the supernatant after the 
reaction compared to those in the initial reaction mixture (nominal concentration). The Mn2+ ion 
concentration was determined by ICP-OES. 

Parameter Studied 
Ion Ratio 

(Na+-to-Mn2+) 
Ta  Tb t (Tb) Yield 

Ion Ratio 
(Na+-to-Mn2+) 

1:1 
1.5:1 
2:1 
3:1 

300 °C 240 °C 10 min 

50.6 % 
81.3 % 
78.1 % 
83.6 % 

Reaction Time 

1:1 

300 °C 240 °C 

1 min 48.9 % 

5 min 56.2 % 

10 min 50.6 % 

20 min 59.0 % 

2:1 

1 min a / 

5 min 51.6 % 

10 min 78.1 % 

20 min 76.8 % 

a After 1 min, a phase-mixture of NaMnF3 and NaMn3F7 was obtained, hence, no yield for NaMnF3 could be determined. 

 

Lastly, following the optimization of the NaMnF3 synthesis parameters, the suitability of the 

protocol for K-based particles as an alternative member of the MMnF3 family was tested to 

demonstrate the versatility of the synthesis route established. As shown in Figure 6.9, plate-like 

KMnF3 particles were successfully obtained at a 1:1 K+-to-Mn2+ ratio (ca. 70 nm in size), while a 

2:1 ratio yielded KMnF3 of bimodal morphology, including plates and smaller nanoparticles.  

 

Figure 6.9. (A) XRD patterns of cubic-phase KMnF3 particles synthesized by a microwave-assisted approach 
using K+-to-Mn2+ ratios of 1:1 and 2:1. Reference: black line – cubic KMnF3, PDF card [00-017-0116]. (B) 
and (C) show the corresponding TEM images of KMnF3 particles obtained at K+-to-Mn2+ ratios of (B) 1:1 
and (C) 2:1. Reaction temperature: Ta = 300 °C, Tb = 240 °C; reaction time = 10 min. Scale bars: 500 nm. 
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6.2.2 Poly(acrylic acid)-Capped MMnF3 Particles for T1 Relaxivity 

Mn2+-based complexes have been applied as MRI T1 contrast agents given the five unpaired d 

electrons present in the Mn2+ ion.264, 275 To study the effect of morphology and elemental 

composition on the magnetic properties of the MMnF3 particles presented here, two 

representative NaMnF3 samples synthesized using the 1:1 and 3:1 Na+-to-Mn2+ ratios as well as 

the KMnF3 sample obtained at a 1:1 K+-to-Mn2+ ratio were selected for magnetic measurements. 

Poly(acrylic acid) (PAA) was used as surface ligand to transfer the as-obtained oleate (OA)-capped 

particles into water as required for relaxometry studies. PAA was chosen due to its good 

biocompatibility and strong binding to the particles enabling good colloidal stability.275 Successful 

PAA-capping was confirmed by FTIR spectroscopy (Figure 6.10) and TGA (Figure 6.11).  

 

Figure 6.10. FTIR spectra of PAA-capped MMnF3 (M = Na, K) particles and PAA used as reference. 
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Figure 6.11. TGA profiles of PAA-capped MMnF3 (M = Na, K) particles showing mass loss ascribed to PAA 
surface groups at temperatures up to ca. 500 °C. Comparable amounts of PAA were found for NaMnF3 
needles and plates obtained at Na+-to-Mn2+ ratios of 1:1 and 3:1, exhibiting a mass loss of 2.4 % and 2.0 %, 
respectively. A larger amount of PAA (4.7 %) was observed for KMnF3 particles, which may be explained 
by the particles’ smaller size, thus, larger surface area. 

