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ABSTRACT

This project mainly aims to study the energy transfer between the lanthanide ions,
Terbium and Europium, doped in zirconia nanocrystals. Europium (III) is a vital lan-
thanide ion as it has narrow and strong emissions in the red region of the visible range.
This helps it be easily detected using fluorescence spectroscopy. Eu** ions find applica-
tion in various optical fields, bioimaging, and environment sensors and are also used in
up- and down-conversion of light. They are also excellent indicators of their local envi-
ronment, as reflected in the emission spectra. However, they only weakly absorb blue
light and emit in a narrow range. As they cannot give a full spectrum emission, their
scope of application is limited.

Terbium (I1I) has an intense green emission and absorbs in the blue range of the visible
spectrum. Using a sensitiser (Th?") that can absorb blue light and transfer this energy
to the activator (Eu®") by a non-radiative resonant energy transfer can help increase its
scope of usage.

Zirconia (ZrO,) acts as an excellent host for these ions, allowing energy transfer
studies to be conducted in the same system. ZrO, is biocompatible; hence, lanthanide-

doped zirconia nanocrystals can be used in bio-medical fields.



Chapter 1
Introduction

Nanoparticles are materials in the size range of 1 to 100 nm. They find applications in
the field of sensing [1], catalysis [2], bio-medical [3] and nano electronics [4]. NPs have a
high surface-to-volume ratio, making them different from their macroscopic counterpart.
As the size decreases considerably, a shift in thermodynamic equilibrium properties, like
melting point, is observed. There are different classifications of NPs; metallic [5] metal
oxides [0], polymeric [7], carbon based [8], quantum dots [9] etc. This thesis focuses on
metal oxide nanoparticles, specifically zirconia nanoparticles.

There are two approaches to synthesising a nanoparticle: top-down and bottom-up.
The former involves breaking down a macroscopic material to give a nanomaterial. The
high-energy ball milling process is one example of macroscopic materials being ground into
smaller nanoscale materials [10]. A major disadvantage comes in synthesising particles
below 10 nm resolution. The bottom-up approach takes care of this problem. It allows
the growth of the material in the nanoscale range. However, this approach restricts the
synthesis of particles to sizes smaller than 10 nm [I 1]. Synthesising good-quality particles
at an industrial scale also poses a challenge to this synthesis procedure.

Metal oxide nanoparticles include group 4 transition metal oxides like titanium dioxide
(TiOg), zirconium dioxide (ZrO2) and hafnium dioxide (HfO,). Zirconium and hafnium
oxides possess similar properties. They exist in cubic, tetragonal and monoclinic crystal
phases based on temperature. The monoclinic phase of zirconia is stable at room temper-
ature, changes to tetragonal at 1170°C and after 2370°C is stabilised in the cubic phase
[12]. Selecting the appropriate synthesis route can help stabilise the tetragonal phase of
7104 at lower temperatures [12],[13]. The properties of ZrOs include high thermal and
chemical stability [14], large band gap [15], which makes them an excellent host material.

Moreover, this material shows a high refractive index, allowing them to be used as opti-

cal materials[16]. The phonon energy of ZrO, is low, which decreases the luminescence
thermal quenching compared to other materials [17]. These crystals have been used as
catalysts [18], in fuel cells [19], gate dielectrics [20].

One disadvantage is that zirconia is not luminescent. But, luminescence can be in-
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duced by introducing optically active lanthanide ions like europium, terbium, erbium, and
thulium [21],[22], amongst others. Lanthanide doping has been well studied in fluoride
hosts like NaYF, and NaGdF,. These systems are used for both up-conversion as well
as down-conversion of light [23],[24]. Multi-shelled nanoparticles allow for lanthanides to
be spatially separated, and an energy cascade process can allow for a single wavelength
excitation into full spectrum emissions [24]. These lanthanide-doped fluoride systems
have found applications in the biomedical field, bioimaging and biosensing [25], targeted
drug delivery [26]. However, despite being widely popular in the biomedical field, there
is a significant concern regarding the dissolution of NaYF, NPs in aqueous media, which
will result in leaching of the toxic fluoride and lanthanide ions [27].

Due to the chemical stability of the oxide hosts, luminescent ZrO, can be used as
the safer alternative to fluoride NPs in the biomedical field. They have been used as a
time-resolved fluorescence resonance energy transfer (FRET) bioprobe to detect avidin.
Using Th*" ion, specific targeting of cancerous cells was also done [25].

In this project, the synthesis of zirconia nanocrystals and the subsequent shelling is
introduced to study the optical properties of the nanoparticles. Lanthanide-doped cores
were synthesised using a surfactant-free solvothermal process involving benzyl alcohol
and a surfactant-assisted nonhydrolytic sol-gel reaction between zirconium (IV) isoprox-
ide and zirconium (IV) chloride at 340°C. The former synthesis route is termed autoclave
synthesis. As the second synthesis is performed in the presence of tri-n-octylphosphine ox-
ide (TOPO), this synthesis route is termed TOPO synthesis. The nucleation and growth
mechanism of ZrO, nanocrystals from TOPO synthesis have been previously elucidated,
and it suggests that before reaching the crystalline phase, soon after the decomposition
of the precursors, amorphous nanoparticles are formed [29]. The cores nanoparticles
from both syntheses behaved differently when comparing their optical properties. When
shelling was introduced around the doped cores, surface quenching effects were signifi-
cantly reduced. This could have been due to interaction with the surface ligands or other
defects in the crystal lattice. Improved quantum yields and longer fluorescence lifetimes
are indicative of the enhanced quality of the core/shell systems [14], [30].

The lanthanide ions that were mainly examined in this thesis are Eu* and Th3*.
They emit light in the visible region. Eu®" is a common dopant to achieve red emission.
It has a ground state of “Fy, and the most common excited states are °D; (J = 0-
4). The most intense peak corresponds to the transition from °Dy — “Fy (~ 606 nm)
[31]. Eu®" ions can be used as a probe for their local environment, such as the surface
of the nanocrystal and site symmetry of the system. Such changes are reflected in their
fluorescence spectra [14]. The Dy — “F; are the hypersensitive transitions which strongly
depend on their environment. This transition is forbidden if the europium ion is present
at a site with an inversion centre, according to Judd-Ofelt theory [32]. This suggests

that if Eut is present in a high-symmetry site with an inversion centre, the 5Dy — "Fy
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transition becomes weak. But if the symmetry is lowered, that is if the inversion centre
is lost, the transitions become stronger. These differences are observed in the synthesised
Eu-doped cores and Eu-doped core/shell explored in this thesis, shedding light on the
symmetry of the synthesised nanoparticles.

