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Abstract

The respective fields of lanthanide-based nanoparticles and microwave-assisted synthesis are well
established, but still ongoing, topics of research. Yet, there has been scarce attempts to join these
areas of research together. The first part of the thesis presented here is the result of an effort to
develop the very first phase-selective, microwave-assisted synthesis of small (sub-10 nm) and
ultrasmall (sub-5 nm) photoluminescent NaGdFa:Yb**(20%),X3*-based nanoparticles (X= Er,
Tm). The choice of these lanthanide ions is important, as it endows the nanoparticles with the
capacity to undergo upconversion and downshifting, two optical processes that allow for visible
and near-infrared emission upon near-infrared excitation. The approach described here focuses on
the precursor chemistry to control the size, the crystalline phase, and therewith the optical
properties of NaGdF4:Yb3*(20%),Er3*(2%) nanoparticles. Furthermore, the precursor-dependent
growth mechanism was investigated as a function of the microwave-assisted reaction temperature
and time. Upconverting nanoparticles are well known for their long photoluminescent lifetime and
as such, are often used to transfer energy to energy acceptor-like fluorescence dyes and other
nanomaterials. Little work has been done on a hybrid system made of upconverting nanoparticles
and inorganic lanthanide complexes. To address this, the second part of the work presented here
describes a straightforward method to prepare a hybrid system containing
NaGdF4:Yb3*(20%), Tm3*(0.5%) nanoparticles and either [Tbz(bpm)(tfaa’)s] or [Euz(bpm)(tfaa’)e]
complexes. The optical behavior of the hybrid system was assessed with steady-state and lifetime
analysis. Furthermore, this is the first report of hyperspectral imaging used to characterize energy
transfer process in thin film. The last part of this thesis describes some strategies to modify the
surface of NaGdF4:Yb**(20%),Tm3*(0.5%) nanoparticles, so they become water-dispersible.

Furthermore, the effect of the aqueous solvents on the photoluminescence is also described.



Table of Content

N o1 1= Tod OSSPSR ii
TADIE OF CONLENT ... bbbt bbbt b e r e ne e 1\
LISE OF FIQUIES ...ttt e st et e et e et et e e st e s reesteeneeaneesreeneeaneenreas viii
LISE OF TADIES ...ttt bbbttt bbb bbb e e XXI
F N o] o] £ T A o] SRRSO P PR S XXii
(000 011 1o 1U1 £ ] SRR PSSR XXIV
ACKNOWIBAGMENTS. ... sb et XXVi
I [T [N Tox (o] o RSSO P NPT P PR TRPRRN 1
1.1 Optical behavior of lanthanide-based materials..............cccooceiieiiiic i 1
1.1.1 Theory of lanthanide trivalent cation (Ln**) photoluminescence (PL)........ccccccccevvun.. 1
1.1.2 Energy transfer (ET) thEOIY ....c..oiiieee e 6

1.2 Lanthanide-based NANOPAItICIES. ..o s 8
1.2.1 Choice of the crystalline host material..............c.ccooiieiiiiiii e 8
1.2.2 Biomedical applications of lanthanide-based nanoparticles.............cccoccevvveiieiernennn. 10

1.3 Conventional synthesis approaches toward lanthanide-based nanoparticles...................... 11
1.4 Microwave-assisted synthesis of lanthanide-based nanoparticles...........ccccooveiiiiininnnnns 14
1.5 Hyperspectral IMAGING ........couiirieiiieie ittt sb e eneas 16

2 ODJECTIVES ...ttt bbbtk h et b e bbbt b ettt b bbb re s 18
S EXPEIMENTAL .....cciiiiiicee ettt e e e e e e e e e be e reeara e 19



L CBIMUCAIS . ..ottt e ettt e e e e e e et tae e e e e e e ————aaaeaaaaaa 19

3.2 Microwave-assisted synthesis of lanthanide-based nanoparticles............ccocevvveiveveinnnen. 20
3.2 L [LN(TRA)S] FOULE ...ttt bbbt 20
3.2.2 [LN(OA)Z] TOULE ...ttt bbbttt 23
3.2.3 [LN(AC)Z] TOULE... vttt bbbttt b e 24

3.2.4 Growth of a NaGdF4 shell on NaLnF4 nanoparticles using [Ln(TFA)s] as precursors 25

3.3 Combining lanthanide-based complexes and upconverting into a hybrid system.............. 26
3.3.1 Amalgamation of UCNPs and Ln-based complexes into hybrid systems film ........... 26
3.3.2 Preparation of the hybrid system in SOIUTION ..........coeoeiiiiiiiii 26

3.4 .SUrface MOAITICATION ......oviiiiiieii e e 27
3.4.1 Oleate (OA") ligand remoVal............cccoiveiiiiieiic e 27
3.4.2 SHANIZALION ...ttt 27
3.4.3 Polyacrylic acid (PAA) surface functionalization ...............ccccooveveiieiecie e, 27
3.4.4 a-NH2-0-COOH-Polyethylene glycol (PEG) surface functionalization ..................... 28

3.5 Characterization tEChNIQUES ..........eiiiiiiiie e 28
3.5.1 Crystalline phase and Morphology..........coeoiiiiiiiiiieee e 28
R @ o] [or= o] (0] 1<) (- PSSP 29
3.5.3 Other characterization teChNIQUES..........ceoiiiiiiececce e 31

4 Microwave-assisted synthesis of NaLnFs-based nanoparticles.............ccccooeiininiiiinicnn, 32

4.1 The importance of Precursor ChEMISIIY ..o 32



I I T AN Y IR0 (SRS 32

4.1.2 The [LN(OA)3Z] TOULE ...cvevvverisieiesieieieee ettt sttt ese e ssenessene s 35
4.1.3 [LN(AC)Z] FOULE. ...ttt 36
4.1.4 Tailoring nanoparticle size and crystal phase through precursor chemistry................ 37

4.1.5 Optical properties of NaGdF4:Yb**(20%),Er®*(2%) nanoparticles obtained from

[Ln(TFA)3], [LN(OA)3], @Nd [LN(AC)E] «eerereereeeieeririeneeieseeieesiee e e sesie e sesie s ssene e senes 40
4.2 Phase formation and nanoparticle growth in microwave-assisted synthesis....................... 44
4.2.1 Effect of the reaction tiMe..........ccoooiiiiiiciiiee s 44
4.2.2 Optical properties of nanoparticles obtained at different reaction times. .................... 49
4.2.3 Effect Of reaction teMPEratUre ..........cccooiiiiiiieieie e 50
4.2.4 Optical properties of nanoparticles obtained at different reaction temperatures ......... 52
4.3 Photoluminescence enhancement by NaGdF4 shell growth ..., 53
4.4 Chapter CONCIUSION. ......ccuiiiiiiccie ettt et e e b e e beanaesreesreenee e 58

5 Combining upconverting nanoparticles with lanthanide-based complexes into a hybrid system

5.1 Background and aim of the study on the hybrid SyStem ... 60

5.2 Optical and crystalline properties of upconverting nanoparticles and lanthanide-based

COMIPIEXES ...ttt b bbbt b e st b bbbt b e e bt et et et b e bbb ens 61
5.2.1 Characterization of the upconverting nanoparticles and [Th2] and [Euz] .................... 61
5.2.2 Formation of the hybrid SYStEMS..........cccviiiiii e 62

Vi



5.3 Optical behavior of the hybrid SYStEMS ........ccocoviiiiiee e 66

5.3.1 Optical CharaCterization ............c.ccveiieiiieieeie e re e 66
5.3.2 Energy transfer MeChaniSM..........cooiiiiii e 68

5.3 Spatial distribution of the spectral features-hyperspectral imaging...........cccoceeerervrenennn. 74
5.4 Chapter CONCIUSTON. .....c..oiuiiiiiiti ittt 77

6 Surface modification of NaLnFs-based upconverting nanoparticles..........c.ccooevereneieiinnnnnns 79
6.1 A requirement for biomedical applications.............cccveviiieiicic i 79
6.2 SUIface MOITICALION ........oieiiiiieieicee e 80
6.2.1 SHANIZATION ...ttt ne e b 80
6.2.2 Ligand exchange WIith PAA ... 81
6.2.3 Ligand exchange with a-NH2- @-COOH-PEG............cccooiiiiiiie 82

6.3 Chapter CONCIUSION.........eeiiiieiecie ettt e ste e re e beeaesneenas 83

T CONCIUSTON ...tttk b bbb bbbttt e bt bt e et b e 85
8 AANINEX ..t E R Rt R e R R bt b n e ns 87

8.1 Effect of the microwave conditions on crystalline phase, size and PL behavior of

8.2 Effect of reaction time and temperature on crystalline phase, size, and

PROTOTUMINESCENCE. ...ttt bbbttt b e bbb e enes 88
8.3 Effect of the mass ratio between UCNPs and [Thz] on film morphology ...................... 89
8.4 Effect of the UCNP and [Th2] concentration on film morphology..........ccccocerveninnnnne 93

vii



8.5 Additional hyperspectral imaging of the UCNPs + [Th2] hybrid system....................... 94

R BT EIEINCES ...ttt e et e ettt e e e e e e e e e ettt ee e e e e e e et eee e e e e e ae——————aaas 95

List of Figures

Figure 1. Dieke diagram for trivalent lanthanide (Ln®*) ions in LaFs. Reprinted with permission
from Springer Nature Customer Service Centre GmbH: Springer Nature Physics of Light Emission
from Rare-Earth Doped Phosphors by R. Withnall and J. Silver [COPYRIGHT] (2019).23 ......... 2
Figure 2. Schematic representation of UC processes: a) excited state absorption (ESA), b) energy
transfer upconversion (ETU), c¢) cooperative upconversion CUC), d) photon avalanche (PA), and
e) energy migration upconversion (EMU). E; (i=1,2,3) represents an excited state. GSA stands for
ground state absorption. Line colors are not indicative of wavelengths. Reprinted from Analytica
Chimica Acta, 832, MV DaCosta, S Doughan, Y Han, UJ Krull, Lanthanide upconversion
nanoparticles and applications in bioassays and bioimaging: A review, 1-33, Copyright
(2019), with permission from EISEVIEr. 18 ..........c..c.coiviiieiececee e 3
Figure 3. UC and DS as found for Er¥*/Yb?" pair under NIR (980 nm) excitation. a) Energy scheme
of the UC and DS processes. Excitation and emission processes (solid upward and downward
arrows), non-radiative processes (solid downward wavy arrows), ET mechanisms within each
moiety (dotted arrows). Characteristic b) visible (upconverted) and c) NIR (downshifted) emission
spectra for the YD /Er3* 10N PAIL. ......ccvceeececeececeece ettt 5
Figure 4. Common ET mechanisms between donor and acceptor moieties: a) Dexter mechanism,
b) FRET mechanism, and c) emission and re-adsorption, resulting in d) relaxation of the donor and

EXCITAtION OF TN ACCEPIOT. ....cvvieiieeite et b et 7

viii



Figure 5. Schematic of the two crystalline phases of NaLnF4. a) the hexagonal lattice b) the cubic
lattice. The hexagonal phase has two types of sublattice sites: one for Na* and one for Ln®*. The
coordination number around the Ln®" ions is 9. In the cubic phase, there is one type of sublattice
site. Na* and Ln®" are randomly distributed across the sublattice, and they have the same
coordination number, 8. Redrawn from reference 5. ...........coccveerieieiceeece e, 9
Figure 6. Absorption spectrum of human skin. NIR-I corresponds to the 700-950 nm spectral
region, NIR-II to 1000-1350 nm, and NIR-III to 1550-1870 nm.% Reprinted from Ref ¢ with
permission from The Royal Society of Chemistry. .........ccccoeiieiiiiiiiic e 10
Figure 7. The mechanisms behind the heating caused by microwave irradiation: a) Dipolar
polarization with water as example and b) ionic conduction. Redrawn from Ref®” with permission
from The Royal Society 0f ChemiStry. ........cccocoiiiiii i 14
Figure 8. Analysis of B-NaGdF4:Yb%*(20%),Er3*(2%)/NaGdF4 (core/shell) NPs distribution in a
zebra fish embryo. a) Micrograph of the fish head. b) Region of interest (ROI) for hyperspectral
mapping. Spectral maps over the ROI for the upconverted green (550 nm) and red (650 nm)
emission under NIR excitation. Courtesy of Dr. Emille M. Rodrigues. Scale bars are 100 um for
the micrographs and 20 pum for the spectral Maps. .........cccooveeiicce e 17
Figure 9. General scheme of the microwave-assisted synthesis of a- and B-NaLnF4 NPs regardless
Of the precursor EMPIOYEM. .......c..oiiiii e 21
Figure 10. Reaction scheme for a) the preparation of [Ln(TFA)3] from Ln2O3 as well as the
microwave-assisted synthesis of b) a-NaLnFs NPs and c) B-NaLnFs NPs from [Ln(TFA)z]. MW
SEANAS TOF MICTOWAVE. ...ttt bbbt b e 22
Figure 11. Reaction scheme for a) the preparation of [Ln(OA)3] from [Ln(Cl)3] as well as b) the

microwave-assisted synthesis of B-NaLnF4 NPs from [Ln(OA)sz]. MW stands for microwave... 23



Figure 12. Scheme for the chemical equation for the microwave-synthesis of B-NaL.nFs NPs from
[LN(AC)3]. MW Stands fOr MICIOWAVE. ........cueieiiieiiesiesie sttt 24
Figure 13. a) TEM image and b) corresponding size distribution of a-NaGdF4:Yb®" Er®* NPs made
from [Ln(TFA)s] precursors. ¢) Associated XRD pattern of the a-NaGdF4:Yb%* Er®* NPs. d) TEM
image and e) corresponding size distribution of f-NaGdF4:Yb** ,Er®* NPs made from [Ln(TFA)s]
precursors. f) Associated XRD pattern of the p-NaGdF4:Yb®*,Er®* NPs. Scale bars are 20 nm.
References: B-NaGdFs (PDF#: 01-080-8787), a-NaGdF4 (PDF#: 00-027-0697). ......cccccvvevnene 32
Figure 14. Effect of precursor concentration and Na*-to-Ln** ion ratio on phase formation: a)
Using a too high Ln®" ion concentration (0.1250 mol/L versus 0.0625 mol/L) in combination with
a 3:1 Na*-to-Ln®" ion ratio resulted in the formation of a phase mixture. b) Using a Na*-to-Ln%*
ion ratio of only 2:1 (versus 3:1) led to the formation of 0a-NaGdF; in addition to B-NaGdF4 (Ln®*
ion concentration: 0.0625 mol/L). References: a-NaGdFs (PDF#: 00-027-0697, light grey lines),
B-NaGdFs (PDF#: 01-080-8787, black lines). Reflections at 39° due to NaF were removed for
(01 12T TP TSRS TOR PP PRSP 34
Figure 15. a) TEM image and b) corresponding size distribution of B-NaGdF4:Yb®" Er®* NPs made
from [Ln(OA)s] precursors. ¢) Associated XRD pattern of the B-NaGdFs:Yb®" Er¥* NPs.
Reference: B-NaGdF4 (PDF#: 01-080-8787). Scale bar iS 20 NM. .....ccoevviieeieeiecie e 35
Figure 16. a) TEM image and b) corresponding size distribution of B-NaGdFa4:Yb®",Er®* NPs made
from [Ln(Ac)s] precursors. ¢) Associated XRD pattern of the -NaGdF4:Yb®" Er®* NPs. Reference:
B-NaGdF4 (PDF#: 01-080-8787). Scale bar 1S 20 NM........cooieiieiiiieiieeeee e 37
Figure 17. TGA profiles of each of the Ln*" precursors, as well as sodium sources used in the

microwave-assisted thermal deCOMPOSITION. ..........coiiiiiiiiiiie s 38



Figure 18. Pressure profiles showing the time-dependent pressure evolution during the
microwave-assisted synthesis of cubic (light blue line) and hexagonal (dark blue, green, yellow
lines) NaGdF4:Yb3* Er** NPs using [Ln(TFA)s], [Ln(OA)s], and [Ln(Ac)s] as precursors. Herein,
given pressure values constitute the pressure that was sensed on the Teflon cap placed on the
microwave reaction vessel. The sizes of the NPs are included for clarity.............cccooevviieinennns 39
Figure 19. a) UC-based visible and b) DS-based NIR emission spectra of J-
NaGdF4:Yb3*(20%),Er**(2%) NPs synthesized from [Ln(TFA)s], [Ln(OA)s], and [Ln(Ac)s]
precursors. c) UC-based visible and d) DS-based NIR emission spectra of the a-
NaGdF4:Yb3*(20%),Er**(2%) NPs synthesized from [Ln(TFA)s] precursors. All spectra were
obtained under 980-nm laser excitation (P = 150 mW). Note that the spectra obtained for the cubic-
phase and the hexagonal-phase NPs are not comparable in terms of absolute upconversion as well
as NIR PL due to the different exposure times used. Comparisons between PL are shown in Table
ST 0N PAGE 2. ..ot nnr e nrreeans 41
Figure 20. a) Excitation power-dependent upconversion spectra and b) integrated 2Hiiz = *lissz,
%Sz = s, and “Fep — “lisp Er** intensity versus 980-nm excitation power for pB-
NaGdF.:Yb** Er¥* NPs synthesized using [Ln(TFA)s], [Ln(OA)s], and [Ln(Ac)s] and a-
NaGdF4:Yb3*(20%),Er3*(2%) NPs synthesized using [LN(TFA)3]. ...cvvivvvirieeeeeeeeeeeeseenes 42
Figure 21. Decay curves of the a) *Ssz = “li52 (540 nm) and b) *Foz = *lis2 (668 nm) Er®*
transitions for a- and PB-NaGdF:Yb**(20%),Er¥*(2%) NPs synthesized using [Ln(TFA)s],
[Ln(OA)z], and [Ln(Ac)s] as precursors. All decay curves were obtained under 980-nm pulsed
TSEI EXCITALION. ...ttt b bbbttt et e et b b b 43
Figure 22. Influence of the reaction time on NP formation. TEM images of NPs obtained from a)