 

 

Figure 6.12. (A-1) and (A-2): XRD patterns of oleate (OA)-capped NaMnF3 particles (black lines) obtained 
by the microwave-assisted approach using Na+-to-Mn2+ ratios of (A-1) 1:1 and (A-2) 3:1 and their 
respective PAA-capped samples (red lines). (A-3): XRD patterns of OA-KMnF3 synthesized using a 1:1 K+-
to-Mn2+ ratio (black line) and the corresponding PAA-capped particles (red line). Reference: black line – 
orthorhombic NaMnF3, PDF card [01-072-0291]; blue line – cubic KMnF3, PDF card [00-017-0116]. 
Reaction temperature: Ta = 300 °C, Tb = 240 °C; reaction time: 10 min. (B-1) to (B-3) show the 
corresponding TEM images of the PAA-capped samples. Scale bars: 500 nm. 
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The crystallinity and morphology of the PAA-capped particles were confirmed by XRD and TEM 

analysis (Figure 6.12). T1 and T2 relaxivities (r1 and r2) of the PAA-capped particles were 

determined under a magnetic field of 0.47 T (Figure 6.13). As shown in Figure 6.13 A, both 

NaMnF3 samples exhibited T1-weighted contrast effects. The r1 value of the nanorods (1:1) (7.28 

± 0.06 mM-1 s-1) was significantly higher by 19 % (statistical difference p-value, p = 0.025) than 

that of the plates (3:1) (6.14 ± 0.45 mM-1 s-1), which may be ascribed to their larger surface-to-

volume ratio.85 The by-produce NaF presented in NaMnF3 synthesized with 2:1 Na+-to-Mn2+ 

ratios (Figure 6.12 (B-2)) may also influence r1 relaxivity, and should be washed away with water.   

The r1 value of the PAA-capped KMnF3 particles was determined as 7.23 ± 0.20 mM-1 s-1 (Figure 

6.14). Of note, the r1 values obtained were all higher than that of the clinically used T1-contrast 

agent Magnevist (Gd-DTPA, 3.4 mM-1 s-1, under 0.47 T, 40 °C).261 Higher r1 values of 6.8 and 12.7 

mM-1s-1 were previously reported for NaMnF3 nanoparticles,2,20 yet, due to their smaller size, 

different surface chemistries, and higher magnetic fields under which these values were obtained 

(11.7 and 7 T, respectively), a direct comparison should be taken with care. 

 

Figure 6.13. Relaxation rate R1 (A) and R2 (B) of water protons plotted against the molar concentration of 
Mn2+ for PAA-capped NaMnF3 synthesized using 1:1 (red data points) and 3:1 (blue data points) Na+-to-
Mn2+ ratios under 0.47 T. Solid lines are linear fits. 

 



141 
 

 

Figure 6.14. Relaxation rates R1 (A) and R2 (B) of water protons plotted against the molar concentration 
of Mn2+ for PAA-capped KMnF3 particles (synthesized using a 1:1 K+-to-Mn2+ ratio) under 0.47 T. Solid lines 
are linear fits.  

 

6.3 Conclusions 

In conclusion, a rapid microwave-assisted synthesis method was developed yielding 

orthorhombic NaMnF3 particles. This method enabled the production of particles with specific 

morphologies (nanorods and ribbons) beyond well-established plates by varying the Na+-to-Mn2+ 

metal ion ratio. The protocol was further adjusted to another member of the ABF3 family, i.e., 

KMnF3. Moreover, PAA-capped MMnF3 particles (M = Na, K) exhibited relaxometric properties, 

making them potential candidates for application as MRI T1 contrast agents. Yet, nano-bio 

interaction must also be taken into account given the non-spherical shape of the NMnF3 particles. 

Further extension of these studies – for instance, seeking particle size control from micro to nano 

through variation of precursor concentrations or solvent-to-capping agent ratio and further 

assessment of size-dependent relaxometry behaviour – is expected to provide knowledge 

valuable for the future design of these and related fluoride materials for their diverse 

applications. 

 

 

  

r1 = 7.23  0.20 (mM
-1 s-1) r2 = 27.15  0.52 (mM

-1 s-1)

(A) (B)
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Chapter 7. Summary and Outlook 

 

 

7.1 Summary 

In conclusion, building on preliminary work in our lab, the MW-assisted approach was 

demonstrated to provide several advantages, such as significantly shorter reaction time and high 

reproducibility, for the synthesis of NaREF4 NPs. The work presented here aimed to expand the 

MW-assisted approach towards the synthesis of the whole family of NaREF4 NPs and to carefully 

assess their accessibility in the two known crystalline phases. Stringent optimization of the 

synthesis parameters allowed to control the shell thickness of core/multi-shell NaREF4 NPs, 

important for tuning the optical properties and generating new functionalities. The versatility of 

the developed MW-assisted approach was further applied to the synthesis of NaMnF3 particles. 