Tbh3" emits light in the green region. "Fg is the ground state, and emission is observed

from the excited states °D3/°D4. The most intense peak is due to the 5D, — "F5 transition

(~ 543 nm) [31]. However, doping these ions in the ZrO, matrix leads to the formation
of crystal defects. The ionic radius of Zr*" is approximately 84 pm [33], while the ionic
radii of Eu*" and Tb* are 107 pm [34] and 92.3 pm [35], respectively. Because of the

introduction of larger ions into the system, the crystal lattice gets distorted. Oxygen
vacancies are created for every two lanthanide (III) ions, replacing the Zr(IV) cation,
which can then be a potential site for luminescence quenching. Other non-radiative
relaxation pathways involve interaction with ligands on the surface and phonon coupling
reactions.

Recent emphasis has been put on the development of Eu** doped phosphors for LED
applications, but since Eu®" is a weak absorber in the blue and near-ultraviolet region, its
application is limited [36]. Using a sensitiser ion, which is optically active and can absorb
the desired wavelength of the light and transfer this absorbed light to an emitter ion,
can help Eu®t be used as phosphors for white LEDs [37]. Previously used sensitisers to
enhance the usage of blue light were Eu**, Ce?*, Bi**, Pb*t [30], [35], [39], [10]. However,
the choice of the sensitiser ions also depends on the host material being used. This issue
is addressed by using Th?* as the sensitiser ion. Eu®* can be sensitised by Th3* by the
process of Forster resonance energy transfer (FRET) [37]. Th3* absorbs light in the blue
region, which Eu3* is not excited by. Furthermore, both ions have previously been shown
to be compatible with our host material ZrO, [28], [11].

Different architectures were synthesised to study the energy transfer between the
lanthanide ions. This involves having the ions in separate cores, co-doping the ions in
a core, and spatially separating the lanthanide ions in a core/shell structure. A study
was also carried out by having an additional shell of ZrO, on particles that show energy
transfer. Finally, a new core/shell/shell architecture was synthesised, wherein the inert
shell is introduced between two active layers in order to study the extent to which FRET

can occur.
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Methodology

2.1 Materials

Zirconium (IV) propoxide, 70% in propanol and benzyl alcohol (> 99%) were purchased
from Sigma-Aldrich. Europium (III) acetate hydrate (99.9%-Eu) and terbium (III) ac-
etate hydrate (99.9%-Tb) were purchased from Strem Chemicals and used without purifi-
cation. Benzyl alcohol (Sigma-Aldrich, > 99%) was dried over MgSO, and filtered and,
after air-free distillation into a Strauss flask and subsequently stored inside the glovebox.
ZrCly (99.9%) and ZrBr, (98%) were purchased from Strem Chemicals. Zr(O'Pr),-"PrOH
(99.9%), EuBry (99.9%), acetone (99.8%), and toluene (99.5%) were purchased from
Sigma Aldrich and used without further purification. TOPO (99%) was purchased from
Strem Chemicals and recrystallised according to Owen et al.[12]. ZrCly-2THF was syn-

thesised according to Manzer et al [13].

2.2 Synthesis of lanthanide-doped core nanoparticles

Autoclave synthesis

ZrOy NPs doped with europium or terbium were synthesised from lanthanide acetates,
zirconium propoxide, and benzyl alcohol following a slightly modified previously reported
synthesis [28],

721,230 °C

0.9Zr(OPr)4 + 0.1 Ln(OAc)3 + 40 BnOH ZrO2: Ln NCs + by-products

[Zr]=0.20 mol/L
(2.1)

The autoclaves were prepared and assembled in a nitrogen-filled glovebox (O < 2 ppm,
H,O < 1 ppm). The precursors were weighed in a glass vial; Zr(OPr), in 70% PrOH
(1.6 mL, 3.6 mmol), benzyl alcohol (16.6 mL, 160 mmol) and lanthanide acetate (0.4

4
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mmol) The lanthanides (Ln) used were europium and terbium acetates. To dissolve
the precursors in benzyl alcohol, the precursors were heated to 60°C for an hour. This
dissolved solution was transferred to a Teflon liner, and the autoclave was assembled.
These were transferred to a muffle furnace. The temperature was increased to 230°C at
a rate of 3°C/min and was left for 72 hours.

After the completion of the reaction, the suspension was transferred to a centrifuge
tube. It was washed twice with 30 mL ether by sonicating for 5 minutes and centrifugation
at 8000 rpm for 3 minutes to collect the product. To make the particles perfectly soluble
in non-polar solvents, the particles were functionalised with a ligand: 300 uL of 99%
pure oleic acid for Eu-doped cores and 750 mg of decanoic acid for Th-doped cores,
with 3 mL toluene were added to the particles, which were then sonicated until the
solution was clear (about 30 minutes). Then, the particles were washed from the excess
ligands by precipitating with 10 mL acetone, centrifugation (8000 rpm for 3 minutes), and
dissolved in 3 mL toluene again by sonicating for 15 minutes. This washing procedure was
performed three times, leading to perfectly purified particles. The particles were dried
entirely to determine the yield (by measuring TGA) and then redissolved in cyclohexane.
Cyclohexane has an absorption range below 200 nm. This becomes significant when
studying the fluorescence of the synthesised nanoparticles, making it a useful solvent.
The yield obtained for Eu-doped particles is 71.1%, whereas for Th-doped particles, the
yield is 72.2%.

TOPO synthesis

By slightly modifying the reported procedure [12], doped core particles were synthesised
from ZrCly-2THF, Zr(O'Pr),-"PrOH and LnCl; in TOPO. The required apparatus was
dried at 150°C (three-neck flask, condenser, cold finger, clamps) and was loaded into the
glovebox overnight.

2h, 340 °C

1 ZrCl4(THF)2 + 1 Zr(O'Pr)4-"PrOH + 0.1 LnCl3 —— 7t02: LuNCs  (22)

ZrCly-2THF was used instead of ZrCly as the tetrahydrofuran complex is better soluble
in TOPO [11].

To synthesise nanocrystals of smaller sizes for europium-doped particles, the precur-
sors were changed as follows:

24,340 °C

1Z1Bry + 1 Zr(0"Pr)4."PrOH + 0.1 EuCl3 7t02: EuNCs  (2.3)

2h,340°C

1ZrCly(THF)2 + 1 Zr(O'Pr)4."PrOH + 0.1 EuBr2 7rO2: Eu NCs  (2.4)

All precursors were added in layers in a three-neck flask; ZrCly-2THF (0.377 g, 1 mmol),

2.2. Synthesis of lanthanide-doped core nanoparticles
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Zr(O'Pr),."PrOH (0.387 g, 1 mmol), LnCl3 (0.1 mmol) and recrystallised TOPO (10 g,
26 mmol). The setup was completed with a condenser with a tap, septa, and a cold
finger. This was brought out of the glovebox and connected to the Schlenk line with a
vacuum of 10 mTorr and argon. The hose was flushed three times using a vacuum and
filled with argon. The setup was then filled with argon, and a constant flow was allowed.
The reaction mixture was heated to 340°C and run for 2 hours. After completion of the
reaction, the mixture was left to cool to 100°C. 1.5 mL toluene was added to the flask to
stop the solidification of TOPO.