[Ln(TFA)s] and b) [Ln(OA)z3] precursors, whereas the microwave-assisted heating was terminated

Xi



1's, 1 min, and 10 min after reaching T1 = 260 °C (T2 = 250 °C). Na*-to-Ln*" ion ratios were set
to promote the formation of the hexagonal phase. ¢) Associated XRD patterns of the NPs showing
the range where the main reflections for the hexagonal and cubic phases of NaGdF are expected.
Dashed lines are guides for the eye marking the position of the main reflections of the cubic phase.
References: B-NaGdFs (PDF#: 01-080-8787, black lines), a-NaGdFs (PDF#: 00-027-0697, light
grey lines). Full XRD patters are given in the annexe (Figure S1). Scale bars in TEM images are
P40 1 T TP PRSP PP PR PRPP 46
Figure 23. Influence of the reaction time on mean size and size distribution of B-NaGdF4:Yb** Er*
NPs synthesized using a) [Ln(TFA)s] and b) [Ln(OA)3] as precursors. Reaction times varied
between 1 s and 10 min, as indicated in the figure. Reaction temperature T2: 250 °C. The Na*-to-
Ln®* ion ratio was set aiming for the hexagonal crystalline phase. ...........cccoveevvverrereicrereenennn. 47
Figure 24. Assessment of the crystalline phase formation during the synthesis of f-
NaGdF4:Yb3* Er¥* NPs. XRD patterns are shown for samples obtained using [Ln(TFA)s],
[Ln(OA)3] and [Ln(Ac)s] as precursors. a) The reactions were stopped when reaching a
temperature of 200 °C and a pressure of ca. 1 bar. b) Using [Ln(OA)z] and [Ln(Ac)3] as precursors,
the reactions were kept at 200 °C for 10 min. References: a-NaGdF4 (PDF#: 00-027-0697, light
grey lines), B-NaGdFs (PDF#: 01-080-8787, black 1INES). .....c.coceveiiiiiiiiiisieieeese e 48
Figure 25. Influence of the reaction time on the visible and NIR (inset) photoluminescence upon
980-nm excitation of NPs synthesized using a) [Ln(TFA)z3] and b) [Ln(OA)z] as precursors.

Reaction temperature T,: 250 °C. The Na*-to-Ln®" ion ratio was set to obtain the hexagonal phase.

Figure 26. a) to c): Influence of the reaction temperature on NP formation. TEM images of NPs

obtained at different reaction temperatures (T>) using a) [Ln(TFA)s] and b) [Ln(OA)z] precursors.

xii



c) Associated XRD patterns of the NPs presented. References: B-NaGdFs (PDF#: 01-080-8787,
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XV



triggered upconversion spectra (blue lines) emission spectra of b) [Th.] and d) [Eu] are reported.
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1. Introduction

Lanthanides (Ln) are a group of 15 heavy elements that fall under the qualification “rare earth,” a
series of chemical elements in the periodic table that also includes Y and Sc.! In their trivalent
state, Ln®*, they possess uncommon optical properties, e.g., upconversion (UC).? Based on their
optical properties, there is a large range of applications, ranging from the security sector to laser-
generating crystals.>* This diverse portfolio has resulted in numerous studies on the preparation of
Ln-based materials. Since the beginning of this millennium, there has been a push for
nanotechnology, which has impacted the Ln-based material field as well. In this context, Ln-based
nanoparticles (NPs) are considered as candidates for various applications, such as photocatalysis,
optoelectronics, optogenetics and bioimaging.>® Thus, the development and improvement of fast
and reliable synthesis strategies for luminescent Ln-based NPs remains an ongoing research topic.
It is achievable by understanding the fundamental chemistry process that takes place during the
synthesis. Furthermore, implementing Ln-based NPs in optoelectronics or as bioprobes is a
currently very active research field. In this context, focus is set, for instance, on energy transfer
(ET) between the NPs — acting as an energy donor — and another moiety acting as energy
acceptor.®1° There is a need in that field for a better understanding of the mechanism and the nature

of the ET, so that more efficient devices and bioprobes can be developed.!!

1.1 Optical behavior of lanthanide-based materials

1.1.1 Theory of lanthanide trivalent cation (Ln3*) photoluminescence (PL)
The optical behavior of Ln-based materials, nanoscale or not, is derived from their electronic

transitions within the 4f orbital-based energy levels, which are shown in Figure 1.1?
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Figure 1. Dieke diagram for trivalent lanthanide (Ln**) ions in LaFs. Reprinted with permission from
Springer Nature Customer Service Centre GmbH: Springer Nature Physics of Light Emission from Rare-
Earth Doped Phosphors by R. Withnall and J. Silver [COPYRIGHT] (2019).%3

Upconversion (UC)

f-f transitions are forbidden by the Laporte transition rule, which results in low molar absorptivity
of Ln®* ions.'* Usually, if the Ln®" ion is placed in a low-symmetry environment (like doping in
an asymmetric crystal), the Laporte selection rule can be bypassed.'® Furthermore, these ions
usually exhibit long photoluminescent lifetimes, large Stokes / anti-Stokes shifts, and multiple
narrow excitation and emission bands.'® Unlike fluorescent dyes and quantum dot, they do not

photobleach or photoblink.!” Depending on which Ln®* ions are doped into the suitable crystalline



host; it is possible to observe photoluminescence from at least one of the following optical

phenomena: upconversion (UC) and downshifting (DS).%8

UC was first proposed by Bloembergen in 1959 and experimentally demonstrated in 1966 by
Auzel using the Yb*/Er®* ion dopant system.’®? The UC process is commonly defined as a
nonlinear optical process that converts multiple lower-energy photons into a single higher-energy
photon. There are various mechanisms behind the UC process: excited state absorption (ESA),
energy transfer upconversion (ETU), cooperative upconversion (CUG), photon avalanche (PA)

and energy migration upconversion (EMU), as seen in Figure 2,161
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Figure 2. Schematic representation of UC processes: a) excited state absorption (ESA), b) energy transfer
upconversion (ETU), c) cooperative upconversion CUC), d) photon avalanche (PA), and e) energy
migration upconversion (EMU). E; (i=1,2,3) represents an excited state. GSA stands for ground state
absorption. Line colors are not indicative of wavelengths. Reprinted from Analytica Chimica Acta, 832,
MV DaCosta, S Doughan, Y Han, UJ Krull, Lanthanide upconversion nanoparticles and applications
in bioassays and bioimaging: A review, 1-33, Copyright (2019), with permission from Elsevier.1®



ETU is often assumed to be the main mechanism responsible for the observed upconversion in Ln-
based materials. In short, in this mechanism, a so-called sensitizer specie absorbs the excitation
light and then transfers the energy to a so-called activator specie through a resonant (i.e., non-
radiative) process. If multiple energy transfer (ET) steps take place sequentially before the
activator’s radiative relaxation, then UC emission shall be observed. Yb®* ions are chosen as
sensitizers, due to their capacity to absorb near-infrared (NIR) light of around 980 nm, while Er®*
acts as the activator. Following absorption of a NIR photon, the promotion of Yb®* from its ground
level (3F71) to its sole excited level %Fs), takes place (Figure 3a).2* If Er** is in close enough
proximity to the excited Yb%*, it receives energy from the Yb®* through resonant energy transfer,
which causes excitation of the Er®* from its ground level (*lisr) to its 1112 excited energy level.
Subsequently, following the absorption of a second NIR photon by the same Yb** ion, energy is
supplied again to the already excited Er3* ion. The result is the promotion of the electrons to the
higher “Fz2 Er®* energy level. Afterward, non-radiative relaxation can occur to either the ?Hiz,
4Sar2 Or *Far2 Er¥* levels. The f-f transitions 2Huwz = *lisi2, “Sai2 = *lisiz, *Forz = *lisp2 are responsible
for the visible emission at 520 nm, 550 nm and 650 nm, respectively (Figure 3b). Alternativity,
another ET from an excited Yb3*ion to the twice-excited Er®*, can occur, resulting in electron
promotion to the Er®* 2Hgy, level. The subsequent f-f transition 2Hi12 = *l1s/2 is responsible for the
— typically weak — emission around 410 nm.'??2 Strictly speaking, Er®* is capable of self-
upconversion upon excitation with 980 nm, but this process is rather inefficient due to the ion’s
small absorption cross section, roughly 2.5-102° cm2.1223 Yp®* has an absorption cross section of
25-10"2° ¢cm2.2 Thus, co-doping with Yb®* is a common strategy to enhance photoluminescence,

leading to the ETU prevalence.?? Other often used activators are Tm®* and Ho®*.?*
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As Ln* photoluminescence is dependent on f-f transitions, changing the activator will immensely
affect the emission spectra, based on the Ln®*"-specific energy scheme (Figure 1). The here
described upconversion process also happens in nanoscale materials. NPs capable of upconversion

are often referred as upconverting nanoparticles (UCNPS).
Downshifting (DS)

DS is a more classical (Stokes-shifted optical process, which corresponds to the absorption of one
higher energy photon and the subsequent emission of one lower energy photon. It is observed in
single ion system (e.g., Eu®* under UV excitation, Nd** under 808 nm excitation, Er®* under 1550
nm excitation) and in co-doped systems (e.g., Yb**/Er®* under 980 nm, Figure 3a and Figure 3c).%>"
28 In the latter, under NIR excitation, resonant energy transfer will occur from the Yb3%* excited

state to the Er®* 4111, excited state. Subsequently, non-radiative relaxation takes place from the



*l112 to the *l132 levels of Er**. The subsequent f-f transition *l1z2—*l1s2 will occur afterward,

which results in an emission centered at 1520 nm, falling in the NIR spectral region (Figure 3c).?®

As mentioned above, the f-f transitions responsible for Ln®*-based photoluminescence are
forbidden by the Laporte selection rule. Consequently, to enhance the brightness of UCNPs, or
Ln-based NPs in general, a few criteria must be met: i) the Ln®*" ions should be in a low-symmetry
environment, ii) the host lattice should have a low phonon energy to reduce phonon-assisted
relaxation, iii) quenching induced by surface defects and solvents must be minimized, and iv) the
molar absorption cross-section should be improved as much as possible.*®3%3! Criteria i) and ii)
are achieved by choosing the proper crystalline host, but this shall be covered in more detail in
section 1.2. Criterium iii) — of particular importance at the nanoscale — is addressed by growing a
protective shell around the NPs to heal the surface and to prevent direct interaction with the solvent
molecules, increasing photoluminescence emission and lifetime.3? It shall be discussed in more
detail in section 1.3. Increasing the amount of sensitizer (e.g., Yb®") is a strategy to meet criterium
iv), but this is a double edge sword. High doping levels of Yb** are known to facilitate surface-
induced quenching, thus potentially nullifying any photoluminescence gain.3® Furthermore, it can

affect the phase purity of the NPs, but this will explain in more details in section 1.2.

1.1.2 Energy transfer (ET) theory

An energy transfer can only occur if a pair of energy donor and acceptor is present. The energy
donor must absorb the light from the excitation source. Once it is in its excited state, it can transfer
the energy to the acceptor.!® There are three possible mechanisms behind the transfer: a) Dexter
energy transfer, b) Forster resonance energy transfer (FRET), and c¢) energy transfer based on
emission/re-absorption (Figure 4a-c). Dexter energy transfer is based on electron exchange

between the excited donor and the acceptor in its ground state (Figure 4a).3*%
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Figure 4. Common ET mechanisms between donor and acceptor moieties: a) Dexter mechanism, b) FRET
mechanism, and ¢) emission and re-adsorption, resulting in d) relaxation of the donor and excitation of the
acceptor.

FRET is based on dipole-dipole interaction between the excited donor and the ground state
acceptor (Figure 4b).53" These two pathways are non-radiative (resonant) and thus will decrease

the donor excited state lifetime of the energy donor.®

Their efficiencies are also extremely distance sensitive, up to a few A (Dexter) or nm (FRET).%6:%
Emission and re-absorption processes are observed when the acceptor absorbs the
photoluminescence generated by the donor. It is a radiative process that does not decrease the
excited state lifetime of the donor and it is less distance sensitive than FRET.*® No matter the
mechanism, the result of the energy transfer is the quenching of the donor emission and the
excitation of the acceptor (Figure 4d). In some cases, the acceptor will emit following the energy
transfer. Non-radiative energy transfers are also happening within UCNPs, where the sensitizer
serves as the energy donor while the activator act as an energy acceptor. UCNPs themselves can

be used as energy donor, with fluorescent dyes, quantum dots and plasmonic NPs.®14-43 Fewer



attention has been paid to energy transfers between Ln-based NPs and Ln-based complexes,

despite the overall potential as sensing agent.*

1.2 Lanthanide-based nanoparticles

1.2.1 Choice of the crystalline host material

As briefly mentioned above, the crystalline host is responsible for the symmetry around the Ln®*
ions. Moreover, its phonon energy has to be taken into account when aiming for bright emitters.*+4°
Thus, selecting the right crystalline host is of great importance when addressing requirements i)
and ii) described on page 11. Various host materials have been used for Ln-based NPs, such as
lanthanide sesquioxide (Ln203), trifluoride (LnF3), sodium tetrafluoride (NaLnFs), phosphate
(LNPQOg4), yttrium aluminum oxide garnet (YAIlsO12), vanadate (LnVOs) and oxysulfide
(Ln20,S).*-51 NaLnF4 offers low symmetry and low phonon energy (around 400 cm™), but it is
also a stable material that won’t completely degrade if dispersed in organic solutions or aqueous
solvent (as for instance LnCls, which has even lower phonon energy around 250 cmt).16:5253 For
these reasons, NaLnF4 was chosen among the crystal hosts listed above as the target for material

synthesis described in this thesis.