Looking back at the initially posed research questions, the corresponding answers are described 

in the following. 

MW-assisted synthesis beyond Ln3+-doped NaGdF4? A series of NaREF4 NPs were prepared and 

their crystalline phase accessibility as a function of RE ion choice was investigated. Using the MW-

assisted approach, α-NaREF4 NPs could be obtained for the whole RE family, while the β- NaREF4 

NPs were only accessible for the lighter RE ions (Pr to Dy) (Chapter 4). The developed MW-

assisted approach was further extended to the synthesis of NaMnF3 particles. By adjusting the 

reaction parameters, the Na+-to-Mn2+ ratio in the reaction mixture yielded NaMnF3 particles with 

tuneable morphologies. Moreover, the obtained NaMnF3 particles exhibited promising contrast 

effects as MRI T1 contrast agents. 

Is NaREF4 really chemically stable? Given the potential biomedical applications, the dispersibility 

of the NaREF4 NPs in water is a prerequisite. However, the established ligand removal protocols 

using a HCl solution of pH 4 were not efficient in removing the ligands from the NPs synthesized 

by the MW-assisted method. Therefore, an adapted ligand removal protocol using a HCl solution 

of pH 1.5 was developed to render the NPs water dispersible. The chemical stability of the 
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obtained NPs under the acidic treatment was investigated (Chapter 4). Upon acidic treatment, 

the phase transformation from NaREF4 to REF3 was observed for some of the α/β NaREF4 NPs. 

More precisely, for the lighter RE3+ ions, Pr to Sm, higher stability of hexagonal REF3 versus α/β-

NaREF4 resulted in a phase transformation, regardless of the starting phase of the NaREF4 NPs (α 

or ). Moving to the middle of the series, Eu to Dy, phase transformation occurred only in case 

of the less thermodynamically stable α-NaREF4. Finally, for the heavier RE3+ ions, Ho to Lu as well 

as Y, the α-NaREF4 phase is known as the most stable NaREF4 phase, and indeed, these 

compositions were more resistant towards phase transformation. These findings unveiled 

unaddressed chemical stability concerns for the larger family of NaREF4 NPs. As such, it came as 

an alert to the community working with small NaREF4-type NPs: Water dispersibility could be 

achieved by ligand removal under acidic conditions, yet, might come along with a morphologic 

and crystallographic transformation into significantly larger REF3 particles. Alternatively, water 

dispersible NPs could be achieved by ligand exchange approaches. 

How can the properties of NaREF4 NPs be controlled? β-NaGdF4:Yb3+,Er3+/NaGdF4/NaDyF4 CSS 

NPs were prepared to be used as UC/T2/CT multimodal imaging probes (Chapter 5). Careful 

tuning of the microwave reaction conditions allowed for tuning of the inner shell thickness from 

ca. 3 to 6 nm. Such control is crucial to investigate the mechanism of UC loss between Yb3+/Er3+ 

pair and Dy3+. Based on the Er3+ emission spectra and Yb3+ lifetimes, an isolating 4 nm inner shell 

between the emitting core and the NaDyF4 outer shell suppressed energy transfer from Yb3+ to 

Dy3+, followed by Dy3+-mediated energy migration and loss at the NP surface. As a result, a 4 nm 

thick NaGdF4 inner shell did not only restore but enhanced the UC emission of Er3+. This was the 

first report showing UC enhancement when Er3+ and Dy3+ ions were incorporated into one NP. 