The resulting particles were collected and washed by transferring the resulting prod-
uct into a centrifuge tube, then precipitation with 20 mL acetone, centrifugation (8000
rpm for 3 minutes) and redissolving the particles with 1 mL toluene. The washing
procedure was repeated two more times. Since TOPO and its decomposition products
(di-n-octylphosphonate and P, P’-(di-octyl) pyrophosphonate) are ligands attached to the
nanoparticle surface [15], it does not need to be functionalised with ligands to be soluble
in non-polar solvents. After the purification step, the particles were completely dried and
redissolved in cyclohexane. The yield obtained for Eu-doped particles is 72.8%, whereas
for Th-doped particles, the yield is 57.8%.

2.3 Synthesis of core/shell nanoparticles

Core nanoparticles from previous syntheses (Eu-doped and Th-doped particles from au-

toclave synthesis (Equation 2.1)) were used for shelling.

1ZrCl4(THF)2 + 1 Zr(O'Pr)4-'PrOH + z ZrO2: Ln NCs
2h, 340°C

[Zr]mmplmg‘sofomo movkg, ZrO2:Ln/ ZrO2 NCs (2.5)
[cores] = 70 - 90 pmol /kg
[Atot] = 1400 - 2300 m? /kg
The core particles were directly dried into an oven-dried three-neck flask. The flask was
closed with septa and loaded into the glovebox. The remaining precursors were added in
layers in the three-neck flask: TOPO, ZrCly-2THF and Zr(O'Pr),-'PrOH. The precursors
were layered such that they would not be in contact with each other. Hence, TOPO was
added in between the layers of the zirconia precursors. The amounts of precursors to core
amount were varied as required. Changing the ratios can lead to different thicknesses
of the shell. As the amount of cores used in the synthesis is increased, the amount
of precursors left to shell each core particle decreases, thus leading to the formation of
thinner shells.
The setup was completed with a condenser with a tap, septa, and a cold finger. This

was brought out of the glovebox and connected to the Schlenk line with a vacuum of

2.3. Synthesis of core/shell nanoparticles
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10 mTorr and argon. The hose was flushed three times using a vacuum and filled with
argon. The setup was then filled with argon, and a constant flow was allowed. The
reaction mixture was heated to 340°C and run for 2 hours. After the completion of the
reaction, the mixture was left to cool to 100°C. 1.5 mL toluene was added to the flask to
stop the solidification of TOPO.

The resulting particles were collected and washed by transferring the resulting product
into a centrifuge tube, then precipitation with 20 mL acetone, centrifugation (8000 rpm for
3 minutes) and redissolving the particles with 1 mL toluene. The washing procedure was

repeated twice, and the particles were dried completely and redissolved in cyclohexane.

2.4 Synthesis of nanoparticles for energy transfer

Core synthesis

The doped cores used for this experiment were synthesised using the autoclave method
discussed in Equation 2.1. Both Eu-doped and Th-doped cores are synthesised with a
nominal doping of 10%.

For codoped cores, nominal doping percentages of 10 and 5 were maintained for terbium

and europium, respectively,

0.85Zr(OPr)4 + 0.05 Eu(OAc)3 + 0.1 Th(OAc)3 + 40 BnOH

] 2.6
2500 g0 Fu/Tb NCs + by-products (2.6)
[Zr] = 0.20 mol/L

Core/shell synthesis

For the core/shell synthesis, Th-doped (10%) cores from the autoclaves were used as the

seed particles. Using a TOPO synthesis, Eu-doped shell was introduced;

1ZrCl4(THF)2 + 1 Zr(O'Pr)4-"PrOH + 0.1 EuCl3 + z ZrO2: Th NCs

2h, 340°C

» Zr02:Tb/ ZrO2:EuNCs (2.7)

TOPO
[Zr]complezeg = 0.20 n’lOl/kg
[cores] = 92 pmol/kg
[Atot] = 2000 m? /kg

Core/shell /shell synthesis

For the core/shell /shell synthesis, Th-doped cores from autoclaves were used as the ini-
tial seed particles (Equation 2.1). A shell of ZrOy was grown on top of this in a TOPO
synthesis according to Equation 2.5. To ensure that we get core/shells of uniform thick-
ness, selective precipitation of the reaction mixture was done. For this, the product,

after the first shelling process, was purified three times with toluene and acetone. After

2.4. Synthesis of nanoparticles for energy transfer
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this, the particles were dispersed in excess cyclohexane (~ 5 mL). To this, acetone was
added dropwise until the whole solution turned turbid. The turbid solution was then
centrifuged for 1 minute at 8000 rpm. The precipitate was redissolved in cyclohexane,
whereas the supernatant was collected, and to this, acetone was again added dropwise.
Multiple fractions were collected by this method, and each fraction was characterised by
TEM to find the thickness of ZrO, around the Th-doped core. The desired core/shells

were then shelled again to introduce Eu ions into the nanoparticle.

1 ZrCl4(THF)2 + 1 Zr(O'Pr)4-"PrOH + 0.1 EuCl3 + z ZrO2:Th/ ZrO2 NCs
2h, 340°C

TOPO
[Zr]complewes = 0.20 mol/kg

[cores] = 15 - 35 pmol/kg
[Atot] = 945 - 1000 m? /kg

» Zr02:Thb/ ZrO2/ ZrO2:Eu NCs

(2.8)

2.5 Characterisation techniques

Photoluminescence (PL) Spectroscopy

All fluorescence measurements were done on the FS5 Spectrofluorometer by Edinburgh
Instruments. For all indirect measurements (where the host matrix is excited), solutions
of particles with an absorbance of approximately 0.1 at excitation wavelength are used.
For direct measurements (where the lanthanide ions are excited), a particle concentration
of 100 mg/mL is used throughout unless specified otherwise.

Lifetime measurements are done on a photo spectrometer with a microsecond flash-
lamp at 25 Hz. Time-resolved emission spectral (TRES) measurements are done with

the same at a lamp frequency of 80 Hz.