Within the NaL.nF4 family, the most used and investigated crystalline hosts for UCNPs are NaYF
and NaGdF4.*+>* These materials crystallize in two different polymorphs: the hexagonal (B) phase

and the cubic (a) phase (Figure 5).%°
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Figure 5. Schematic of the two crystalline phases of NaLnF,. a) the hexagonal lattice b) the cubic lattice.
The hexagonal phase has two types of sublattice sites: one for Na* and one for Ln3*. The coordination
number around the Ln®" ions is 9. In the cubic phase, there is one type of sublattice site. Na* and Ln*" are
randomly distributed across the sublattice, and they have the same coordination number, 8. Redrawn from
reference °°.

The difference between these polymorphs comes from the lattice positions assigned to cations. In
the hexagonal phase, the Na* has two selected sublattice sites, while the Ln** ions only have one
available sublattice site (Figure 5a). With the cubic phase, there are no assigned sublattice sites,
and the Ln®*" and Na* are randomly distributed across the crystal on the cations sites (Figure 5b).%
Since the hexagonal phase offers the lower symmetry among the two polymorphs, it is considered
as the more efficient host material for upconversion processes and, thus, typically preferred for
optical-based applications.’®#* As mentioned in section 1.1, Yb** and Er**, Tm** or Ho** must be
doped into the NaGdF4 to obtain UCNPs. However, these ions, along with Lu**, will push NaGdF4
and NaYF4 toward their cubic phase if present at high doping level. Usually, the doping level of
these ions is around 20% for Yb3*, 2% for Er** and 0.5% for Tm3*.5-%° It is not only based on the
phase purity requirement; it is also optimized to get the highest upconversion photoluminescence.
As mentioned in section 1.1, high Yb** doping level can increase the molar absorption coefficient
of the UCNPs, but due to Yb*" preference for the cubic phase over the hexagonal phase (sought

after for optical application), it is not a suitable strategy for solving this criterium.



Nonetheless, the cubic phase should not be discarded. Undoped NaGdFs NPs are promising
magnetic resonance imaging (MRI) contrast agent.®® Recent publication by the Hemmer group
showed that the undoped a-NaGdFs+ NPs performed better as contrast agent for MRI than the
hexagonal analogue.®® Thus, NaGdFs-based NPs are potential candidates for multifunctional
(optical and magnetic) bioimaging.®* As such, there is a need to develop a rapid and phase-
selective, synthesis routes to upconverting and NIR-emitting NaGdFs:Yb® X3* NPs (X3* =

Er¥*, Tm®).

1.2.2 Biomedical applications of lanthanide-based nanoparticles

The UCNPs described above will emit under NIR (980 nm) excitation and are considered as
candidates for bioimaging and photodynamic therapeutic agents.'®%? The NIR spectral region
extends from 700 nm to 1800 nm and it overlaps with the so-called “biological optical window”,

shown in Figure 6.5
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Figure 6. Absorption spectrum of human skin. NIR-I corresponds to the 700-950 nm spectral region, NIR-
I1to 1000-1350 nm, and NIR-I11 to 1550-1870 nm.®* Reprinted from Ref ¢ with permission from The Royal
Society of Chemistry.

Excitation wavelengths within the NIR-I (700-950 nm) region suffer less scattering and generate

less autofluorescence on biological tissue than visible or UV irradiation.8'® Consequently, it
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penetrates more deeply into (human) biological tissue than visible or UV light. As such, it is
possible to excite UCNPs within a biological tissue.?® To study NaGdF4:Yb%*(20%),X3* (X=Er®*,
Tm?3"), a 980 nm laser is usually employed. However, water can absorb at this wavelength and so
instead, it has been recommended to use a 915 nm laser (with Yb%* as a sensitizer) or a 808 nm
laser (Nd®* as a sensitizer).®>® While the NIR-triggered upconverted visible and UV emission will
not be detectable directly through a thick biological tissue, it has been demonstrated that UCNPs
can be employed in photodynamic therapy.®® Herein, radical species are generated inside
cancerous cells through the activation of a photosensitizer dye grafted on the UCNPs.®® However,
the Ln-based NPs’ NIR emission can be used for imaging in the NIR-1I and NIR-1II1 windows
(Figure 6).5” As such, Ln-based NPs are promising candidates as diagnostic and therapeutic agents
for treating various diseases, like, e.g. cancer. Furthermore, the size of the NPs should remain
small, close to the scale of intracellular features and other biomolecules. Ensuring this size regime
allows the application of NaLnFs NPs in nanomedicine and the assessment of nano-bio-
interactions.3*®87% Many of these applications — in particular in bioassays — are FRET-based
processes using Ln-based NPs as energy donor and an energy acceptor, such as fluorescent dyes

or plasmonic NPs, 0114142

1.3 Conventional synthesis approaches toward lanthanide-based nanoparticles

Some of the most popular synthesis methods for Ln-based NPs include thermal
decomposition, hydrothermal, and precipitation methods.”*~"* Hydrothermal and
precipitation are performed in aqueous solvents, while thermal decomposition approach
requires the use of high boiling point organic solvents and takes place at high temperature

(above 300 °C). Nonetheless, thermal decomposition is usually preferred for the synthesis
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of NaLnF4 NPs, as it offers small NPs with more homogeneous morphology.’* The groups
of Mai and Capobianco were the first to demonstrate the potential and versatility of thermal
decomposition with lanthanide trifluoroacetate precursors ([Ln(TFA)3]).>>"® These
precursors are decomposed in high boiling point organic solvents (e.g., oleic acid, 1-
octadecene, and oleylamine) at a temperature above 300°C under an inert atmosphere (N2
or Ar), which leads to nucleation and growth of the NPs.>>" Typically, experimental
protocols for the thermal decomposition require the dissolution of the precursors in the high
boiling point organic solvents before heating of the reaction mixture to the target
temperature. Alternatively, the precursor solution (in high boiling point organic solvents)
can be added dropwise to a hot mixture of high boiling point solvents. The latter route is
often referred to as hot injection method. Furthermore, thermal decomposition is sometimes
referred to as co-precipitation when [Ln(Cl)s] is used as precursor (not be confused with
precipitations in aqueous solution).”® Thermal decomposition follows the La Mer principle,
which states that to obtain a narrow particle size distribution, the growth process should

only follow after the nucleation process is finished.”’

The thermal decomposition approach can be adapted to grow a protective NaL.nF4-based
shell around the core, resulting in the so-called core/shell architectures. As mentioned in
section 1.2, quenching induced by surface defects and solvents is a major reason for
photoluminescent loss. The protective shell will heal the surface and block the solvent,
which in turn increases the brightness and lifetime.3? A common procedure for shell growth
consists of hot-injecting the shell precursor solution right after the core has been grown
(without any washing steps of the NPs).33 Alternatively, the core-only NPs can be washed,

followed by redispersion in the shell precursor solution and subsequent heat treatment.’®
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Furthermore, it is possible to grow more complex core/shell architecture where different
Ln%* ions are doped into the different layers of the NPs. The growth of multiple shells is a
viable strategy to tune the excitation and emission of the NPs.>"87 At last, it is also possible
to grow shell through the Ostwald ripening in which a mixture of small and large NPs is
mixed heated to high temperature, which has been often reported in the literature.” The
small NPs will dissolve and their content will precipitate on the surface of the large NPs,

forming the shell.8°

Beside [Ln(TFA)3] and [Ln(Cl)3], other precursors have been used to carry out the thermal
decomposition approach. The preparation of [Ln(TFA)z] is time-consuming and expensive
(around 6.4 CAD to make 1 mmol of [Ln(TFA)3], not including energy and equipment).
An example of alternative precursors are lanthanide oleates, [Ln(OA)s], which can be used
to grow UCNPs of both polymorphs in the sub-10 nm range.®%8! Lanthanide acetate,
[Ln(Ac)s], has also been used to synthesize NaLnFs NPs.”®82 This precursor is directly
available from chemical suppliers and is less expensive than its trifluoroacetate counterpart

(1.17 CAD per 1 mmol of Gd(Ac)s - XH20)."

While the versatility of the thermal decomposition route has been more than demonstrated,
it is not a perfect method. It is based on convection heating (heat mantle or oil bath), and it
is a relatively time-consuming approach (a few hours).3%8 Given the interest and demand
in Ln-NPs of controlled morphology, size, and crystalline phase, it is important to fasten

and ease the synthesis of UCNPs and the shell growth process.

i Based on Alfa Aesar price on 2019-01-11
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1.4 Microwave-assisted synthesis of lanthanide-based nanoparticles

The groups of Gedye and Giguere were the first to describe a microwave-assisted synthesis
protocol in 1986, albeit for organic reactions.®*8 The principle behind the non-convectional
heating mechanism applied in this approach is relatively simple: microwaves can interact with the
dipole of a polar molecule (dipole polarization) or the charge on an ionic molecule or ion (ionic
conduction). 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 7a).
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Figure 7. The mechanisms behind the heating caused by microwave irradiation: a) Dipolar polarization
with water as example and b) ionic conduction. Redrawn from Ref®” with permission from The Royal
Society of Chemistry.
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lonic 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 7b).

Generally speaking, the microwave efficiency of a given substance, which is the capacity to
transform microwave energy into heat, is based on a loss factor called tané. In mathematical term,

it corresponds to:
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tand = y (D

where &’ is the dielectric loss (i.e., heat generated by the microwave irradiation) and €’ is the

dielectric constant (i.e., the polarization susceptibility under microwave radiation) of the substance

(e.g., molecule, ion, solvent or solute).888° A tans factor above 0.5 is the threshold for high capacity

microwave solvents.

The versatility of a microwave reactor has been demonstrated throughout the years. It has been
used to synthesize organic and inorganic products. Examples of nanomaterial prepared through
microwave-assisted synthesis include carbon dots, plasmonic NPs, and quantum dots.%°?
Microwave-assisted approaches are expected to shorten the reaction time, suppress certain side
products, improve the homogeneity of the NP size distribution, and batch-to-batch reproducibility,
which are common issues with conventional synthesis.®” As such, it has also attracted interest for
the synthesis of NaLnFs NPs. The first example of microwaved-assisted synthesis of UCNPs was
reported by H.Q-Wang et al., 10 years ago.*® The protocol used [Ln(TFA)s] as precursor, and
yielded 11-nm sized a-NaGdF4:Yb**(20%),Er®*(2%) NPs. Following this publication, Quintanilla
et al. reported a microwave-assisted shell growth procedure for a-NaGdF4:Yb**(20%),Er*(2%)
and a-NaGdF4:Yb**(20%),Tm3*(0.5%) NPs.** In short, the [Ln(TFA)s] precursors were injected
in a microwave vessel after the core step and were microwaved again, resulting in core/shell/shell
UCNPs that were still in the sub-10 nm realm.** However, these examples with [Ln(TFA)s] are
only adapted for the synthesis of a-NaLnFs NPs. Guzzetta et al. achieved the microwave-assisted
synthesis of B-NaGdF4:Yb3"(20%),Er**(2%) NPs in aqueous solvents (water/benzyl alcohol)
within 10 min.% The downside of this approach was the relatively large dimensions (50 nm) of the

UCNPs. On the plus side, they were immediately water-dispersible, which is required for any
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bioapplications.’®%  The  microwave-assisted  synthesis of  sub-10 nm  B-
NaGdF4:Yb**(20%),Er®*(2%) NPs was reported by Amouroux et al. earlier this year.3! Using
[Ln(OA)3] as precursors resulted in small (sub-10 nm) and even ultrasmall (sub 5-nm) B-UCNPs.
The authors highlighted that their approach yielded highly homogeneous NPs in a significantly

shorter time when compared to the thermal decomposition approach.®!

While these are promising results, many of the reported protocols either lack phase-selectivity or
do not offer UCNPs within the sub-10 nm region. The Hemmer group (Liu et al.) reported a phase-
selective microwaved-assisted synthesis of sub-10 nm undoped NaGdFs NPs.>? Yet, similar
control over the crystalline phase and size of upconverting and NIR emitting NaLnFs-based NPs

remained an ongoing topic of research, being addressed in this thesis.

1.5 Hyperspectral imaging

Hyperspectral imaging is an imaging technology developed to record spectral information over a
specific area.?® Originally, it was developed for agricultural, astronomical, and environmental
purposes,®” while it only recently attracted attention as an alternative method for the
characterization for, e.g., nanomaterial distribution in biological samples.®® The main advantage
of hyperspectral imaging over photoluminescence spectroscopy and microscopy is that it combines
spatial distribution (x-and y-axis) with spectral information. A hyperspectral image (or cube)
consists of a 2D spatial map with the photoluminescence or scattering intensity as the z-axis.®"%
While the hyperspectral microscope does not allow to distinguish between two sub-10 nm NPs
spatially due to the Rayleigh constraint, it can monitor their distribution, for instance, within a

polymer matrix, a thin film, human cells or fish embryos (Figure 8).1%0102 Examples of
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hyperspectral imaging with UCNPs in cells and biological tissues have been reported by the groups

of Vetrone and Zvyagin.®"1%

White Light ROI

Figure 8. Analysis of B-NaGdF4:Yb3*(20%),Er*(2%)/NaGdF, (core/shell) NPs distribution in a zebra fish
embryo. a) Micrograph of the fish head. b) Region of interest (ROI) for hyperspectral mapping. Spectral
maps over the ROI for the upconverted green (550 nm) and red (650 nm) emission under NIR excitation.
Courtesy of Dr. Emille M. Rodrigues. Scale bars are 100 um for the micrographs and 20 um for the spectral

maps.
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2 Objectives

As explained in the chapter 1, there have been reports of microwave-assisted synthesis of NaLnFs-

based UCNPs. However, these methods lack phase-selectivity. It is primordial to understand the

growth mechanism in order to predict and to control the size and crystalline phase of the NPs

correctly. Furthermore, the biomedical applications of UCNPs are derived from the optical

properties. As such, it is important to investigate their behavior as an energy donor and as a PL

agent in aqueous conditions.

The specific objectives of this thesis were as follow:

Development of a phase-selective microwave-assisted synthesis route using [Ln(TFA)s]
precursors to obtain cubic- and hexagonal-phase UCNPs. Investigation of the effect of
precursor chemistry on size, crystalline phase, and optical properties by using the
alternative precursors [Ln(OA)z] and [Ln(AC)s]. Study of the growth mechanism of Ln-

NPs derived from the three different precursors (Chapter 4)

Development of a microwave-assisted shell growth procedure using [Ln(TFA)s]

precursors, to enhance the PL of the UCNPs (Chapter 4).

Preparation of a hybrid system containing both UCNPs and Ln-based complexes and
investigations of the mechanism behind the energy transfer in the hybrid system

(Chapter 5).