The further investigation of the effect of outer NaDyF4 shell thickness on the particles’ magnetic 

and CT performance showed that, the NPs with the thickest outer shell possessed superior T2 and 

CT contrast effects compared to those of other MRI and CT contrast agents. Our results 

demonstrated the promise of the designed Dy-CSS NPs to act as potential multimodal imaging 

probes. More importantly, the concept of fabricating multilayer NPs provided insights for the 

future architecture design of Ln-based materials for their e.g., biomedical applications and 

beyond. 
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Overall, the MW-assisted approach led to promising achievements for the synthesis of NaREF4 

NPs and could be extended to other fluoride materials. However, as it is currently one of the 

newest synthetic approaches to lanthanide-based nanomaterials, some challenges remain. For 

instance, there is still a lack of diversity of materials accessible via MW-assisted routes, and the 

degree of cation intermixing of core/shell NPs is still unknown. These challenges are currently 

being addressed in our lab and will be described in more detail in the following sections. 

 

7.2 Outlook 

7.2.1 Expanding Material Choice 

As introduced in Chapter 1, β-phase NaYF4 is efficient for the UC of Ln3+ emitters. However, the 

synthesis of β-NaYF4 NPs or nano-sized LiYF4 particles using the MW-assisted approach remains 

a challenge. By carefully tuning the reaction parameters, such as the ratio of metal-to-RE3+, the 

concentration of the precursors, and the choice of precursors, β-NaYF4 and LiYF4 NPs might be 

possible to obtain. Moreover, exploring other host materials beyond fluorides is also worth 

investigating. For instance, Gd2O2S has been reported as a suitable host material for NIR (e.g., 

1550 nm excitation)-NIR (e.g., 1000 nm emission) UC of Er3+, which has the potential to enhance 

the efficiency of solar cells.290 However, the synthesis methods of Gd2O2S are very limited, 

resulting in mainly micro-sized materials.291 Given the potential application of Gd2O2S, one of our 

group members is currently exploring the MW-assisted synthesis of Gd2O2S. By adjusting the ratio 

of Gd3+ and S, different morphologies of nanomaterials were obtained. Moreover, when doping 

with Yb3+ and Er3+ ions, the particles showed promising optical properties, holding potential for 

thermal sensing applications. 

 

7.2.2 Understanding Core/Shell Cation Intermixing  

The synthesis of CS NPs is of particular interest as a shell of inert material can increase the 

quantum yield of the NPs by decreasing energy losses on the particle surface. Moreover, the 
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design of CS architecture allows engineering different Ln3+ ions in separate layers in one NP, 

optimizing their optical properties, and also generating new functionalities.41 One crucial aspect 

in the synthesis of CS NPs is the intermixing of core and shell material during the formation of 

the shell. The effects of precursor choice and NP size on the cation intermixing in the thermal 

decomposition method have recently been investigated.41 However, cation intermixing remains 

a hot topic within the UC community, and is still unstudied in NPs obtained by the MW-assisted 

approach. The use of advanced imaging techniques (e.g., high-resolution TEM and EDS) is 

expected to shed light on cation intermixing in CS NPs. With the advantage of MW-induced 

uniform heating with limited thermal gradients, the degree of the cation intermixing is expected 

to be minimized in the CS NPs synthesized by the MW-assisted method. 

In addition to the previously mentioned challenges, microwave reactors have very limited 

dimensions, thus, upscaling may require a costly upgrade of the whole setup. 

 

7.2.3 Er3+/Tm3+-Based core/shell/shell NPs as NIR-III Nanothermometers 

Ln3+-NPs can be excited with and emit in the NIR regions. Of particular interest for biomedical 

applications is their capability to emit light of wavelengths longer than 1000 nm, matching the 

NIR-II/III (1000 – 1900 nm) transparency windows.23 The use of longer wavelengths is favourable 

as it can reach greater penetration depths into tissues, and generate higher signal-to-noise ratios 

for optical imaging and thermal sensing.292 Therefore, NIR-NIR luminescence thermometry is 

gaining increasing attention within the Ln community.  