Transmission Electron Microscopic (TEM) Analysis

TEM imaging was performed on the JEOL JEM-F200 cFEG instrument. The nanopar-
ticles were diluted to a concentration of 2.5 mg/mL in cyclohexane and then drop-casted
onto a carbon mesh for measurement. The size analysis was done using ImageJ software,

where more than 100 particles were mapped.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-
OES)

ICP-OES measurement was done by Mikrolabor Pascher. The dissolution is a proprietary

procedure and is thus not disclosed by the company.

2.5. Characterisation techniques
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Nuclear Magnetic Resonance (NMR) Analysis

NMR analysis was done on a 500 MHz Brucker UltraShield spectrometer. After purifying
the nanoparticles, ~15 mg of dried particles are dissolved in 500 uL. of chloroform-d

(CDCl3) or benzene-dg (CgDg) and measured.

Thermogravimetric Analysis (TGA)

TGA analysis was performed on a TGA5500 instrument. The samples were heated to
800°C at a ramping rate of 5°C/min.

2.5. Characterisation techniques
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Results and Discussion

3.1 Lanthanide doped core nanoparticles

Comparing the two synthesis routes

Eu-doped and Th-doped particles were synthesised using the autoclaves (Equation 2.1)
and by the TOPO synthesis (Equation 2.2)

To determine the composition of the nanocrystals, ICP-OES was performed on Eu-
doped and Th-doped cores synthesised from autoclaves and in TOPO (Table 3.1). The
results showed that the incorporation of the lanthanide ions was higher when particles
were synthesised using autoclaves. Eu3* is incorporated with 90% efficiency, whereas Th
only had a 50% incorporation in the particles synthesised in autoclaves. Also, Th?* is

incorporated significantly less than Eu®*™ in TOPO synthesis.

Synthesis route | Dopants | Nominal doping | Actual doping
Autoclaves Eu(OAc); 10% 9%
Th(OAc); 10% 5%
TOPO EuCly 10% 1.5%
ThCly 10% < 0.1%

Table 3.1: Nominal vs actual doping percentages of lanthanides in NPs

The surface chemistry of the synthesised lanthanide-doped core particles from the au-
toclave was analysed using 'H NMR spectroscopy. A broad resonance is observed for the
bound ligands due to their heterogeneous environment and their attachment to a larger
particle [16]. When a lanthanide is present in the system, an additional paramagnetic
broadening is observed due to the presence of unpaired electrons in the lanthanides. This
difference is observed when comparing the NMR spectra of non-doped zirconia and Eu-
doped and Tbh-doped zirconia nanocrystals. Also, the broadening of the 'H NMR peaks is
a preliminary indicator of the successful doping of lanthanides. TGA analysis performed
on the doped core nanoparticles synthesised in the autoclaves showed that 75.5% of the

measured yield was from the inorganic content of the nanoparticle. Hence, the percentage

10
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Figure 3.1: 'H NMR spectra for non-doped ZrO, and Eu-doped and Tb-doped core

nanoparticles (synthesised in autoclaves) in CDCls.

yields for the synthesised doped core particles were calculated.

The optical characterisation of these particles was done using photoluminescence spec-
troscopy. In the excitation spectra of Eu-doped NPs, particles from the autoclave show
two peaks (250 nm and 280 nm). But the peak around 280 nm gets suppressed in the
particles synthesised in TOPO (Figure 3.2a). As for the Th-doped particles, the peak at
235 nm for the autoclave particles is shifted to 230 nm for particles from TOPO synthesis
(Figure 3.2d). The intensity of the peak at 280 nm increases for the TOPO-synthesised
particles. On measuring the emission of the Eu-doped particles, we see that there are
differences in the appearance of peaks. The particles from TOPO synthesis have peaks
at 606 nm and 614 nm, which do not overlap, as seen for the autoclave particles at 606
and 612 nm (Figure 3.2b). The reasoning for this is not well understood. A possible
explanation could be due to the different crystallinity of the particles. When synthe-
sised in TOPO, due to the higher reaction temperature used (340°), the crystallinity
might be higher as compared to the ones synthesised in autoclaves (230°). Also, previous
measurements using Scanning Transmission Electron Microscopy with Energy-Dispersive
X-ray Spectroscopy (STEM-EDX) could not give conclusive results about the distribu-
tion of ions in the nanoparticles. In Th-doped particles, the splitting of peaks at 543 nm
is significant in the TOPO-synthesised particles (Figure 3.2d) again, which is not well
understood.

Photoluminescence lifetimes Eu-doped particles show differences in the rate of decay.
The lifetimes of Eu-doped cores are shown in Figure 3.2¢, and the fits are summarised
in Table 3.2. The peaks at position 614 nm have a shorter lifetime with respect to 606
nm, which was previously assigned to Eu ions located near the nanocrystal surface [14].
Interestingly, the 606 and 614 nm peaks show longer lifetimes for particles prepared in
TOPO than those prepared in the autoclave. They also show a monoexponential decay
when compared to the particles from the autoclave as these peaks do not overlap with
each other. This can also be seen in the increased lifetimes in Table 3.2. A similar trend
is observed for the Th-doped particles (Figure 3.2f, Table 3.3). Particles from TOPO

3.1. Lanthanide doped core nanoparticles
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synthesis have longer lifetimes compared to autoclave particles.
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Figure 3.2: Differences in photoluminescence properties of 10% Eu-doped (a-c) and 10%
Tb-doped (d-f) core nanoparticles prepared in autoclave and in TOPO. (a) Excitation
spectra measured at 606 nm, (b) emission spectra measured excitation maxima and (c)
lifetime decay after exciting at 240 nm and emission at 606 nm and 612/614 nm. (d)
Excitation spectra measured at 543 nm, (e) emission spectra measured at excitation
maxima and (f) lifetime decay after exciting at excitation maxima and emission at 543

nim.
lifetime lifetime
Synthesis | Dopants Aem = 606 nm Aem = 612/614 nm % yield
routes 71 (ms) 7 (ms) ve (%) | 71 (ms) 7 (ms) vy (%) | of NCs
Autoclave | Eu(OAc); 11 29 90 0.6 2.1 59 71.1
TOPO EuCly 1.8 5.0 97 1.4 3.0 93 72.8

Table 3.2: Lifetime decays calculated at emission peak 606 nm and 612/614 nm for
particles synthesised in autoclaves and TOPO.

lifetime
Synthesis | Dopants Aem = H43 nm % yield
routes 71 (ms) 7o (ms) vy (%) | of NCs
Autoclave | Th(OAc); 1.3 3.7 50 72.2
TOPO ThCl; 1.5 6.2 76 57.8

Table 3.3: Lifetime decays calculated at emission maxima 543 nm for particles synthesised

in autoclaves and TOPO.
The photoluminescence decay was fitted to the formula:
N(t) = Al.e_t/ﬁ + A2.€—t/’r2

3.1. Lanthanide doped core nanoparticles

(3.1)
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where N(t) was the measured decay as a function of time, A; and A, are scaling factors,
71 and 7 are the short and long lifetimes, respectively.