Implementation of surface modifications on the UCNP surface to render them water-
dispersible and assessment of their optical properties under agueous conditions (Chapter

6).
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3 Experimental

3.1 Chemicals

Gadolinium oxide (Gd203, 99.999%), ytterbium oxide (Yb203, 99.998%), erbium oxide (Er20s,
99.99%), thulium oxide (Tm203, 99.997%), gadolinium chloride (GdCls - 6H20, 99.99%),
ytterbium chloride (YbCls - xH20, 99.9%), erbium chloride (ErCls - xH20, 99.9%), gadolinium
acetate (Gd(CH3CO2)s - xH20, 99.9%), ytterbium acetate (Yb(CH3CO2)s - 4H20, 99.9%), erbium
acetate (Er(CHsCO2)s - xH20, 99.9%), tetraethyl orthosilicate (TEOS, 98%) and potassium
bromide (KBr, 99+%) were purchased from Alfa Aesar. Trifluoroacetic acid (CFsCOOH, TFA,
98%), sodium trifluoroacetate (CFs3COONa, NaTFA, 98%), sodium acetate (CHsCOONa, NaAc,
99%) oleic acid (OA, 90%), oleylamine (OAm, 70%), 1-octadecene (ODE, 90%), IGEPAL CO-
520, polyacrylic acid sodium (PAA, Mw = 1800 g/mol), and ammonium fluoride (NH4F, 98%)
were purchased from Sigma Aldrich. Sodium oleate (CH3(CH2);CH=CH(CH)7COONa, NaOA,
97%) was purchased from Tokyo Chemical Industry. a-NH2-0-COOH-polyethylene glycol (a-
NH2-0-COOH-PEG, Mw = 805 g/mol) was obtained from Polymer Source Inc. Cyclohexane was
purchased from Ward Natural Science. Toluene (99.8%), hydrochloric acid (HCI, 36.5-38%),
ammonium hydroxide (NHsOH, 28-30% NHz), and chloroform (99.9%) were purchased from
Fisher Scientific. Ethanol (99%) and hexane (analytical grade) were purchased from Commercial
Alcohols and Fisher Chemicals, respectively. The lanthanide complexes, [Lnz(bpm)(tfaa)s] ( [Ln2],
Ln= Tb%" or Eu®"), were synthesized by the Murugesu Group at the University of Ottawa using a

published protocol.1 All chemicals were used as received.
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3.2 Microwave-assisted synthesis of lanthanide-based nanoparticles

3.2.1 [Ln(TFA)3] route

For the microwave-assisted decomposition of [Ln(TFA)s] precursors, a modified version of a
previously reported protocol was followed.**** In short, 2.5 mmol of [Ln(TFA)s] precursor were
prepared by dissolving 1.25 mmol of Ln2O3 in 10 mL of a 1:1 trifluoroacetic acid-H>O mixture in
a 50 mL three-neck round-bottom flask.”® For example, the synthesis of
NaGdF4:Yb3*(20%),Er**(2%) NPs requires 0.975 mmol of Gd.O3z (353.4 mg), 0.25 mmol of
Yb203 (98.5 mg), and 0.025 mmol of Er.Os (9.6 mg). The slurry was refluxed under vigorous
stirring at 90-95 °C. After it turned completely clear, it was dried overnight at 60 °C and, if needed,
stored at 4 °C before usage. Subsequently, for the synthesis of a-NaLnFs-based NPs, 2.5 mmol of
NaTFA (346.9 mg, resulting in a 1:1 Na*-to-Ln®* ion ratio) and 20 mL of a 2:1:1 ODE-OA-OAmM
mixture were added to the three-neck flask containing the precursor. Thus, the concentration of
Ln3* was 0.125 mol-L. The solution was degassed at 100 °C for 30 min. A volume of 10 mL of
this solution was transferred into a 35-mL microwave vessel using a dry glass syringe. After
flushing with N2 and sealing with a Teflon cap, the reaction vessel was inserted into a CEM
Discover SP microwave reactor. The NaLnF4 NPs were grown by subjecting the reaction solution
to microwave radiation. Originally, the conditions were i) stirring at room temperature (1 min)
followed by ii) rapid heating to Ty, iii) slow cooling (10 min) to a lower temperature T, and finally
iv) rapid cooling to 50 °C (6 min). For step i), medium speed was used for the stirring, while all
subsequent steps used the slow speed setting of the microwave. T1 was 300 °C while T> was set to

230 °C (Figure 9, microwave conditions are shown in Table 1 on page 26).
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Figure 9. General scheme of the microwave-assisted synthesis of a- and f-NaLnF. NPs regardless of the
precursor employed.

Table 1. Microwave conditions used for the synthesis of core-only Ln-NPs

Precursor Crystalline Na*-to-Ln®* Ln®* Concentration T1 (°C) T2 (°C)
Phase lon Ratio (mol-L?)
[LN(TFA)] a 1:1 0.125 300 230
31 0.0625 260 250
[Ln(OA)3] B 4:1 0.0625 260 250
[Ln(Ac)s] B 3:1 0.0625 260 250

This general procedure was further modified in terms of ion concentration and microwave
conditions to obtain the hexagonal analogue. In brief, 1.25 mmol of [Ln(TFA)3] was prepared as
before. For the synthesis of B-NaGdF4:Yb3*(20%),Er**(2%) NPs, 3.75 mmol of NaTFA (520.4
mg, resulting in a 3:1 Na*-to-Ln®" ion ratio) were added to the flask, along with 20 mL of a 2:1:1
ODE-OA-OAmM mixture. Thus, the concentration of Ln®*" was 0.0625 mol-L. This precursor
solution was degassed at 100 °C under stirring for 30 min. A volume of 10 mL of this solution was
transferred into a 35-mL microwave vessel using a dry glass syringe, flushed with N2, and tightly
sealed before the insertion into the microwave reactor. The conditions were i) stirring at room

temperature (1 min) followed by ii) rapid heating to 100 °C and subsequent static heating (1.5
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min), ii) rapid heating to T1 (5 min), iii) rapid cooling to T2 (15 s) and static heating at T> (10 min),
followed by iv) rapid cooling to 50 °C (6 min). For step i), medium speed was used for the stirring,
while all subsequent steps used the slow speed setting. For the B-NaLnFs-based NPs, the standard
value for T1 and T, were respectively 260 °C and 250 °C (Figure 9, microwave conditions are

shown in Table 1 on page 26). Equations for chemical reactions are shown in Figure 10.

a) e b) 2:1:1 ODE/OA/OAm, 100 °C
TFA= * . [Ln(TFA)S] + NaTFA > (a)
(o) ) r M
1:1 Mw 1) T,forls
F : F vesse| under . NPs
\AEF MW irradiatio:% 2) T2 for 10 min
1) 90 °C, H,0
0.5 Ln,05+ H-TFA _> 2:1:1 ODE/OA/OAm, 100 °C
2)60°C F [Ln(TFA)S] + Na-TFA > B
. MW % 1) T,forls el
vesse| under 2 T, for 10 mi NPs
F [Ln(TFA);] MW irradiation ) 2ror e min

Figure 10. Reaction scheme for a) the preparation of [Ln(TFA)3] from Ln,O3 as well as the microwave-
assisted synthesis of b) a-NaLnF4 NPs and c) B-NaLnF4 NPs from [Ln(TFA)s]. MW stands for microwave.

Irrespective of the microwave conditions employed, the resulting NP dispersion was washed using
the same protocol: the reaction mixture was transferred to a 50-mL centrifuge tube before the
addition of 30 mL of ethanol. The mixture was centrifuged at 8000-10000 RPM for 20 min. After
discarding the supernatant, a yellow oil was sometimes obtained along the pellet of NPs. In those
cases, it was pipetted out and discarded. The NPs were further washed with a 1:3 toluene-acetone
mixture and centrifuged using the same conditions. The NPs were stored in hexane or toluene prior
to characterization. NaF — a potential by-product of the reaction with excess Na*— can be removed
by an additional washing step with water. Therefore, the dry NPs were dispersed in 5 mL of
ethanol. After the addition of 5 mL of H20O, they were subsequently precipitated under the same
centrifugation conditions as described above. A second dispersion and precipitation in 10 mL of

ethanol was carried before storing the NPs in either hexane or toluene.
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3.2.2 [Ln(OA)s] route

The synthesis of lanthanide oleate precursors, [Ln(OA)z], followed an adapted procedure reported
in the literature.®® In brief, 1.25 mmol of [Ln(OA)s] was prepared using 1.25 mmol of [LnCls].
The chlorides were dissolved in a mixture of 6.6 mL of hexane, 3.8 mL of ethanol, and 2.8 mL of
water along with 3.75 mmol (1141.7 mg, giving a 3:1 Na*-to-Ln** ion ratio) of NaOA in a 50-mL
three-neck round-bottom flask (Figure 11a). The solution was refluxed at 70 °C for 2 h under
vigorous stirring. For example, the synthesis of NaGdF4:Yb3*(20%),Er3*(2%) required
0.975 mmol (362.4 mg) of GdCls - 6H20, 0.25 mmol (96.9 mg) of YbCls - xH20, and 0.025 mmol

(9.5 mg) of ErCls - xH20.

a) . b)

1:1 ODE/OA, 100 °C
OA- = W L [Ln{OA);]+NaOA +NH,F » B)
. 1:4:4 1) 100°Cforimin ol
I 2) Tiforls NPs

3) T,for10min

1) 70°C,2.3:1.1:1
hexane/EtOH/H,0 A

T1EtOH/H,0 SN

MW
vessel under
MW irradiation

[Ln(Cl);]+ 3 NaOA

[Ln(OA)s]

Figure 11. Reaction scheme for a) the preparation of [Ln(OA)s] from [Ln(Cl)s] as well as b) the microwave-
assisted synthesis of p-NaLnF4 NPs from [Ln(OA)s]. MW stands for microwave.

Afterward, the organic layer containing the [Ln(OA)z] was washed three times with 4 mL of a 1:1
H20-ethanol mixture in a separatory funnel. Afterward, the solution was poured into a 50-mL
three-neck round-bottom flask along with 10 mL of ODE. The solution was dried at 70 °C under
N2 flux to remove residual hexane solvent. Subsequently, 10 mL of OA was added. For the
synthesis of B-NaLnFs NPs, 5 mmol (1569.3 mg) of NaOA (resulting in a 4:1 Na*-to-Ln*" ion
ratio) were added. The solution was degassed at 100 °C for 30 min. A 10 mL aliquot of this reaction
mixture was transferred into a 35-mL microwave vessel containing 2.5 mmol (94.5 mg) of NH4F,

purged with Np, tightly sealed, and subjected to the microwave radiation (Figure 11b). Like the
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[Ln(TFA)z] pathway, the solution was i) stirred at room temperature (1 min), followed by ii) rapid
heating to 100 °C and subsequent static heating (1.5 min), iii) rapid heating to T1 (10 to 15 min),
iv) rapid cooling down to T2 (15 s), V) static heating at T> (10 min), and vi) rapid cooling to 50 °C
(6 min). For step i), medium speed was used for the stirring, while all subsequent steps used the
slow speed setting. T1 and T values were the same as described with the [Ln(TFA)z], 260 °C, and
250 °C (microwave conditions are shown in Table 1 on page 26). The washing and storing

procedure was as described for the [Ln(TFA)z]-derived NPs.

3.2.3 [Ln(Ac)3] route

The NP synthesis using [Ln(Ac)s] as precursors followed the same protocol as in the case of
[Ln(OA)z]. Therefore, 0.975 mmol (326.02 mg) of Gd(CH3CO»)3 - xH20, 0.25 mmol (105.56 mg)
of Yb(CH3CO»)3 - xH20, and 0.025 mmol (8.61 mg) of Er(CH3CO3)s3 - xH20 were dissolved
together with 3.75 mmol (307.52 mg) of sodium acetate (NaAc, resulting in a 3:1 Na*-to-Ln*" ion
ratio) in 20 mL of a 1:1 OA-ODE mixture and degassed under vacuum at 100 °C for 30 min (Figure
12). A 10 mL aliquot of the reaction mixture was transferred to a 35-ml microwave vessel. The
microwave heating profile (Figure 9, microwave conditions are shown in Table 1 on page 26), NP
precipitation, washing procedure, and storage were as described for the protocol with [Ln(TFA)3]

and [Ln(OA)3] (vide supra).

[Ln(Ac);]+NaAc+NH,F 1:1 ODE/OA, 100 °C
1:3:4 > E)
0 100°C for 1 min L
Ac= vessel under Tl forls NPs
HO MW irradiation T, for 10 min

Figure 12. Scheme for the chemical equation for the microwave-synthesis of f-NaLnFs NPs from
[Ln(Ac)s]. MW stands for microwave.
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3.2.4 Growth of a NaGdF4 shell on NaLnF4 nanoparticles using [Ln(TFA)s] as precursors

The core-only NPs were prepared as described above, from either [Ln(TFA)3], [Ln(OA)3] or
[Ln(Ac)s] precursors. Following their synthesis, the core-only NPs were washed using a 1:3
hexane-to-ethanol (or toluene nonpolar solvent) mixture and centrifuged at 8000 RPM for 20 min.
The pellet was dispersed in 5 mL of hexane, and the resulting suspension was divided into two
equal volumes, with one half being set aside for further washing as described above and kept as a
core-only NP reference to study the effects of the shell growth. The other half was precipitated and
dried before being dispersed in 5 mL of ODE. The NP dispersion was transferred to a 50-mL three-
neck flask containing the dry [Gd(TFA)s] precursor. Subsequently, 1.875 mmol (260.2 mg) of
NaTFA (resulting in a 3:1 Na*-to-Ln®* ion ratio) along with 5 mL of OA were added, and the
mixture was degassed at 100°C for 30 min. The whole 10 mL volume was 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 shell was grown by subjecting the reaction mixture under
constant stirring to the following temperature profile: (i) stirring at room temperature (1 min) (ii)
heating to 230 °C (10 min), (iii) static heating at 230 °C (10 min), and (iv) gradual cooling to 50
°C (6 min), as seen in Table 2. For step i), medium speed was used for the stirring, while all
subsequent steps used the slow speed setting. The washing procedure and storage for the obtained

core/shell NPs were as described above for the core-only NPs.

Table 2. Microwave conditions used for the synthesis of core/shell Ln-NPs

Precursor of  Phase of the Na*-to-Ln®* Ln®* T(°C) Phase of the
Core-only core-only NPs lon Ratio Concentration Core/shell
NPs (mol-L1) NPs
[Ln(TFA)s] p p

® 31 0.0625 230 ®
[Ln(OA)s] B B
[Ln(Ac)s] B p
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3.3 Combining lanthanide-based complexes and upconverting into a hybrid

system

3.3.1 Amalgamation of UCNPs and Ln-based complexes into hybrid systems film

In a typical procedure, 40 mg of a-NaGdF4:Yb**(20%),Tm3*(0.5%) NPs prepared from
[Ln(TFA)s] precursors' were precipitated from toluene or hexane upon addition of acetone and
centrifugation. The UCNPs were then redispersed in a chloroform solution containing 40 mg of
[Ln2(bpm)(tfaa)e]® ([Ln2], Ln=Th*" or Eu*) complexes, resulting in a UCNPs-to-complex mass
ratio of 1:1. The so-prepared dispersion was sonicated for 10 min and diluted to the desired
concentration (40 or 5 mg-mL1). Afterward, 20 pL of the mixed sol was drop-casted on a glass
microscope slide preventively washed with ethanol. The solvent was dried off overnight, obtaining
the correspondent solid-state hybrid system as a combination of UCNPs and [Lnz(bpm)(tfaa)e]

complexes, in the form of a film.

3.3.2 Preparation of the hybrid system in solution

A dispersion of a-NaGdF4:Yb3*(20%),Tm3*(0.5%) NPs with a concentration of 1 mg-mL ™ and a
concentrated (16 mg-mL™1) solution of [Tha(bpm)(tfaa)s] were prepared in chloroform. The
quenching of the NIR-trigger UCNP emission was investigated upon titration of the UCNPs

dispersion with 100 pL-aliquots of the [Th2(bpm)(tfaa)s] solution.

i Note: The NPs were prepared with a T; value of 300 °C and a T, value of 260 °C. This will be discussed in more
details in chapter 4.
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3.4 Surface modification

3.4.1 Oleate (OA") ligand removal

Ligand-free NPs were prepared by dispersing 150 mg of oleate-capped NPs in a 1:1 hexane-HCI
mixture (pH set to 1.5 for the aqueous phase).® * The two-phase mixture was stirred overnight at
room temperature. Subsequently, it was poured into a separatory funnel, and the aqueous phase
containing the NPs was isolated. The NP dispersion was transferred to a 50-mL centrifuge vessel
with 45 mL of acetone and centrifuged for 20 min (10000 RPM). The NPs were stored in 5 mL of

water or ethanol before characterization.