Having successfully established the synthesis of CSS NPs using the MW-assisted approach, we can 

now explore various applications of Ln3+-based NPs. For instance, we previously reported a type 

of Pr3+/Ho3+-based CSS NPs as novel NIR-II nanothermometers.293 We compared the 

thermometric performances of various Pr3+/Ho3+-based NPs in different architectures, either in 

CS or CSS structure. Pr3+/Ho3+-based CSS NPs, where emitters Ho3+ ions and Pr3+ ions separated 

in different layers, showed superior thermometric performances than the CS NPs (where all 

dopants were co-localized in the core). This finding was ascribed to the reduced unwanted cross-

relaxation between emitters in CSS NPs. 
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When seeking NIR-NIR nanothermometers operating in longer wavelength regions, Tm3+ is a 

promising candidate for its NIR-III emission centered at 1850 nm, ascribed to the 3F4  3H6 

transition. While few examples of the NIR-III emission of Tm3+ have been reported,294 there are 

even fewer studies exploring nanothermometry in this spectral range. i This motivated us to 

develop the first Tm3+-based NIR-III nanothermometer. 

We designed Er3+/Tm3+-based CSS (Er/TmCSS) NPs and explored their thermometric performance 

as NIR-III nanothermometers. One Honour’s student, Lucas Crozier (co-supervised by me) 

conducted the synthesis of the Er/TmCSS NPs and temperature-dependent photoluminescence 

measurements under my guidance. The composition of the Er/TmCSS NP was β-NaGdF4:Yb3+ 

(20%),Er3+ (2%)/NaGdF4: Tm3+ (10%)/NaGdF4. The preliminary results are briefly described in the 

following. 

 

Figure 7.1. (A) XRD pattern of Er3+/Tm3+-based CSS NPs. Reference: β-NaGdF4, PDF card [01-080-8787]. (B) 
TEM images of (1) core, (2) CS and (3) CSS NPs as well as (4) their corresponding size distributions.  

 

 

 
i I worked on designing Ho3+-based nanothermometers operating at an even longer wavelength, 2000 nm emission 
from Ho3+. However, instead of an exciting new nanothermometer, the result was a lesson learned on the proper 
need of optical filters all students and researchers shall be reminded of. 
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XRD analysis confirmed that all NPs crystallized in the β-phase NaGdF4 (Figure 7.1 A). The 

morphology and size of the NPs were examined using TEM. As shown in Figure 7.1 B, the core 

NPs exhibited a spherical morphology with an average size of 6.2 ± 0.5 nm. Growing a Tm3+-doped 

shell resulted in CS NPs of 10.5 ± 1.0 nm. Further growth of a protecting 2.2 nm undoped NaGdF4 

shell led to the overall NP size of 14.9 ± 1.4 nm. 

The downshifting luminescence properties of the obtained Er/TmCSS NPs, dispersed in toluene, 

were investigated under 980 nm excitation (Figure 7.2). Upon 980 nm excitation, the Er3+-and 

Tm3+-doped CSS NPs exhibited decent NIR emission in the NIR-III range (Figure 7.2 A). The well-

studied NIR-III emission of Er3+, centered at 1550 nm, corresponds to the ion’s 4I13/2  4I15/2 

radiative f-f transition (Figure 7.2 B).295 In addition, a NIR-III emission peak was observed at 

1850 nm, ascribed to the Tm3+ 3F4  3H6 radiative f-f transition.296 

The capability of the Er/TmCSS NPs to act as ratiometric nanothermometer operating in the NIR-III 

spectral region was assessed by temperature-dependent photoluminescence spectroscopy on 

their dispersions in toluene. Elevating the temperature from 20 to 50 °C resulted in a decrease in 

the intensity of Er3+ emission (Figure 7.3 A). Such intensity decrease has previously been ascribed 

to the thermal quenching by promoting the non-radiative transitions when increasing the 

temperature.297 The intensity of the Tm3+ emission was relatively unchanged with increasing 

temperature. The different intensity changes between the Er3+ and Tm3+ NIR-III emission band 

pair allowed for an optical temperature readout via a double-band ratiometric approach. 