The relative amounts of the long component were calculated using:

AQ.TQ

== 3.2
A1.71+A2.7'2 ( )

Vo

Changing the size of europium doped particles

To identify how changing the precursors will affect the size of the doped particles,
ZrCly-2THF was replaced by ZrBr, (Equation 2.3), or EuCly by EuBry (Equation 2.4)
in the TOPO synthesis. In all three syntheses, a nominal doping of 10% (0.1 mmol of
lanthanide source) of the lanthanide was maintained.

TEM analysis was performed to see if changing precursors changes the size of the
nanoparticles from each synthesis. It shows that the size of Fu-doped NPs decreases on
changing the precursors (Table 3.4). The particles grown using bromides grow faster and

hence are smaller in size [11].

b,

2 506

s . diameter (nm) ‘ of
e 20 nm »

Figure 3.3: TEM images of Eu-doped cores by changing the precursors in TOPO synthe-
sis. Precursors used in each are (a) ZrCly-2THF and EuCls, (b) ZrCly-2THF and EuBr,
and (c) ZrBry and EuCls.

Precursors used sizes % yield
(nm) of NCs
ZrCly-2THF and EuCl; | 3.9 + 0.4 72.8
ZrCl4-2THF and EuBr, | 3.3 £ 04 | 48.1
ZrBr, and EuClg 32404 | 482

Table 3.4: Sizes of different Eu-doped cores from TEM imaging and their respective
percentage yields.

These particles were also characterised using PL spectroscopy, and we found a few
differences in their photoluminescence properties. The absorbance for all three solutions
was kept constant. The excitation spectra are almost similar for the particles. The only
difference is seen in the particles synthesised from ZrBry. The peak is narrower in this
case (Figure 3.4a), and the noise-to-signal ratio is lower for these particles. This could

be due to the low incorporation of europium ions in the matrix.

3.1. Lanthanide doped core nanoparticles
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On exciting the NPs at the respective excitation maxima, we observe some changes
in their emission peaks. The particles synthesised using ZrCly-2THF and EuBry behave
similarly to those synthesised using both chloride precursors. However, for the particles
from ZrBr, and EuCls, the peak at 614 nm is more pronounced than the one at 606 nm.
The photoluminescence lifetime decays of these particles are similar to the ones we saw
above for the Eu-doped cores synthesised in TOPO (Figure 3.2¢); they are monoexponen-
tial and longer. Particles synthesised using the bromides (EuBrs and ZrBry) have longer
lifetimes, whereas chloride particles have a shorter lifetime. The particles synthesised
using bromides are smaller leading to more ions being near the surface of the particles.

But the lifetimes measured give an opposite trend, which is not well understood yet.

Ao =

ex

1.0 3.0 C 1000
a ZrCl, 2THF, EuCl, b ——235nm -
sos] —— 2ZrCl,.2THF, EuBr, =251 ——240nm
5 ——— ZiBr,, EuCl, 5 232 nm i TS
o | _ a“ Vo, g
E0.6 hem = 606 NM s % o0 % )
2 2 5] g
204 a o %
C c 2 5
g g ~
2] =
0.0 . . = - 04 10 ; ‘ . ;
220 240 260 280 300 600 650 700 0 5 10 15 20
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Figure 3.4: Differences in photoluminescence properties of 10% Eu-doped core nanopar-
ticles prepared in TOPO by changing the precursors. (a) Excitation spectra measured at
606 nm, (b) emission spectra measured at excitation maxima and (c) lifetime decay after
exciting at 240 nm and emission at 606 nm .

Not many differences are observed in the optical properties of the Eu-doped particles
synthesised by changing the precursors. Hence, due to the higher cost of the bromide
precursors and as previous literature focuses majorly on the chloride precursors, for the
rest of the thesis, we utilise ZrCly-2THF and EuCl; for further synthesis.

3.2 Comparing core/shell to core nanoparticles

Core/shell was synthesised as described in Equation 2.5. After the particles are purified,
they were characterised using NMR spectroscopy to study the surface chemistry of the
synthesised nanoparticles. The purified particles were dissolved in 500 pL of benzene-dg.
CeDg was used as the solvent as CDClj3 strips off some of the TOPO from the surface,
and hence in the 3'P NMR, free TOPO peaks appear (48 ppm) [15]. The 'H NMR
spectrum shows a broad peak, confirming the bound nature of the ligands (3.5a). The
3P NMR shows a broad resonance around 73 ppm, 58 ppm and 21 ppm, which were
assigned to tri-n-octylphosphine oxide (TOPO), di-n-octylphosphine oxide (DOPA) and
P, P’-(di-n-octyl) pyrophosphonate (PPA) (3.5b) [15].

3.2. Comparing core/shell to core nanoparticles
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Figure 3.5: (a)'H and (b) 3'P NMR spectra for Eu-doped and Th-doped core/shell

nanoparticles in CgDg.

-
:

TEM imaging was done to measure the size of the shell around the doped cores.
Eu-doped core/shell grew to an average diameter of 4.8 nm (core size was 3.2 nm) (Fig-
ure A.1) whereas, Th-doped core/shell seems to have grown from 3.5 to 4.5 nm in size
(Figure A.2). The shell size can be altered by varying the amount of doped core NPs
during the synthesis.

The core/shell particles were then characterised by PL spectroscopy to observe the
differences in the optical properties of the doped cores from when a shell was introduced
on these core NPs. On shelling Eu-doped cores, the peak at 280 nm disappears in the
excitation spectra (Figure 3.6a). However, in the Th-doped core/shell; there is a shift in

the major peak from 240 nm to 280 nm (Figure 3.6d).

Upon shelling, the emission peak at 612 nm disappeared in the Eu-doped core/shell
(Figure 3.6b). This peak was previously assigned to the ions present towards the surface
[14]. The remaining peaks also become narrower. This is indicative of the change in the
local environment around the europium ion. The change in the emission peaks from that
of the cores could be an indicator of the loss of symmetry on the addition of the shell,
intensifying the °Dy — “F transition. In the Tbh-doped core/shell, the emission peaks
become more defined (Figure 3.6d). The shell also brings in a difference in the lifetime
of the excited state of ions. The decay becomes monoexponential when the cores are
shelled (Figures 3.6¢ and 3.6f). The fast decay (71) is suppressed (Tables A.1 and A.2),

indicating the minimal energy loss by interaction with ligands and other surface ligands.

The doped core/shell nanoparticles also show optical properties similar to that of the
doped core nanoparticles synthesised in TOPO, indicating a similar crystallinity of the

core/shell particles and the doped core nanoparticles synthesised in TOPO.