3.4.2 Silanization

The SiO2 growth protocol was adapted from the literature.®® In short, 20 mg of a-
NaGdF4:Yb**(20%), Tm3*(0.5%) NPs'' were dispersed in 6 mL of cyclohexane with 100 L of
IGEPAL CO-520 and stirred vigorously for 10 min in a 25-mL round-bottom flask. Subsequently,
40 pL of IGEPAL CO-520 and 80 pL of NH4OH were poured into the flask, and the mixture was
sonicated for 30 min. Finally, 40 puL of TEOS was added, and the solution was stirred continuously
for 48 h. The SiO-coated UCNPs were precipitated by the addition of 30 mL of acetone and
centrifugation (10000 RPM, 40 min). Afterward, they were washed two times with a 1:1 water-
ethanol mixture and were centrifuged for 20 min at 8000-10000 RPM. The UCNPs were then

stored in 3 mL of water before characterization.

3.4.3 Polyacrylic acid (PAA) surface functionalization
The PAA coating was prepared using an adapted approach from the literature. % In short, 120 mg

of PAA were dispersed in 10 mL of ethanol in a small vial. A 5-mL solution of chloroform

il prepared from [Ln(TFA)s] precursors
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containing 30 mg of 20 mg of a-NaGdF4:Yb%*(20%),Tm3*(0.5%) NPs" were added, and the two-
phase mixture was stirred for 24 h at room temperature. PAA-capped UCNPs were precipitated by
centrifuging at 8000 RPM for 20 min after the addition of 30 mL of acetone. The UCNPs were
further washed using an 8:1 acetone-H>O mixture. The UCNPs were stored in 3 mL water or

ethanol before characterization.

3.4.4 a-NH2-o-COOH-Polyethylene glycol (PEG) surface functionalization

A protocol similar to the one described for PAA was employed for grafting PEG on the surface of
a-NaGdF4:Yb3*(20%), Tm®*(0.5%) NPs.1%1% 20 mg of the UCNPs were dispersed in 1.34 mL of
chloroform, while 50 mg of a-NaGdF4:Yb* (20%), Tm®"(0.5%) NPs"' was dissolved in 6 mL of
ethanol. The two solutions were mixed and stirred at room temperature overnight. They were
washed as described for the PAA-capped UCNPs. The PEG-capped UCNPs were stored in 3 mL

of water or ethanol at 4 °C before characterization.

3.5 Characterization techniques

3.5.1 Crystalline phase and morphology

To determine the crystalline phase of the NPs, powder X-ray diffraction (XRD) analysis was
performed using a Rigaku Ultima IV Diffractometer (Cu Ka, A = 1.5401 A), operating at 44 kV
and 40 mA (step size: 0.02 °, scan speed between 0.15 and 2.5 ° min). NP dispersions were drop-
casted and dried on an amorphous glass substrate before XRD measurement. XRD were acquired
in 20 ° to 60 ° range. The size and morphology of the NPs were obtained by transmission electron

microscopy (TEM) using a FEI Tecnai Spirit microscope operated at 120 kV. NP dispersions were

v Prepared from [Ln(TFA)s] precursors
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diluted by a factor of 10 ([Ln(TFA)s]-derived and core/shell NPs) or 100 ([Ln(Ac)s] and
[Ln(OA)z]-derived NPs). Samples were then dispersed on a Formvar/carbon film supported on a
300-mesh copper TEM grid. The average particle diameters were extracted with ImageJ using the
straight-line option. The morphology of the hybrid system film was investigated using the TEM
as well as a scanning electron microscope (SEM, JEOL JSM-7500F FESEM) operated at 120 kV.
SEM observations were conducted on the hybrid system prepared on a glass slide (as above
described) after gold-sputtering (layer thickness ca. 3 nm) in a vacuum coater (Leica EM ACE200).
Energy dispersive X-ray (EDX) measurements were performed on a Zeiss Gemini SEM 500
equipped with a Bruker EDX detector. Profilometry measurements were performed with a Dektak

profilometer using a stylus with 2 um tip and an applied force of 19.62 mN-m™,

3.5.2 Optical properties

Solid-state emission spectra under UV and NIR excitation and hyperspectral images were
acquired on dried films of NPs on microscopy slides (1 mm thick, Fischer Scientific) using a
custom-built hyperspectral microscope IMA™ (PhotonEtc, Montreal). This optical system
contains a Princeton Instruments SP-2360 monochromator/spectrograph, an inverted Nikon
Eclipse Ti optical microscope, a set of galvanometer mirrors, visible and NIR emission filters, a
Princeton Instruments ProEM EMCCD camera for the visible emission, and a BaySpec Nunavut
deep-cooled InGaAs detector for the detection of the NIR emission. Two excitation sources were
used: a 980-nm (NIR) laser diode and a Nikon IntensiLight halogen lamp (100 W). For this
microscope stage mode, the maximum power density was estimated to be ca. 4-10” mW-cm2 with

a beam diameter of approximately 1.5 um.

NP dispersions in toluene (5 mg-mL™) or water (any concentration) were analyzed with the same

system, using however a 1-cm optical glass cuvette and a 90° configuration to record visible and
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NIR emission. Excitation in the cuvette mode was performed with a 980-nm laser diode focused
on a laser spot with an estimated diameter of no larger than 1 mm. The laser power density was

estimated to be ca. around 100 mW-cm for this recording mode.

Power-dependent studies under NIR excitation were performed either in the cuvette or microscope
stage mode, using a set of neutral density (ND) filters to stepwise reduce the incident laser power.
Power was either measured on the microscope stage in case of solid-state measurement or in front

of the focusing lens in front of the cuvette holder in case of the dispersion measurement.

Optical absorption spectra of the [Lnz] complexes were recorded on a Cary Varian 5000 in the
300-1200 nm range with a scan step of 0.5 nm and a scan speed of 600 nm-min~L. For recording
diffuse reflectance spectra (DRS), an accessory for solid-state measurements was used. Excitation

spectra of the complexes were acquired on a Varian Cary Eclipse spectrofluorometer.

For luminescence lifetime measurements on the hybrid system film (solid-state, presented in
Chapter 5), a 980-nm diode laser in current modulated pulsed mode was used as the radiation
source (CNI Optoelectronics Tech). The beam was focused on the sample and the emission was
gathered with a 40x objective and a beam splitter (Thorlabs, BSS10) in backscattering mode.
Steady-state upconversion spectra were recorded using a halfmeter monochromator (Andor,
Shamrock 500i) equipped with a 1200 lines mm™ grating and CCD detector (Andor, iDus420-
BVF). The decay curves were also recorded with a half-meter monochromator (Andor, Shamrock
500i) equipped with a 1200 lines mm™ grating and a Hamamatsu R928 photomultiplier tube
connected to a 500 MHz digital oscilloscope (LeCroy, WaveRunner LT342). Luminescent lifetime
measurements on the UCNPs dispersion (5 mg-mL™ in toluene, presented in Chapter 3) were
performed on a FLS980 (Edinburg Instruments, UK) spectrometer equipped with a double

emission monochromator, cooled (-20 °C) single-photon counting photomultiplier (Hamamatsu
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R2658P, Japan), and a 1000-mW 980-nm pulsed laser diode MDL-111-980 (CNI, China) with 70
us pulse width and 200-Hz repetition rate. Lifetimes of the “Sa; and *Fgr2 emitting levels were

obtained by integration of the area under the normalized emission decay curves.

3.5.3 Other characterization techniques

Thermogravimetric analysis (TGA) of the [Ln(Ac)s], [Ln(TFA)s], and [Ln(OA)3] precursors were
carried out using a TGA Q500/Discovery under an N2 atmosphere and at a heating rate of
10 °C/min. Surface functionalization was confirmed by Fourier transform infrared (FTIR)
spectroscopy with a Shimadzu FT-IR8400S. Therefore, samples were dispersed in a KBr pellet

before the measurement. Pure KBr was used as a reference.
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4 Microwave-assisted synthesis of NaL.nFs-based nanoparticles

Note: All figures and tables presented in this chapter are reprinted (adapted) with permission from

reference 1% with permission from The Royal Society of Chemistry.

4.1 The importance of precursor chemistry

4.1.1 [Ln(TFA)3] route

While there are microwave-assisted reaction protocols using [Ln(TFA)z] reported in the literature,

to date, these were only suitable for the growth of cubic-phase NPs.3* An exception was published

by the Hemmer group (Liu et al.), where the phase-selective microwave-assisted synthesis of

undoped NaGdFs NPs was achieved through control of the Na*-to-Ln®" ion ratio.>? It was

demonstrated that cubic-phase NPs are obtained when using a 1:1 ion ratio, while the synthesis of

hexagonal-phase NPs requires a 2:1 ion ratio.
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Figure 13. a) TEM image and b) corresponding size distribution of a-NaGdF.:Yb**,Er®* NPs made from
[Ln(TFA)s] precursors. ¢) Associated XRD pattern of the a-NaGdF4:Yb®*" ,Er®* NPs. d) TEM image and e)
corresponding size distribution of B-NaGdF.:Yb*",Er¥* NPs made from [Ln(TFA)s] precursors. f)
Associated XRD pattern of the B-NaGdF.:Yb® ,Er** NPs. Scale bars are 20 nm. References: B-NaGdF.
(PDF#: 01-080-8787), a-NaGdF4 (PDF#: 00-027-0697).
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In analogy, when using a Ln®* concentration of 0.125 mol-L* and a 1:1 Na*-to-Ln®" ion ratio, a-
NaGdF4:Yb**(20%),Er®*(2%) NPs of spherical morphology and with a size of 9.3 + 0.7 nm were
obtained (Figure 13a-b). The crystalline phase was confirmed by XRD analysis (Figure 13c). Such
NPs size is comparable to NP sizes previously reported for cubic-phase NPs by microwave-
assisted methods.>* However, the protocol yielding for undoped p-NaGdF4 NPs was not suitable
to synthesize B-NaGdF NPs doped with Yb®*(20%), and either Er®*, Tm®" or Ho®". Instead, it was
found that decreasing the Ln®* concentration to 0.0625 mol-L™* — while simultaneously increasing
Na*-to-Ln" ion ratio to 3:1 — was necessary to obtain hexagonal-phase Ln3*-doped NPs (vide
infra). [Ln(TFA)s]-derived NPs had a spherical morphology with a narrow size distribution and
an average diameter of 5.4 + 0.4 nm (Figure 13d and 13f). XRD analysis confirmed crystallization
in the hexagonal phase of NaGdF4, while the observed peak broadening is expected for NPs of
such small size (Figure 13e). As mentioned above, the Na*-to-Ln®* ion ratio was a key parameter
for phase-control of undoped small NaGdFs NPs (2:1 for the hexagonal phase, 1:1 for the cubic
phase).>? Here, it is demonstrated that further tuning of the ion ratio and precursor concentration
are required to promote the formation of phase-pure and B-NaGdF4 when doped with Er®* and
Yb?®" at a concentration high enough to endow the NPs with good upconversion capabilities, i.e.,
2 and 20 mol%, respectively. As a result, rapid synthesis of sub-10 nm NaGdF4:Yb**(20%),
Er¥*(2%) NPs in either the cubic (1:1 ion ratio) or hexagonal (3:1 ion ratio) phase became

accessible.

Noteworthy, precursor concentration in the reaction mixture was identified as a phase-influencing
parameter. Aiming for the cubic phase, higher Ln*" concentrations — together with a 1:1 Na*-to-
Ln3* ion ratio — had to be used, namely 0.125 mol-L™ (versus 0.0625 mol-L* when synthesizing

hexagonal-phase NPs). Using such Ln®* concentrations when aiming for hexagonal-phase NPs
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resulted in a phase-mixture that exhibited XRD diffraction peaks of both crystalline phase of
NaGdF. (Figure 14a), even at a Na*-to-Ln®" ion ratio of 3:1. Since the crystalline phase is an
enormous factor of the optical behavior of the NPs (demonstrated in section 4.1.5), such NPs

mixture is of little interest for the pursue of optical-based applications.
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Figure 14. Effect of precursor concentration and Na*-to-Ln%* ion ratio on phase formation: a) Using a too
high Ln%" ion concentration (0.1250 mol/L versus 0.0625 mol/L) in combination with a 3:1 Na*-to-Ln** ion
ratio resulted in the formation of a phase mixture. b) Using a Na*-to-Ln®* ion ratio of only 2:1 (versus 3:1)
led to the formation of a-NaGdF, in addition to B-NaGdFs (Ln*" ion concentration: 0.0625 mol/L).
References: a-NaGdF4 (PDF#: 00-027-0697, light grey lines), B-NaGdF4 (PDF#: 01-080-8787, black lines).
Reflections at 39° due to NaF were removed for clarity.

The preferential formation of the hexagonal phase in the presence of excess Na* ions — using an
appropriate precursor concentration — is in agreement with previous work on the growth
mechanism of NaLnF4 NPs.> It is well-know that the presence of Gd®*" ions in NaLnFs NPs
generally favors the crystallization in their hexagonal phase.>>%® In line with this, it is possible to
obtain undoped NaGdF4 NPs under relatively mild microwave reaction conditions with a 2:1 Na*-
to-Ln®" ion ratio.>? In contrast, when such ion ratio was used to synthesized p-NaGdF4:Yb3" Er¥*
NPs, it yielded a phase mixture despite the Ln®* concentration of 0.625 mol-L™ (Figure 14). Yb%*

and Er** ions belong to the group of Ln3" ions (including Lu*, Tm3" and Ho®*") that prefer to
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crystallize in the cubic phase.>® Therefore, it appears harsher reaction conditions are required to
foster the hexagonal-phase UCNPs. With this in mind, the necessity for an ion ratio of at least 3:1
(Figure 14) to foster the formation of B-NaGdFa4:Yb**,Er®* under microwave conditions can be
ascribed to two important aspects: (i) the effect of the ion ratio itself on phase formation with Na*
in excess favouring the hexagonal phase, and (ii) the enhanced capability of the ion-enriched
reaction mixture to absorb microwave energy (OA/ODE/OAm alone being rather poor microwave

absorbers) providing the system the energy required for crystallization in the hexagonal phase. 318/

4.1.2 The [Ln(OA)3] route

To investigate the influence of the Ln®* and Na* precursor chemistry on the NPs growth, it was
decided to further use [Ln(OA)s] in the developed microwave-assisted protocol. Under reaction
conditions almost identical to those described above for the synthesis of hexagonal-phase NPs
from [Ln(TFA)s] (T1 =260 °C, T, = 250 °C, Ln®*" concentration = 0.0625 mol-L*, Na*-to-Ln** is
4:1), quasi-spherical [Ln(OA)z]-derived NPs with a diameter of 3.2 + 0.3 nm were obtained

(Figures 15a-b). XRD patterns of on the samples confirmed the formation of the hexagonal phase

(Figure 15c).
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Figure 15. a) TEM image and b) corresponding size distribution of B-NaGdF4:Yb®*",Er®* NPs made from
[Ln(OA)s] precursors. ¢) Associated XRD pattern of the B-NaGdF4: Yb** ,Er** NPs. Reference: B-NaGdF.
(PDF#: 01-080-8787). Scale bar is 20 nm.
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These findings on ultrasmall NaGdF4:Yb**,Er¥* NPs are in good agreement with those that were
recently reported by Amouroux et al.®* The authors demonstrated the suitability of [Ln(OA)3] as
precursors — together with NaOH as sodium source — for the microwave-assisted synthesis of
hexagonal UCNPs. They achieved size control at the sub-5 nm realm by increasing the reaction
time to up to 30 min. Alternatively, the classical co-precipitation approach using lanthanide
chloride as precursors is known to result in B-NaGdF4:Yb®* Er®* NPs of comparable sizes in the
2.5-t0-8 nm range as a function of reaction time.8-1% Yet, compared to those previously reported
synthetic routes, the here presented microwave-assisted strategy comes with the advantage of

reduced reaction times (10 min versus up to 100 min).