Therefore, the luminescence intensity ratio (LIR, ITm/IEr) between the Tm3+ (ITm: 1700 – 2000 nm) 

and the Er3+ (IEr: 1230 – 1700 nm) emission was determined as a function of the dispersions’ 

temperature. The LIR values obtained for the Er/TmCSS-NPs exhibited an exponential temperature 

dependence in the investigated thermal range (Figure 7.3 B).  
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Figure 7.2. (A) NIR emission spectrum of Er/TmCSS NPs under 980 nm excitation and (B) the corresponding 
energy diagram. 

 

The relative thermal sensitivity, Sr, exhibited the greatest maximum value of 2.50 ± 0.22 % °C-1 at 

50 °C (Figure 7.3 C). This value is greater than most of reported Ln3+-based NIR-III 

nanothermometers.53 The preliminary thermometric results obtained from these Er/TmCSS-NPs 

are very promising. Further investigations (e.g., different concentrations of emitters and 

compositions) on these NPs are currently in progress. 

 

Figure 7.3. (A) Temperature-dependent emission spectra recorded on Er/TmCSS NPs under 980 nm 
excitation. Laser power density: 33 W/cm2, shaded orange and green areas were used to calculate LIR. (B) 

Temperature-dependent LIR values and (C) relative thermal sensitivities of the Er/TmCSS NPs. 
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  7.2.4 Challenges of Ln3+-Based Nanothermometry  

Despite significant advancements over the recent years, Ln³⁺-based nanothermometers still face 

key limitations that impede their implementation in real-life, e.g., in vivo applications.53 For 

instance, recent studies have identified bias as the main limitation of luminescent 

nanothermometers for intracellular thermal measurement.50 Although not exclusive to intra-

cellular thermal measurements, biases are exacerbated by the extreme complexity of the 

intracellular medium.298 This makes it necessary to acquire calibration curves in live cells, where 

multiple parameters change dynamically with temperature. Nonetheless, appropriate 

interpretation of such complex calibration datasets is impossible with traditional analysis 

methods. Moreover, the presence of bias caused by cell activity is superimposed on the signal 

distortions caused by tissues during the transition to in vivo applications.299 Lifetime-based 

nanothermometers are expected to achieve more reliable thermal measurements in vivo, with 

the indispensable use of advanced analytical tools, e.g., artificial intelligence. 

 

7.2.5 Challenge of Enhancing the Quantum Yield of Upconverting Nanoparticles 

One crucial aspect limiting the transition of UCNPs into real-life applications, e.g., photodynamic 

therapy, photocatalysis, and photovoltaics, is their low quantum yield (QY). Photoluminescence 

QY constitutes a direct measure of a material’s efficiency in converting absorbed photons into 

emitted photons.300 Although there have been attempts to enhance the QY of UCNPs, the highest 

value reported is 9% for 45 nm-sized CS NPs,257 while typical reported values remain far below 

1%.34 Therefore, by rational design of CS architecture, tuning the emitter concentrations, 

exploring new host materials, as well as optimizing the synthesis parameters, hopefully UCNPs 

with relatively higher QY can be realized. 

 

7.2.6 Challenges Related to Nanomaterials for Biomedical Applications 

Research in nanomedicine spans a multitude of areas, including drug delivery, vaccine 

development, antibacterial, diagnosis and imaging tools. Many of these developments are 
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starting to be translated into viable clinical products. Although nanomedicine has raised exciting 

expectations for many medical problems, scientific challenges have arisen as well, mainly due to 

the lack of knowledge about the behavior of nanomaterials inside living organisms.301 One major 

concern is the safety of nanomaterials. Safety issues for nanomedicine are complex. A detailed 

assessment of the safety is necessary for clinical translation, but currently there is a lack of 

methods and standards for evaluation of the safety of nanomaterials. Moreover, 

physicochemical properties of nanomaterials, such as size, morphology, surface area, and 

aggregation induced at larger scales may alter biodistribution and interactions with cells and 

biomolecules, complicating safety issues.258 Therefore, understanding the toxicity and 

physicochemical properties of nanomaterials is essential for increasing the odds of success in 

clinical translation. In addition, another major challenge that should be addressed is the low 

targeting efficiency of current nanoprobes. 
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