The core/shell architecture was further modified to synthesise core/shell /shell NPs to
study the energy transfer between the lanthanide ions Th and Eu (intraparticle energy

transfer), where the ions were spatially separated within the system.

3.2. Comparing core/shell to core nanoparticles



CHAPTER 3. RESULTS AND DISCUSSION 16

= a 1o b 10 C 1000
[0} Core »
@ =08/ —_ Core/shell =08/ R
) 5 Aem = 606 NM 5 .
o Kol Y
o £osq 2 0.6 2 e T
o & s S 100 . T
ko] 2 2 Q X
D G4 G 04 ©
Q 5 g
(o] £0.24 £o02
?
a (] S —— 0.0 : : . \ 10 : : ,
220 240 260 280 300 320 550 600 650 700 750 0 5 10 15 20
Wavelength (nm) Wavelength (nm) Time (ms)
— 1.0 1.0 1000 4
o) d Core e f
ﬁ S 081 —— Core/shell £ 08
) g Aem = 543 nm g
o £osq 2064 k%)
IS 8 & 5
> g 3 100+
O £o4 Z04 o
Q c c
Q Qo 2
[e] £0.24 £02
?
2 0.0 —— S 0.0+t ; ; , . 10
220 240 260 280 300 320 340 480 520 560 600 640 0 5 10 15 20
Wavelength (nm) Wavelength (nm) Time (ms)

Figure 3.6: Differences in photoluminescence properties of 10% Eu-doped (a-c) and 10%
Tb-doped (d-f) core/shell nanoparticles. (a) Excitation spectra measured at 606 nm, (b)
emission spectra measured at excitation maxima and (c) lifetime decay after exciting at
240 nm and emission at 606 nm. (d) Excitation spectra measured at 543 nm, (e) emission
spectra measured at excitation maxima and (f) lifetime decay after exciting at excitation
maxima and emission at 543 nm.

3.3 Energy transfer between lanthanide ions

The efficiency of energy transfer was calculated using the following equation,

E=1-124 (3.3)
D

where 7pa represents the lifetime of the donor when both the donor (Th3") and acceptor
(Eu®") ions are present, and 7p denotes the lifetime of the donor when just the donor ion
is present in the nanoparticle. The efficiency of core particles (a mixture of lanthanide-
doped cores and codoped core particles) was calculated with respect to Th-doped cores.
In contrast, for core/shell and core/shell/shell nanoparticles, which have both Th** and
Eut present within the same nanoparticles, calculations were done with respect to the
Thb-doped core with a ZrOs shell.

The individual lifetimes were calculated as an average from the decay over the Th3*

emission, using the following equation:

. ZZ ;i

<T> ZZ a;T;

(3.4)

To investigate the energy transfer between the lanthanide ions terbium and europium,

3.3. Energy transfer between lanthanide ions
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terbium ions were directly excited. This ensured that the excitation of the lanthanide
ions, both Th3* and Eu®", were not influenced by charge transfer from the host matrix.
For this, we first determined the optimal excitation wavelength required to excite the
synthesised nanoparticles described below. For this purpose, a 100 mg/mL solution was
prepared for both doped cores. High concentrations facilitate tracking of the energy
transfer process by directly exciting the lanthanide ions. Also, the f-f transitions in the
lanthanide ions are forbidden, making their emissions weak according to the Laporte
selection rules. Thus, a higher concentration also ensures the detection of these weak
emissions.

The excitation spectra reveal that Th*T is efficiently excited at 486 nm (Figure 3.7)
without overlapping with the excitation spectrum of Eu?". Previously, interparticle
Forster resonance energy transfer (IFRET) was studied between Th3" and Eu®" by using
the blue excitation (485 nm) of terbium ion [37]. Therefore, 486 nm was selected as the
excitation wavelength to investigate the extent of energy transfer between the lanthanide
ions throughout this study. In this section, the concentration of nanoparticles was kept
at 100 mg/mL. Also, the energy transfer study was conducted using a time-resolved emis-
sion spectral measurement as a steady-state emission gives rise to a spectrum with a weak
signal-to-noise ratio, which involves a broad band which is due to the emission from the

host matrix zirconia (Figure B.3).

2x10° 5
1 Zr0,:Tb* NCs, A, = 543 nm
1x10°- ZrO,:Eu®* NCs, A, = 606 nm
:‘é‘
5
8 9x10°
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2z
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3x10° 1 K\A M
0 . . I
400 450 500

350 550
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Figure 3.7: Photoluminescence measurement of Tb-doped and Eu-doped cores (at con-
centration 100 mg/mL) to determine the excitation maximum of terbium ion.

To study the energy transfer between the ions, we first tried to discern between inter-
and intra-particle energy transfers. As a first step, the extent of energy transfer was
measured by mixing Th-doped cores and Eu-doped cores and then exciting the system
at 486 nm. A time-resolved emission spectral (TRES) measurement was taken at 486
nm over the range of 520 to 730 nm. The decay was then integrated over the °D, — "Fj
emission of Th3" (from 535-570 nm) to determine the efficiency of energy transfer. A

detailed explanation of this measurement is given in Section B.1.

3.3. Energy transfer between lanthanide ions
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The energy transfer efficiency when both the doped-core nanoparticles are mixed is
less than 3%. As inter-particle energy transfer is not very prominent, we investigate intra-
particle energy transfer, wherein both the ions are present in a single nanoparticle, either
co-doped in the core or spatially separated in a core/shell or core/shell/shell architecture.

On measuring the energy transfer efficiency in a codoped system (5% Eu + 10% Tb
nominal doping), the extent of energy transfer is calculated to be 59.8%. This could be
attributed to the proximity of the ions to each other in the nanoparticle. To investi-
gate the importance of shelling in the energy transfer process, a layer of inert ZrO, was
shelled on the codoped nanoparticles. In these particles, the efficiency increased to 64.7%
(Figure 3.8). The increase in transfer efficiency could be because terbium ions are well
protected from undergoing non-radiative decay and, hence, are able to transfer energy to
the europium ions more effectively. Also, emission peaks of Eu?" increased in intensity
and became sharper when a shell was introduced (Figure B.4). This is in corroboration

with what was shown in Section 3.2.

® ZrO,
e Tb%*
® Eu*

Figure 3.8: A schematic showing the codoped core (both terbium and europium ions)
nanoparticles and these nanoparticles on shelling with a layer of ZrOs.