4.1.3 [Ln(Ac)s] route

To further investigate the influence of the precursor chemistry on NPs growth, we decided to use
[Ln(Ac)3] in the developed microwave-assisted protocol. Under reaction conditions identical to
those described above for the synthesis of hexagonal-phase NPs from [Ln(TFA)sz] (T1 = 260 °C,
T2 =250 °C, Ln*" concentration = 0.0625 mol-L™, Na*-to-Ln** is 3:1), quasi-spherical [Ln(Ac)s]-
derived NPs with a diameter of 3.2 £ 0.3 nm, were obtained (Figures 16a-b). XRD pattern
confirmed the formation of the hexagonal phase (Figure 16c). While [Ln(Ac)s3] has previously
been reported as precursor applied in a microwave-assisted decomposition using a benzyl alcohol/
water mixture yielding B-NaYFa:Ln*" nanorods or a-NaYF4:Ln*" of undefined morphology,®®1%°
the herein developed approach grants access to the sub-5 nm size regime for B-NaGdF4:Yb®* Er®*
NPs. Besides, when aiming for ultrasmall NPs, the use of [Ln(Ac)3] is particularly appealing as
time- and resources-consuming precursor synthesis can be omitted by directly employing

commercially available [Ln(Ac)s] in the microwave process.
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Figure 16. a) TEM image and b) corresponding size distribution of B-NaGdF4:Yb** ,Er®* NPs made from
[Ln(Ac)s] precursors. ¢) Associated XRD pattern of the B-NaGdF.:Yb®* ,Er** NPs. Reference: B-NaGdF
(PDF#: 01-080-8787). Scale bar is 20 nm.

4.1.4 Tailoring nanoparticle size and crystal phase through precursor chemistry

The results described above demonstrate that varying of precursor chemistry is an attractive
alternative to variation of reaction time and temperature when seeking size control of (ultra)small
Ln-based NPs. As such, reaction time as short as possible can be retained, fully profiting from the
major advantages of microwave-assisted strategies when compared to classical thermal
decomposition and co-precipitation processes. With respect to precursor-induced size control, it is
suggested that differences in the thermal stability of the precursors under investigation —
[Ln(TFA)s3] on one side versus [Ln(OA)s] and [Ln(Ac)s] on the other — has a strong impact on the
reaction kinetics of NP formation. Indeed, changes in thermal stability can alter nucleation and NP

growth processes, ultimately determining NPs size.*” In support of this, thermogravimetric

analysis (TGA) of [Ln(TFA)z], [Ln(Ac)s], and [Ln(OA)3] was performed (Figure 17).
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Figure 17. TGA profiles of each of the Ln®* precursors, as well as sodium sources used in the microwave-
assisted thermal decomposition.

The thermal decomposition profiles of the three Ln-precursors showed a first weight loss of up to
10% at temperatures below 200 °C. This was attributed to the removal of residual water and
trifluoracetic acid, while the actual thermal decomposition took place at higher temperatures. TGA
analysis revealed a lower decomposition temperature and sharper decomposition profile for
[Ln(TFA)z] (Figure 17, blue curve), accounting for the larger size of the obtained NPs. The steep
decrease in weight obtained for [Ln(TFA)z3] indicated a decomposition temperature of 320 °C,
which matches well with data reported in the literature.!%!! Meanwhile, an almost identical
decomposition behavior was observed for [Ln(Ac)z] and [Ln(OA)s], and the obtained TGA curves
indicate higher thermal stability when compared to [Ln(TFA)z]. Their decomposition temperature
was found to be shifted towards higher temperatures, namely 380 °C (Figure 17, green and orange
curve).*"112 Moreover, both latter precursors exhibited a second, less pronounced mass loss at
higher temperatures. Based on reported literature, these two weight losses correspond to the

decomposition of the anhydrous precursor to the oxycarbonate, Ln,Os - CO2, as well as the
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formation of the sesquioxide, Ln20s.1*? The decomposition profiles are in line with (i) the
comparable size ranges of NPs derived from [Ln(Ac)z] and [Ln(OA)s], and (ii) their smaller size
in comparison to [Ln(TFA)z]-derived NPs. An additional explanation for the NP size dependence
on the precursors, one should also take into account the presence of the -CF3z groups in [Ln(TFA)z3],
which is absent in the other two precursors. Herein, the stronger electron-withdrawing nature of

the -CF3 moiety can facilitate the release of Ln®" ions and, hence, NP nucleation and growth.!!

Furthermore, a look at the pressure evolution in the microwave vessel during the NP synthesis
(Figure 18) provides further insight into materials formation and growth. As the microwave-
assisted synthesis of NPs takes place in a closed system, an increase in temperature, decomposition
of precursors, and formation of gaseous by-products result in a pressure increase in the microwave

reaction vessel.
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Figure 18. Pressure profiles showing the time-dependent pressure evolution during the microwave-assisted
synthesis of cubic (light blue line) and hexagonal (dark blue, green, yellow lines) NaGdF.:Yb**,Er®* NPs
using [Ln(TFA)s], [Ln(OA)s], and [Ln(Ac)s] as precursors. Herein, given pressure values constitute the

pressure that was sensed on the Teflon cap placed on the microwave reaction vessel. The sizes of the NPs
are included for clarity.
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For all precursors, pressure steeply increased at the beginning of the reaction with increasing
temperature during the first 5 min. This rise in pressure was associated with the beginning of the
precursor decomposition, triggering the formation of the first nuclei. Notably, the pressure profiles
in the case of [Ln(OA)z] and [Ln(Ac)s] were very similar to each other, and the pressure increase
reached its maximum of 1.3 bar within less than 5 min (green and orange line). The pressure
remained unchanged till 7 min — the time point at which the set reaction temperature (T2) was
approached —, followed by a drop to atmospheric pressure (pressure applied to the Teflon cap: 0
bar) for the remaining reaction time. It can be noted that such a pressure profile exhibits a LaMer-
like character, as it does not continuously increase.’”13114 Therefore, it is suggested that the
temperature-induced increase in pressure also reflects a growing precursor decomposition rate,
along with increasing nucleation that, in turn, reached its maximum at maximum pressure.
Meanwhile, for [Ln(TFA)s], the pressure rose continuously during the complete reaction time and
increased to maximum values of 2.8 and 5.3 bar, respectively, before decreasing to atmospheric
pressure upon initialization of the cooling process. Along with these higher-pressure conditions
during the reaction came larger NP sizes of ca. 5.6 and 9.3 nm, respectively (compared to around
3 nm for [Ln(OA)z] and [Ln(Ac)s]). Thus, the pressure profile can be correlated with the resulting

NP size: the higher the pressure reached during the synthesis, the larger was the resulting NP size.

4.1.5 Optical properties of NaGdF4:Yb3®*"(20%),Er3*(2%) nanoparticles obtained from
[Ln(TFA)3], [Ln(OA)z], and [Ln(Ac)s]

Despite their small size and irrespective of the crystalline phase, all prepared NPs showed
upconversion and NIR emission under 980 nm excitation (Figure 19). Characteristic UC emission
peaks in the blue, green and red (visible) spectral regions are ascribed to the 2Hg2 = #1152 (408 nm),

2Hi12 = *l1s2 (520 nm) #Saiz = *l1si2 (550 nm) and *Forz = #1152 (650 nm) Er®* transitions in
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Figure 19. a) UC-based visible and b) DS-based NIR emission spectra of B-NaGdF4:Yb**(20%),Er*(2%)
NPs synthesized from [Ln(TFA)s], [Ln(OA)s], and [Ln(Ac)s] precursors. ¢) UC-based visible and d) DS-
based NIR emission spectra of the a-NaGdF4:Yb%"(20%),Er3*(2%) NPs synthesized from [Ln(TFA)s]
precursors. All spectra were obtained under 980-nm laser excitation (P = 150 mW). Note that the spectra
obtained for the cubic-phase and the hexagonal-phase NPs are not comparable in terms of absolute
upconversion as well as NIR PL due to the different exposure times used. Comparisons between PL are
shown in Table S1 on page 92.

Figure19a and 19¢. The NIR emission centered at 1520 nm stems from the #1132 = *l1s/2 transition

(Figure 19b and 19d).

The green-to-red (G/R) ratio is significantly larger than 1 for all hexagonal phase samples, which
provides further evidence for the hexagonal phase of the host lattice.!'® Based on the determined
particle sizes, it is not surprising that [Ln(TFA)s]-derived NPs (sub-10 nm) showed brighter
upconversion emission when compared to [Ln(OA)s]- and [Ln(Ac)z]-derived ones (sub-5 nm).
The loss in the overall visible emission intensity with decreasing particle size can be ascribed to
surface quenching for the smaller UCNPs. For the NIR emission, [Ln(OA)z]-derived NPs showed
the brightest emission, followed by those obtained from [Ln(TFA)s] and [Ln(Ac)s]. a-

NaGdF4:Yb3*(20%),Er3*(2%) NPs derived from [Ln(TFA)s] exhibited a more prominent red
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Figure 20. a) Excitation power-dependent upconversion spectra and b) integrated 2Hiiz = *lisi2, “Sap =
152, and *Ferp = “*lisz Er® intensity versus 980-nm excitation power for B-NaGdF4Yb®*,Er®* NPs
synthesized using [Ln(TFA)s], [Ln(OA)s], and [Ln(Ac)s] and a-NaGdF:Yb3*(20%),Er¥*(2%) NPs
synthesized using [Ln(TFA)s].

emission (Figure 19a). The resulting G/R ratio smaller than 1 is expected for the higher-symmetry

cubic phase of NaLnF4.*°

The photophysical properties of the UCNPSs, irrespective of the crystalline phase or the precursors
employed, were further analyzed through power-dependent photoluminescence spectroscopy
(Figures 20). As mentioned in the introduction, UC is a nonlinear process in which multiple
photons are absorbed sequentially in order to excite the Ln®" ions. The transition’s photon order
(i.e., the number of photons required to populate the emitting Ln®* energy level) can be extracted
from the slope of a logarithmic plot displaying emission intensity versus excitation power.
Regardless of the precursor or the resulting crystalline phase selected, both the green and the red
Er3* upconversion emissions were found to be 2-photon processes, as expected for the Yb3*/Erd*

upconversion ion pair.

Lifetime values are indicative of the radiative relaxation dynamics present in the photoluminescent

(be it a NP or a molecule).*'® Due to the complex nature of the UC relaxation process in Ln-NPs,
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the lifetime decay curves shown below (Figure 21) do not have a clear single-exponential
character.*"118 The Yb® -to-Er®* energy transfer rate, the lifetime of Er®* intermediate levels, and
the lifetime of the Yb®" excited state (which also plays a role in the upconversion excitation

pathway) may influence the emitting level decay profile.'t’
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Figure 21. Decay curves of the a) Sz = *l152 (540 nm) and b) “Fo2, = *l152 (668 nm) Er®* transitions for
a- and B-NaGdF4:Yb® (20%),Er¥*(2%) NPs synthesized using [Ln(TFA)s], [Ln(OA)s], and [Ln(Ac)s] as
precursors. All decay curves were obtained under 980-nm pulsed laser excitation.

Table 3. Lifetime values and corresponding NP sizes of a- and B-NaGdF4:Yb3*,Er®* core-only synthesized
by the microwave-assisted method

Lifetime (ls)

Core Precursor Crg;tsslgne 1S = 1o Fop = 1o Approx. NP Size
[540 nm] (655 nm] (nm)
[Ln(TFA)3] > G =
[Ln(OA):] B 6 5 —
[Ln(Ac)s] 17 = 30
[Ln(TFA)] a 15 29 9.3

@ weak band.

Moreover, these small UCNPs likely have emission centres occupying sites with different

chemical surroundings and coordination environments (namely at the NP surface and in the NP
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core), resulting in a heterogeneous population of the emitting Ln®*" ions.3? Accounting for this
heterogeneity (reflected in the multi-exponential character of the decay curves), the lifetimes of
the #Ss, and *Fo2 emitting levels of Er** were calculated by integration of the area under the
normalized emission decay curves. The lifetime results (Table 3) confirmed a more pronounced
surface quenching effect for the smaller NPs. The sub-5 nm hexagonal-phase NPs exhibited shorter
lifetimes (16 ps for [Ln(OA)s] and 17 ps for [Ln(Ac)s]) for the *Sz emitting level (540 nm
emission) compared to the larger [Ln(TFA)s]-derived NPs (22 ps). For the *Fo/, emitting level (650
nm emission), the same tendency was observed (for values, refer to Table 3). Overall, the lifetime
values herein found for both the green and red emissions of Er®* were below 50 s, in line with
lifetimes previously reported by Gargas et al. and Wirth et al. for similar-sized small (sub-10 nm)
Yb*/Er¥*-doped UCNPs.*819 The cubic-phase NPs had a longer lifetime for the “Fo2 (29 ps)
emitting level than for the #Ss (15 ps) one (Figure 21). The same trend is observed with the
lifetimes of hexagonal-phase NPs for the *Fo, and “Ssp energy levels, albeit with smaller
differences between the two values (Table 3) that can be attributed to the different crystalline phase
and size. Noteworthy, the relatively low emission intensities both in the visible and NIR regions
for [Ln(Ac)s]-derived NPs when compared to [Ln(OA)z]-derived ones speak for the higher quality

of the nanocrystals in the latter case.

4.2 Phase formation and nanoparticle growth in microwave-assisted synthesis

4.2.1 Effect of the reaction time
The initial formation of a sacrificial cubic phase, which is subsequently transformed into the
hexagonal phase, is a widely accepted mechanism in the conventional co-precipitation and thermal

decomposition process toward NaL.nF4 NPs.2%120 With respect to microwave-assisted routes, Niu
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et al. observed an a — B transformation with prolonged reaction time in an open-vessel microwave
process, ultimately yielding pure B-NaLnFs microdisks.!?! To assess whether a similar phase
transformation would occur in the closed-vessel microwave-assisted approach toward (ultra)small
B-NaGdF4:Yb* Er¥* NPs, we stopped the reaction after a predefined time interval once the
reaction mixture reached its set temperature Ty of 260 °C (T2 was set to 250 °C). These time
intervals were 1 s and 1 min (note that 1 s was not long enough to reach T»; after 1 s, the reaction
mixture was still at T1). After 1 min, T2 was reached. [Ln(TFA)z] and [Ln(OA)z] were chosen as
precursors representing those that give access to sub-10 nm and sub-5 nm NPs, respectively. TEM
images shown in Figure 22 confirmed that NPs of poorly defined morphology were obtained at
the shortest reaction time (rise time to T1 + 1 s) when [Ln(TFA)3] was used as precursor (estimated
NP size: 3.1 + 0.6 nm, Figure 23a). After 1 min at 250 °C, the NPs reached a diameter of 4.5+ 0.6
nm. Further size increase to 5.6 + 0.6 nm was observed after 10 min of microwave irradiation at
250 °C (Note that the size of this batch of NPs was in line with the size of those NPs shown in
Figure 13c (ca. 5.7 nm) as well as the cores (ca. 7 nm) of the core/shell samples discussed further
below), which demonstrates good reproducibility of the established protocol. According to XRD
patterns recorded on these samples (Figure 22c and Figure S1 on page 93), the hexagonal phase is
present from 1 s onwards. Yet, the peak broadening due to the small crystal size made it difficult
to exclude the presence of any minor a-NaGdFs4 content. 3-NaGdFs was observed as the only
crystalline phase after 1 min, and this crystalline phase was retained at longer reaction times.
Similar observations about morphology and crystalline phase were made when employing
[Ln(OA)z] as the precursor (Figure 22b-c, Figure 23b, and Figure S1). By increasing the reaction
time to 1 min, the very small NPs obtained after 1 s (estimated size: 2.6 £ 0.3 nm) grew in diameter

t0 3.0 £ 0.4 nm.
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Figure 22. Influence of the reaction time on NP formation. TEM images of NPs obtained from a)
[Ln(TFA)s] and b) [Ln(OA)s] precursors, whereas the microwave-assisted heating was terminated 1 s,
1 min, and 10 min after reaching T, = 260 °C (T2 = 250 °C). Na*-to-Ln** ion ratios were set to promote the
formation of the hexagonal phase. ¢) Associated XRD patterns of the NPs showing the range where the
main reflections for the hexagonal and cubic phases of NaGdF, are expected. Dashed lines are guides for
the eye marking the position of the main reflections of the cubic phase. References: B-NaGdF4 (PDF#: 01-

080-8787, black lines), a-NaGdF4 (PDF#: 00-027-0697, light grey lines). Full XRD patters are given in the
annexe (Figure S1). Scale bars in TEM images are 20 nm.
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Further prolonging the reaction time induced only minor additional increase in size to 3.2 + 0.3
nm. At the earliest stage of the microwave-assisted decomposition of [Ln(OA)s], the potential
presence of minor amounts of crystalline cubic phase could not be ruled out due to peak
broadening, As seen with [Ln(TFA)s]. According to the results of this time-dependent study, there
was no stage of phase-pure a-NaGdF4:Yb**,Er®* even at the earliest time after reaching T1. Instead,
any possible a — B transformation must have taken place predominantly during the initial heating

stage of the temperature profile prior to reaching Ti.
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Figure 23. Influence of the reaction time on mean size and size distribution of B-NaGdF:Yb3*,Er®* NPs
synthesized using a) [Ln(TFA)s] and b) [Ln(OA)s] as precursors. Reaction times varied between 1 s and
10 min, as indicated in the figure. Reaction temperature T,: 250 °C. The Na*-to-Ln** ion ratio was set
aiming for the hexagonal crystalline phase.

Similar observations were reported for the growth mechanism of larger B-NaGdF4:Ln** nanorods

obtained in a microwave-assisted hydrothermal synthesis using lanthanide nitrate as precursor.*?!

Previous studies using [Ln(Ac)z] as precursor in thermal decomposition processes suggested an in
situ conversion of the [Ln(Ac)s] into [Ln(OA)s] during the degassing step in presence of OA.122123
However, the difference in optical quality observed in (Figure 19a-b) of the obtained NPs derived
from [Ln(Ac)3] and [Ln(OA)s] points towards differences in the chemical conditions during NP
synthesis. This was further supported by the slight differences in the crystalline phase of nuclei
formed at the earliest stage of materials formation when [Ln(OA)s] or [Ln(Ac)s] was used as
precursor. Respective XRD patterns shown in Figure 24a reveal that, at 200 °C, a phase mixture

was obtained from [Ln(OA)s] and [Ln(Ac)s]. The contribution of the hexagonal phase can be
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estimated to be more pronounced for [Ln(Ac)s]-derived NPs (broad peak more shifted towards the
hexagonal reference) than for [Ln(OA)z]-based NPs (broad peak more shifted towards the cubic
reference). This indicates that both precursors, [Ln(OA)s] and [Ln(Ac)s], enable the formation of
the hexagonal crystal phase already at an early stage of the reaction — [Ln(Ac)z] promoting more

the hexagonal phase formation.
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Figure 24. Assessment of the crystalline phase formation during the synthesis of B-NaGdF4:Yb**,Er®* NPs.
XRD patterns are shown for samples obtained using [Ln(TFA)s], [Ln(OA)s] and [Ln(Ac)s] as precursors.
a) The reactions were stopped when reaching a temperature of 200 °C and a pressure of ca. 1 bar. b) Using
[Ln(OA)s] and [Ln(Ac)s] as precursors, the reactions were kept at 200 °C for 10 min. References: a-NaGdFs
(PDF#: 00-027-0697, light grey lines), B-NaGdFs (PDF#: 01-080-8787, black lines).

In the case of [Ln(TFA)s], no crystalline product was obtained at all even if the reaction was
stopped at 230 °C, suggesting that the NPs likely crystallized in their hexagonal phase from the
beginning and did not undergo any noticeable a. = 3 phase transformation. To assess the influence
of the reaction time on the oo — P transformation at low temperature, the reaction time was
prolonged to 10 min using [Ln(Ac)s] and [Ln(OA)3] as precursors. XRD patterns of the obtained
products were like those of NPs obtained immediately after reaching 200 °C, indicating a cubic-
hexagonal phase mixture (Figure 24b). These results provide evidence that the reaction
temperature plays a key role in the o — [ transformation, suggesting a thermodynamically

controlled process. The observed differences in NP growth mechanism and phase formation at an
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early reaction stage for [Ln(TFA)3] versus [Ln(OA)z] and [Ln(Ac)z3] can also be seen in light of
the pressure profiles obtained during the microwave-assisted decomposition of the three precursors
(Figure 18): as indicated by the continuously increasing pressure, the nucleation process was not
completed yet at the early stage of heating in case of [Ln(TFA)z]. Oppositely, a plateau — indicative

of an already started NP growth — was reached in the case of [Ln(OA)3] and [Ln(Ac)3].

Overall, these findings provide evidence that the microwave-assisted synthesis conditions strongly
favour the o = B transformation of ultrasmall NaGdF4 NPs in comparison to conventional routes,
when specific precursor concentration and ratios are selected. Herein, the short reaction time in
which B-NaGdF4:Yb*" Er®* was formed indicates that nucleation and material formation kinetics

are accelerated under solvothermal microwave-assisted conditions.

4.2.2 Optical properties of nanoparticles obtained at different reaction times.

For NPs derived from [Ln(TFA)z], the photoluminescence intensities increased with increasing
reaction time (Figure 25a), whereas the gain in intensity was particularly significant when the
reaction time increased from 1 to 10 min. A similar increase was observed for [Ln(OA)s]-derived
NPs when the reaction time was extended from 1 to 10 min, while no increase was observed
between 1 s and 1 min (Figure 25b). Given the minimal size increase upon prolonging the reaction
time (particularly for [Ln(OA)]s-derived NPs), this enhanced optical performance speaks for the
fact that the NPs were more crystalline and/or contained fewer defects in their crystal structure —

acting as possible photoluminescence quenching centres — after longer reaction times.
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Figure 25. Influence of the reaction time on the visible and NIR (inset) photoluminescence upon 980-nm
excitation of NPs synthesized using a) [Ln(TFA)s] and b) [Ln(OA)s] as precursors. Reaction temperature
To: 250 °C. The Na*-to-Ln*" ion ratio was set to obtain the hexagonal phase.

4.2.3 Effect of reaction temperature

To investigate the potential effects of the reaction temperature on crystalline phase and size, the
reaction temperature T, was reduced or increased by 10 °C to 240 °C and 260 °C, respectively (T:
always being 10 °C higher than T as described in Chapter 3. The reaction time was kept constant
at 10 min and the Na*-to-Ln®" ratio was set to foster the formation of B-NaGdF.:Yb** ,Er¥*. TEM
images and XRD patterns of the NPs obtained from [Ln(TFA)s] and [Ln(OA)s] at 240 °C, 250 °C,
and 260 °C, respectively, are shown in Figure 26. NPs were obtained regardless of the set
temperature, without any apparent change in morphology. Using [Ln(TFA)s] as the precursor, no
clear trend correlating reaction temperature and NP size was found, with NP sizes within the 5.0-
to-5.6 nm realm (Figure 26a and Figure 27a). Similarly, using [Ln(OA)s] as the precursor, size
distributions based on TEM showed little variation between the different thermal reaction
conditions, resulting in sizes ranging from 3.2 + 0.4 nm to 4.0 £ 0.4 nm with increasing reaction

temperature (Figure 27b and Figure 28b). Noteworthy, even at lower temperature, phase-pure -
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Figure 26. a) to c): Influence of the reaction temperature on NP formation. TEM images of NPs obtained
at different reaction temperatures (T2) using a) [Ln(TFA)s] and b) [Ln(OA)s] precursors. ¢) Associated
XRD patterns of the NPs presented. References: -NaGdFs (PDF#: 01-080-8787, black lines), a-NaGdF
(PDF#: 00-027-0697, light grey lines). Dashed lines are guides for the eye marking the position of the main
reflections of the cubic phase. Full XRD patters are given at the ESI (Figure S1). Scale bars are 20 nm.
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Figure 27. Influence of the reaction temperature (T2) on mean size and size distribution of
NaGdF:Yb® Er®* NPs synthesized using a) [Ln(TFA)s] and b) [Ln(OA)s] as precursors. Reaction time:
10 min. The Na*-to-Ln** ion ratio was set aiming for the hexagonal crystalline phase.
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NPs were derived from both precursors (Figure 26c¢). Consequently, the here developed reaction
protocol does not only kinetically but also thermodynamically favors the formation of the
hexagonal phase resulting in a complete a — 3 transformation at temperatures lower and reaction

times shorter than in conventional decomposition processes.

4.2.4 Optical properties of nanoparticles obtained at different reaction temperatures

G/R ratios larger than 1 (Figure 28) for all samples analyzed under the temperature study are in
line with findings by XRD analysis (Figure S1), showing the presence of the hexagonal phase for
all temperature conditions. The photoluminescence spectra further reveal that, for both
[Ln(TFA)3]- and [Ln(OA)z]-derived NPs, an increase in reaction temperature from 240 °C to
250 °C or 260 °C enhanced the overall upconversion PL intensity. Generally speaking, such trend
can be associated with two main aspects: NP size increase and/or the fact that higher temperatures
favor the healing of defects in the NP volume as well as at the NP surface. Given the limited
variation in NP size as a function of temperature (Figure 28), the observed increase in the visible
upconversion emission intensity upon increase of the reaction temperature can likely be ascribed

to improved crystal quality, i.e., healing of defects and better crystallinity (Figures 27¢ and Figure
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Figure 28. Influence of the reaction temperature on the visible and NIR (inset) photoluminescence upon
980-nm excitation of NPs synthesized using a) [Ln(TFA)s] and b) [Ln(OA)s] as precursors. Reaction time
was tp: 10 min. The Na*-to-Ln** ion ratio was set to obtain the hexagonal phase.
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S1). Similarly, for the emission in the NIR spectral region, higher intensities were obtained for
samples prepared at either 250 °C or 260 °C. Yet, overall, the photoluminescence enhancement

upon temperature increase was less dramatic as in case of prolongation of the reaction time.
4.3 Photoluminescence enhancement by NaGdF; shell growth

A major challenge with respect to very small NPs is the reduced photoluminescence intensity due
to their large surface area and therewith related interaction with the environment, e.g., solvent
molecules, as well as surface defects that can act as photoluminescence quenchers. The most
common strategy to circumvent this issue is to grow a protecting shell around the luminescent
core, resulting in core/shell architectures.!811°1%4 The successful shell growth through the
developed microwave-assisted synthesis route is demonstrated in Figure 29. Undoped NaGdF
shells were grown on hexagonal and cubic core-only NPs obtained from each of the studied
precursors. Due to the enhanced efficiency of the [Ln(TFA)3z] precursor in terms of thermal
decomposition and NP formation, [Gd(TFA)z] was used as shell precursor, irrespectively of the
chemical history of the core-NPs. Shells were successfully grown within 10 min of microwave
irradiation at 230 °C, whereas the shell thickness varied as a function of the initial core size. Size
distributions of NPs pre- and post-shell growth are shown in Figure 29a-d revealing shell
thicknesses of approximately 2.5, 2.2, and 1.4 nm around hexagonal-phase core-only NPs derived

from [Ln(TFA)z], [Ln(OA)z], and [Ln(Ac)s], respectively. A shell of 1 nm was grown above the
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Figure 29. a-d) Size distribution of core-only and core/shell NPs: hexagonal-phase cores were grown using
[Ln(TFA)s], [Ln(OA)s] or [Ln(Ac)s] as precursors, cubic-phase NPs were grown using [Ln(TFA)s]
precursors; shells were synthesized using [Ln(TFA)s] as precursor. e-1) Corresponding TEM images of
core-only as well as core/shell NPs. m-p) Associated photoluminescence in the visible and NIR (insets)
spectral regions. Reaction temperatures: 250 °C for core NPs and 230 °C for shell growth. Reaction time:
10 min for core and shell growth each. Scale bars are 50 nm. Comparison between core and core/shell NPs
are shown in Table S1 on page 92.

cubic-phase core-only NPs. Following shell growth, the NPs retained their cubic or hexagonal

crystalline phase (Figure 30) and homogeneous size distribution (Figure 29a-d). As expected, shell
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growth greatly enhanced the photoluminescence intensity in the visible and NIR spectral regions

(Figure 29m-p) of all NPs, irrespective of the precursor or crystalline phase.
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Figure 30. XRD patterns of core/shell NPs. The shells were grown using [Ln(TFA)3] as precursor within
10 min on [Ln(TFA)3]-, [Ln(OA)s]-, and [Ln(Ac)s]-derived NPs. Reference: a-NaGdF4 (PDF#: 00-027-
0697, light grey lines), B-NaGdFs (PDF#: 01-080-8787, black lines). Reflections at 39° due to NaF were
removed for clarity. The reflection at 44° is due to the sample holder.

Indeed, the upconversion emission capability of the NPs was improved to the point that it became
visible to the naked eye under excitation with a simple, hand-hold NIR laser pointer (power:
50 mW, Figure 31). When seeking real-life, optical-based applications, the brightness of the
upconverted emission is one important aspect. In addition, the possibility to trigger emission by
simple means of excitation — i.e., without the need for a sophisticated set-up — can constitute a
further asset. Remarkably, despite their small size — sub-10 nm in case of [Ln(OA):]- and
[Ln(Ac)z]-derived core/shell NPs, sub-15 nm in case of [Ln(TFA)sz]-derived core/shell NPs (Figure
31) — the a-phase sample exhibited orange and all B-phase samples showed green upconversion

emission, visible by naked eye.
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Figure 31. Photographs of a) a-NaGdF4:Yb** Er**/NaGdF, and B-NaGdF.:Yb* Er**/NaGdF. core/shell
NPs made from b) [Ln(Ac)s], ¢) [Ln(TFA)s] and [Ln(OA)s]-based core NPs. All NPs were dispersed in
toluene under excitation with a 980 nm (P = 50 mW) laser pointer. NP concentration was 16 g-L* for cubic-
phase core/shell NPs. For the hexagonal-phase core/shell NPs, the NP concentrations were 25.5 g-L1, 38.0
g-Ltand 16 g-L* for [Ln(OA)3], [Ln(Ac)s] and [Ln(TFA)s]-derived NPs, respectively.

Table 4. Lifetime values, corresponding NP sizes and shell thicknesses of o-and B-NaGdF,:Yb**Er®*
core/shell NPs

Lifetime (us)

Lo ol e A S

[540 nm] [655 nm] (nm) (nm)
[Ln(TFA)] 156 156 118 25
[Ln(OA);] B 103 127 6.8 22
[Ln(A0)] 73 87 5.6 14
[Ln(TFA)s] o 25 43 11.3 1.0

aFor shell growth, [Ln(TFA)s] were used as precursors.
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As expected, dispersions of higher NP concentration were required in the case of the sub-10 nm
UCNPs, while bright emission was obtained from the larger, ca. 11 nm and 12 nm-sized sample,

even at lower concentrations.