Next, nanoparticles were synthesised where the lanthanide ions were spatially sep-
arated in different layers. To do so, we shelled a layer of Eu-doped zirconia on top of
Th-doped core nanoparticles synthesised in the autoclaves. The resultant particles are
characterised by TRES measurement by directly exciting Th3* at 486 nm. Energy trans-
fer is observed in this system as well and is calculated to be about 58.3%. A layer of inert
ZrOs is then shelled on top of these particles to synthesise a core/shell/shell structure.
Here, we see an increase in the efficiency of energy transfer to about 81.4% (Figure 3.9).
The increase in energy transfer, in this case, is not well understood because we expect
the non-radiative decay pathways to be reduced when we introduce a layer of inert zir-
conia causing both 7p4 as well as 7p to be large values. Hence, the increase in energy
transfer cannot be explained by this phenomena indicating other factors to be governing
this process.

Finally, we try to distance the lanthanide ions in a single nanoparticle. This study
was conducted to understand if the process of energy transfer would occur when an inert
layer was introduced. For this, we first shell a layer of inert ZrO, around Th-doped core
particles from the autoclave. To ensure that we have particles with uniform shell thick-

ness, we segregate the Th-doped core/shell using the process of selective precipitation

3.3. Energy transfer between lanthanide ions
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® ZrO,
® Th3*
) Eu3+

Figure 3.9: A schematic showing the core/shell nanoparticles which have a Th-doped
core and a layer of ZrO, shell that is doped with europium. A layer of ZrOs is introduced
on these core/shell nanoparticles.

discussed in Section 2.4. TEM images of these core/shells were taken to ensure monodis-
persity in their size (Figure B.5). Three fractions were taken for this experiment with a
shell thickness (dgpey) of 0.5 nm, 0.6 nm and 0.8 nm. These core/shells were then shelled
again to introduce Eu®* in the nanoparticle. The particles are structured as shown in
Figure 3.10. Characterising the synthesised particles using TEM showed the presence of

secondary nucleations along with the core/shell/shell nanoparticles (Figure B.6).

o — U e ZrO

______________ ._ ____777_»__] dShe” ) Tb3+2

. . ° Y Eu3+
T ‘ deore = 3.5 N

Figure 3.10: Synthesised core/shell/shell nanoparticle with an inert layer of ZrO, sepa-
rating the lanthanide ions. The thickness of the inner shell (dge) is varied to study the
extent of energy transfer.

The efficiency of energy transfer in core/shell /shell was also calculated after perform-
ing a TRES scan at 486 nm. We saw that for the particles with the thinnest inner shell
(0.5 nm), the efficiency was 62.5%. When the inner shell was increased to 0.6 nm, the
efficiency decreased to 47.9%. The decrease in energy transfer could be because, as the
distance between the donor and the acceptor ions increases, the probability of the process
of energy transfer occurring reduces, hence reducing the transfer efficiency. However, for
a shell thickness of 0.8 nm, the efficiency unexpectedly increased to 84.8%. This could be
because the shelling process is not uniform throughout, the thickness of the shell could be
thinner in some places on the surface of the Th-doped core particles. Also, the particles
are represented as perfect spheres, but in reality, the particles have a more tetrahedral-
like shape. As a result, when a second shell with Eu-doping is introduced, some Eu®*
would be located closer to the Th3* ions, leading to the energy transfer process to occur

more efficiently. However, this observation deviates from the expected trend of decreasing

3.3. Energy transfer between lanthanide ions
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energy transfer efficiency with increasing inert shell thickness.

A summary of the change in the efficiency of energy transfer on introducing a layer

of ZrO, between the lanthanide ions is shown in Figure 3.11.

100 -
Th**/Eu>/ZrO, .
~ 80-
S
- shelled
2 60
.0
S Tb¥/Eu®*
4= [ ]
> 404 ' '
> Tb*/ZrO,/Eu*
@
C
w 204
0 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0

Inner shell thickness (nm)

Figure 3.11: Change in energy transfer efficiency on increasing the thickness of the inert
shell introduced between the lanthanide ions.
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Conclusion

This thesis mainly focuses on studying the energy transfer between the lanthanide ions
terbium and europium. To do so, we first synthesised our doped-core particles by two
synthesis routes. The choice of synthesis pathway seems to influence the chemistry of
particles. On performing elemental analysis on the samples (ICP-OES), it was confirmed
that lanthanide incorporation is higher in particles synthesised in autoclaves. TOPO
synthesis shows minimal incorporation with respect to the nominal doping intended.
Amongst the lanthanides, europium is more present in the system than terbium from both
syntheses. A comparison between the doped particles shows some significant differences
in their optical properties. In Eu-doped core particles, the excitation peak at 280 nm is
suppressed in TOPO synthesis. The emission peaks are sharper and do not overlap (606
and 614 nm). Since we observe that the °Dy — "F, transition is strong, it indicates that
the synthesised nanoparticles lack a centre of symmetry. The decay of TOPO particles is
almost monoexponential compared to the particles from autoclave synthesis. This could
indicate that the distribution of Eut in the ZrO, matrix is different. They also have
a significantly longer time of decay. Eu-doped nanoparticles of smaller sizes could be
synthesised by changing the precursors used in the TOPO synthesis. In Th-doped core
particles, the particles from TOPO synthesis show an increase in the peak intensity at
280 nm. The emission peaks are also sharper than the peaks of particles from autoclave
synthesis. The particles from TOPO show an increased lifetime. This again could elude
to the differences in the distribution of Th?* in the ZrO, matrix.

A layer of ZrO, is introduced on the surface of these NCs to enhance the optical
properties of the doped core particles. The growth of the shell is confirmed by TEM
imaging. In Eu-doped particles, it is seen that the peak at 280 nm gets suppressed, and
the emission peaks are more defined and narrow when compared to the core particles.
The peak disappears at 612 nm as the Eu ions are located in the core, away from the
surface. The lifetime decay of the excited state further confirms this. The decay becomes
monoexponential which suggests the absence of decay occurring due to interaction with

surface ligands and other defects. In the Th-doped core/shell, we observe a change in
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intensities of the peak at 235 nm and 280 nm. The emission peaks also become more
defined when compared with the respective doped core nanoparticles. The core/shell has
a monoexponential decay, which has a longer lifetime with respect to the non-shelled
particles. Both the doped core and doped core/shell nanoparticles are characterised
using NMR spectroscopy to study their surface chemistry. A broad peak in the 'H NMR
confirmed the bound nature of the ligands to the surface.

The final part of this thesis focuses on studying the energy transfer between the
ions terbium and europium. For this, multiple architectures involving both the ions
were synthesised and analysed. Inter-particle energy transfer was significantly lower;
hence, we tried incorporating both ions into a single particle to study the intra-particle
energy transfer. First, we tried codoping both terbium and europium ions in the core
nanoparticle and saw the occurrence of energy transfer. The transfer efficiency increased
by introducing a layer of ZrO, around them due to the protective effect of the shell from
surface defects and interactions with the surroundings. Next, we synthesised particles
where the lanthanide ions were present in different layers. Core/shell and core/shell /shell
architectures were utilised for this. When terbium and europium were present in two
different layers, energy transfer could be observed to the extent of 58.3%. This increased
when a layer of inert ZrO, was introduced. Finally, we tried synthesising particles where a
layer of ZrO4 separated the lanthanide ions. We could segregate fractions of different shell
thicknesses (core/shell) for this using a process of selective precipitation. On introducing
europium through a shelling process, we observed a decreasing trend in energy transfer
for inner shell thickness of 0.5 and 0.6 nm. This could be explained by the increasing
distance between the ions, limiting the energy transfer process from terbium to europium.
However, for the particles with an inner shell thickness of 0.8 nm, the transfer efficiency
increases dramatically to 81.4%. This cannot be explained by the earlier reasoning,
suggesting a different mechanism governing this process, or a mistake in the synthesis.
To confirm the trend in energy transfer efficiency with respect to the inner shell thickness
(and to exclude outliers), the same experiment with a wider range in shell size and number

of analysed particles needs to be done.
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Appendix A

Lanthanide doped core and

core/shell nanoparticles

A.1 TEM of Eu-doped cores and core/shell NCs

(@)Euc (3.2 £ O.2»nm) - (b)Euc/s (4.8 £0.3 nm)
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Figure A.1: (a) TEM images and histogram showing the size of 10% Eu-doped cores and
(b) size of nanoparticles after shelling the Eu-doped cores with a layer of ZrOs,.

A.2 TEM of Tb-doped cores and core/shell NCs

Figure A.2: (a) TEM images and histogram showing the sizes of 10% Tb-doped cores
and (b) sizes of nanoparticles after shelling the Th-doped cores with a layer of ZrO,.

28



APPENDIX A. LANTHANIDE DOPED CORE AND CORE/SHELL
NANOPARTICLES 29

A.3 Photoluminescence lifetime decays

lifetime
Dopants Aex Aem = 606 nm
(nm) | 7 (ms) Ty (ms) vy (%)
10% Eu 240 1.1 2.9 90
10% Eu ¢/s | 240 5.4 100

Table A.1: Lifetime decays of Eu-doped cores and core/shell particles after exciting at

240 nm and emission at 606 nm.

lifetime
Dopants Aex Aem = 543 nm
(nm) | 71 (ms) 7 (ms) vy (%)
10% Tb 240 1.2 4.1 74
10% Th ¢/s | 280 - 5.7 100

Table A.2: Lifetime decays of Th-doped cores and core/shell particles after exciting at

excitation maxima and emission at 543 nm.

A.3. Photoluminescence lifetime decays



Appendix B

Energy transfer between lanthanide

ions

B.1 Time-resolved emission spectroscopy

Time-resolved emission spectroscopy (TRES) is used to study the evolution of fluorescence
or phosphorescence emission over time. It allows us to study the lifetimes of excited states
and energy transfer mechanisms. It involves capturing fluorescence emission spectra at
different time delays after the excitation. The data from this measurement can be mapped

as a 3D plot. An example of the result of a TRES measurement is shown in Figure B.1.

Aasul

Figure B.1: TRES measurement of 10% Eu-doped core nanoparticles excited at 240 nm.

On integrating over an axis (time or wavelength), we obtain integrated 2D plots.
When integrated over time, we obtain an integrated emission plot (Figure B.2a) that
shows the evolution of emission over time (time-gated emission spectra). Whereas when
integrated over wavelength, we obtain a decay curve (Figure B.2b) showing the overall
decay profile over the entire wavelength. We can also integrate over a specific wavelength
region, thus obtaining the decay of a specific transition (e.g. >Dy — "Fy). This has been
done to fit 7p and 7p4 in Section 3.3.
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Figure B.2: Plots obtained after integrating over the time (a) and wavelength (b) axis.

In the integrated decay curve, we observe that we have at least two components since
the decay is not monoexponential (which would result in a straight line in a semi-log
plot). This curve can be then fit to the formula Equation 3.1. From this, the average
lifetimes can be calculated which is then used to calculate the efficiency of energy transfer

described in Equation 3.3

Time-gated emissions are useful when we are exciting the lanthanide ions in the matrix
because, in steady-state emission, the signal-to-noise ratio is very poor, giving rise to a
noisy emission spectrum. The noisy spectrum could be due to the low emission of the ions
with respect to the host emission. Also, since the direct excitation of the ions is parity
forbidden for lanthanides, the transition has a low probability of occurring, leading to
the detection of a weak signal. Figure B.3 shows an example of a steady-state and a
time-gated emission spectrum obtained on directly exciting terbium ions in a codoped

core/shell nanoparticle containing both europium and terbium ions in the core.

a — hex =486 Nm b — hex = 486 Nm
5é0 660 64|10 650 7é0 520 560 600 640 680 720
Wavelength (nm) Wavelength (nm)

Figure B.3: Steady-state (a) and time-gated (b) emission spectrum of Th and Eu codoped
core/shell. The particles are excited at 486 nm to observe energy transfer between the
lanthanide ions

B.1. Time-resolved emission spectroscopy
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B.2 Time gated emission to study energy transfer

——— codoped core
—— codoped core/shell
Aex = 486 NmM

520 560 600 640 680 720
Wavelength (nm)

Figure B.4: Time gated emission spectra of codoped cores (with both Th3" and Eu?*
present together in the NP) and codoped core/shell particles measured at 486 nm.

B.3 Core/shell after selective precipitation

Figure B.5: TEM images of the core/shell (Tb-doped core/ZrO, shell) used to synthesise
core/shell/shell. The thickness of the shell is (a) 0.5 nm, (b) 0.6 nm and (c) 0.8 nm.

B.4 TEM image of core/shell/shell

The histograms show two populations (Figure B.6). The size of each population was
measured separately, and they were about 3.8 nm and 5.9 nm. The particles of size 5.9
nm are the core/shell/shell synthesised with an inner shell of ZrOs of thickness 0.6 nm
(with a diameter of 4.6 nm). The particles of smaller size are secondary nucleations that
were formed on the last step of the synthesis, used to introduce the second shell with
Eu?*. These particles might contain europium ions. However, since it was established
that the efficiency of interparticle energy transfer was less than 3%, these particles were

ignored when calculating the intraparticle energy transfer of the core/shell /shell.

B.2. Time gated emission to study energy transfer
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Figure B.6: TEM image showing the synthesised core/shell /shell along with the secondary
nucleations.

B.4. TEM image of core/shell/shell
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