As expected, the presence of the shell resulted in the increase of the lifetime for all type of NPs
and both green (*Ss12) and red (*For2) emission (Table 4 and Figure 32), which correlate with the
enhancement of the PL (Figure 29m-p and Figure 31). The improvement can be attributed to the
removal of quenching by surface defects and solvents, which are major nonradiative relaxation
pathways.'?® The corresponding lifetimes of the green emitting level obtained for the largest
[Ln(TFA)z]-based core/shell NPs (156 ps, 11.8 nm with a 2.5-nm shell) were below 200 ps (Table
4 and Figure 32). This is in line with findings by Wrth et al. for similar-sized core/shell NPs (10.5
nm, with a 3.7 nm NaGdF4:Yb**,Er®* core, and 3.4-nm NaYF; shell).1*® Yet, remarkably, these
values were higher than the lifetime reported in the literature for 17-nm core-only
NaGdF4:Yb** Er¥* NPs (74 us).? Thus, despite being small, the developed core/shell NPs have

lifetimes similar to or longer than those of larger core-only NPs of similar elemental composition.
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Figure 32. Decay curves of the a) 453/2 — 4115/2 (540 nm) and b) 4F9/2 — 4115/2 (650 nm) transitions for
core-only and core/shell a- and B-NaGdF4:Yh3+,Er3+ NPs synthesized using [Ln(TFA)3], [Ln(OA)3], and
[Ln(Ac)3] as precursors. All decay curves were obtained under 980-nm pulsed laser excitation.
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This speaks for the efficiency of the employed shelling procedure in passivating the NPs’
surface 32119126 Consequently, the developed microwave-assisted protocol constitutes a rapid

pathway toward small-yet-bright UCNPs.
4.4 Chapter conclusion

A microwave-assisted synthesis method was developed, providing rapid access to small (sub-
10 nm) and ultrasmall (sub-5 nm) upconverting and NIR-emitting NaGdFs NPs doped with 2% of
Er* and 20% of Yb®. Remarkably, using lanthanide trifluoroacetates as precursors, i.e.
[Ln(TFA)z], control over the crystalline phase of the resulting NPs was achieved upon rigorous
adjustment of the reaction conditions, namely temperature, precursor concentration, and Na*-to-
Ln3* ion ratio. This was — to the best of my knowledge — the first example of selective access to
NaGdF4:Yb®* Er¥* NPs in either their cubic (o) or hexagonal (B) crystalline phase by microwave-
assisted decomposition of [Ln(TFA)3], while retaining NPs sizes below 10 nm. B-
NaGdF4:Yb** Er¥* NPs in the 3-nm realm were obtained by choosing lanthanide oleates or acetates
— [Ln(OA)s] or [Ln(Ac)s] — as precursors. Application of the latter commercially available
precursor was found particularly intriguing as making time-consuming precursor synthesis steps
obsolete. The chemical nature of the three precursors used for the NP synthesis was shown to have
strong influence on their thermal decomposition behaviour. This was reflected in altered resulting
pressure in the reaction vessel, which ultimately impacted the NPs size of the final product. XRD
analysis of NPs obtained from [Ln(OA)s] and [Ln(Ac)s] precursors after different reaction times
and at various reaction temperatures provided evidence for a rapid and complete thermodynamic
controlled o — P phase transformation within initial heating stage of the reaction. No direct
evidence for such phase transformation was found when [Ln(TFA)3] was used as precursors,

indicating a growth mechanism that is strongly in favour of the hexagonal phase. The results of
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the study suggest that nucleation and oo = [3 phase transformation is temperature-dependent and as
such, thermodynamically-control processes. Overall, this allowed for short reaction times (10 min)
and relatively low reaction temperatures (250 °C in case of hexagonal, 230°C in case of cubic NPs,
respectively). Despite their small size, all NPs exhibited upconversion and NIR emission, which
was brighter for the larger [Ln(TFA)z]-derived NPs. Importantly, the developed microwave-based
protocol also provides a strategy towards small, yet brightly emitting core/shell NPs, which are

highly sought-after for, e.g. biomedical applications.
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5 Combining upconverting nanoparticles with lanthanide-based
complexes into a hybrid system film

Note: All figures presented in this chapter are reprinted (adapted) with permission from R. Marin, I.
Halimi, D. Errulat, Y. Mazouzi, G. Lucchini, A. Speghini, M. Murugesu and E. Hemmer, ACS Photonics,
2019, 6, 436-445. Copyright (2019) American Chemical Society.

5.1 Background and aim of the study on the hybrid system

As explained in chapter 1, Ln-based upconverting nanoparticles (UCNPS) have been investigated
as energy donor in combination with various energy acceptors, including Ln**-based complexes.®~
11.41-43 The route usually adopted to combine UCNPs and Ln-based complexes requires anchoring
the molecules of the latter to the surface of the former through covalent bonding, using
electrostatically-attached ligand on the surface of UCNPs. As such, it results in material applicable
for sensing purposes.t! In this study, the preparation of an UCNPs+Ln-based complexes hybrid
system detaches from this type of approach. Specifically, a straightforward drop-cast method was
used to prepare an hybrid system starting from a mixed solution of o-
NaGdF4:Yb3*(20%),Tm3"(0.5%) NPs and Ln-based complexes, thus eliminating the need for
surface modification and covalent conjugation with the energy acceptor. The complexes chosen
for this study were the UV-excitable [(Tb)2(bpm)(tfaa’)s] or [(Eu)2(bpm)(tfaa’)s], abbreviated on
the following as [Th2] or [Euz]. This system assembles in [Thz] or [Euz] needle-like crystal
decorated with UCNPs. The optical properties of the so-prepared hybrid system were studied, with
emphases on its light-harvesting capabilities in both the UV and NIR wavelength range. As part
of this study, an investigation on the energy transfer process (ET) between the UCNPs and the

[Ln2] was performed.
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5.2 Optical and crystalline properties of upconverting nanoparticles and

lanthanide-based complexes

5.2.1 Characterization of the upconverting nanoparticles and [Thz] and [Euz]

The a-NaGdF4:Yb®*, Tm** NPs were selected as the energy donor in the hybrid system due to the
good upconverting performance of this host-lattice/dopant combination under NIR excitation.831%7
(Note: the protocol for the synthesis of hexagonal UCNPs was not yet established when this study
was carried out.) The choice of Yb® and Tm®* as the sensitizer and activator pair for the
preparation of UCNPs was dictated by the superior capability of this combination of dopants to
provide high-energy (i.e., blue and UV) upconverted emission compared to other Yb3*/Ln®*" ion
combinations, such as Yb3*/Er®* ion pair described in chapter 4.5%12412" Moreover, it displays a
spectral distribution of the emission lines, particularly favorable for the developed hybrid system
(vide infra). An alternative form of the before described [Ln(TFA)s3] route was used in this study
for the microwave-assisted synthesis of the NPs. In short, 1.25 mmol of [Ln(TFA)s] was prepared
from 0.497 mmol of Gd>Os3 (180.1 mg), 0.125 mmol of Yb.O3z (49.3 mg, 20% doping) and
3.13 pmol of Tm203 (1.2 mg, 0.5% doping). The Ln®*" concentration was 0.125 mol-L™, the Na*-
to-Ln3* ion ratio was set to 1:1, and T1 and T2 were 300 °C (1 s) and 260 °C (10 min), respectively.
This allowed for the straightforward preparation of monodisperse, quasi-spherical UCNPs
crystallized in the cubic phase with an average diameter of 7.3 £ 0.9 nm (Figure 33a-c). The
prepared sub-10 nm UCNPs displayed upconverting emission under 980-nm laser irradiation,
characterized by the presence of a Tm®* emission at 450 nm, 480 nm and 650 nm (Figure 33d).
[Th2] and [Euz] complexes were used in this study (Figure 33e), due to their chemical and optical
stability, which allows for the preparation of robust hybrid systems.%* Their thorough structural

characterization was previously reported in the literature.'?® Both [Th] and [Euz] show optical
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Figure 33. a) TEM image of a-NaGdF.:Yb*(20%) Tm3*(0.5%) NPs. b) Corresponding size distribution,
c) XRD pattern (reference: a-NaGdF. (PDF #00-27-0697)), and d) upconversion spectra under 980-nm
excitation of the UCNPs (due to UC). e) Molecular structure of the [Ln;] complexes along with f)
normalized diffuse reflectance (DRS) and emission spectra of [Th,] (green solid, f-f transitions °Ds to F;,
j=1to 6) and [Eu;] (red solid, f-f transitions °Do to ’Fj, j=1 to 5). Emission spectra were obtained under UV
excitation.

absorption capabilities in the UV-blue wavelength range, enabled by the 2,2-bipyrimidine (bpm)
and 1,1,1-trifluoroacetyl acetonate (tfaa’) ligands. Hence, they feature a visible emission under UV
(390 nm) excitation, which was centered at ca. 540 nm and 612 nm for [Th.] and [Eu2] (Figure

33f).

5.2.2 Formation of the hybrid systems

The hybrid system (solid-state) was formed using a highly concentrated starting mixture
containing a [Ln,] and the UCNPs. The UCNPs-to-[Ln2] mass ratio was set to 1:1 (40 mg-mL*
each). The [Th2] or [Euz] were arranged in a continuous, dense film as demonstrated by optical
microscopy and scanning electron microscopy (SEM) observations (Figure 34). SEM images show

that in both cases, the morphology of this film was characterized by the presence of needle-like
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Figure 34. Micrographs of hybrid systems containing UCNPs and a) [Th;] or b) [Eu:] acquired on an optical
microscope (i, ii, iv, v) and corresponding SEM images (iii, vi) highlight a similar morphology of the two
systems. A continuous distribution of complex molecules across the film (i, ii) or scattered needle-like
crystals (iv, v) are observed at the starting solution’s high and low concentration of UCNPs and complex,
respectively. Scale bars are 20 wm for the micrograph acquired through the optical camera and 10 pm for
the image acquired through SEM. Micrographs are presented in real colors.
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Figure 35. Profilometry scans of the film obtained from a mixture of UCNPs and [Th2] in a 1:1 mass ratio
and a concentration of 40 mg-mL™. They had a thickness of approximately 7 + 2 um as determined from
the scans executed along two orthogonal profiles (i.e., a) — North-to-South, b) — West-to-East).

crystals embedded in a compact matrix overall featuring a relatively homogeneous emission
Figure 34a-iii, Figure 34b-iii). At a concentration of 40 mg-mL™, the thickness of this film was
determined to be approximately 7 + 2 pum utilizing profilometry (Figure 35). Decreasing the
concentration of both complex and UCNPs to 5 mg-mL™, the film became less dense, with the

appearance of more isolated needle-like crystals (Figure 34a-vi, Figure 34b-vi).

These well- defined structures were covered by a much thinner layer of [Tb2] or [Euz] molecules
that did not organize in a distinct morphology. Direct observations of UCNPs in these hybrid

systems via SEM was challenging since the solid-state systems were coated with a gold layer to
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prevent charging phenomena. Although expected to be thin (approximately 3 nm), this layer was
of the same order of magnitude of the UCNPs. Thus, it rendered impossible to discern the location
of the UCNPs. However, direct evidence of the concomitant presence of the moieties was obtained
via EDX analysis performed on a film prepared from a 40 mg-mL™ concentrated dispersion of
UCNPs and [Thz] (Figure 36a). The results confirmed the presence of all the expected elements of
which the UCNPs and [Thz] are composed, with the notable exception of the Tm (due to low
doping level). The EDX profiles obtained along Figure 36b-c of the film showed a homogeneous
distribution of the elements of interest, confirming the continuous and concomitant presence of the

two moieties used to prepare the film.

‘‘‘‘ Tb
Gd
Yb

Na

« [ [T

Au

profile

Spot for
EDX spectrum 0

Intensity (counts)

N 0 200 400 600 800 1000
P05 m Distance (um)

o
]

profile

Intensity (counts)

o

200 400 600 800 1000
Distance (um)

o

Figure 36. a) EDX spectrum recorded from the single spot in b) the UCNPs+[Tb.] hybrid system. The
signal from Tm was not detected due to the low doping concentration (0.5%). The signal from gold coating
(required for SEM imaging) is highlighted with an asterisk. b) and ¢) EDX profile of the film. Scale bars in
the SEM images in b) and c) are 200 um.
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The surface of the UCNPs is capped by OA" ligands, which renders them highly hydrophobic and
dispersible in organic solvent.*?® This OA™ hydrophobic layer is expected to prompt the interaction
with the tfaa” moieties (Figure 33e) of the [Lnz] complexes. TEM analysis of the hybrid system
confirms the presence of [Lnz] needle-like structures wrapped with a UCNPs “blanket” on their
surface (Figure 37a). The validity of this assumption was confirmed by alternatively using UCNPs
without OA" ligands on their surface, i.e., ligand-free UCNPs (Figure 37b, procedure described in
section 3.4.1). Indeed, the absence of hydrophobic ligands on the UCNPSs’ surface hindered the
formation of a film. Instead, ligand-free UCNPs tend to form separate clusters that do not cover
the surface of the substrate evenly, also hindering the growth of [Th;] crystals. In the presence of
the oleate-capped UCNPs, the complex crystals grow over a large scale, and the UCNPSs cover

them, assembling continuously.

To further probe this hydrophobic interaction between the moieties, a sample was prepared by

casting a mixture of UCNPs and [Tbz] directly on a carbon-coated copper grid. SEM observations

‘ Complex crystal

UCNPs “islands”

V4
V4 _
y

[UGNReRblanKet

Figure 37. TEM images of hybrid systems prepared on TEM grids using the same concentration of UCNPs
and [Th2] (approximately 10 mg mL? in a UCNPs-to-[Ln,] mass ratio of 1:1) with a) OA™-coated or b)
ligand-free UCNPs. ¢) and d) SEM images of the hybrid system presented in a) show the presence of large
crystals covered by a “blanket” of UCNPs. Scale bars are 200 nm in a) and b) and 1 um in ¢) and d).
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on this specimen showed an arrangement of the UCNPs decorating the surface of the crystals of
the complex (Figure 37c,d). The UCNPs’ deposition is expected to be analogous to the one in the
hybrid system prepared on glass slides, where the preferential accumulation of the UCNPs in
correspondence of the surface of [Lny] crystals is also supported by hyperspectral imaging
observations (vide infra). The effect that the UCNPs-to-[Th2] mass ratio ([Eu.] is expected to
behave similarly) has on the film morphology and the optical properties was also investigated.
This systematic study showed that the best trade off in terms of film homogeneity, upconverted
PL , and UV- and NIR-triggered [Th2] PL was realized with a 1:1 UCNPs-to-[Th2] mass ratio,
despite the scattering in this film, as inferred by the recorded absorption spectrum (Figure S2-S5,
page 94-97). Decreasing the concentration from 40 mg-mL™ to 5 mg-mL™ led to the formation of
isolated [Thz] crystalline structure found at the edge of the film (Figure S6, page 98). Thus, when
lowering the UCNP amount by mass ratio or the concentration, the complex aggregated and
formed preferentially large crystals instead of distributing evenly throughout the film. As such,
these results are further pieces of evidence that nonpolar interactions between the UCNPs (through
the oleate ligands) and the [Tb.] are fundamental to obtain a continuous film, whereas a decreased
amount of UCNPs in the starting solution led to the formation of isolated islands of material on

the glass substrate.

5.3 Optical behavior of the hybrid systems

5.3.1 Optical characterization
As explained in section 5.2.1, the [Ln2] and UCNPs would emit under respectively UV and NIR

irradiation (Figure 33e-f, Figure 38). The investigated complexes did not show emission under
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Figure 38. Scheme explaining the principle behind the hybrid system: Under UV excitation, the [Ln;]
complexes emit. Under NIR irradiation, UC emission from the NPs is triggered. In the hybrid system,
bringing UCNPs and [Ln;] close together, NIR excitation results in the simultaneous observation of
emissions characteristic for UCNPs and [Ln;].

continuous NIR excitation. In turn, the UNCPs were not emitting under UV excitation. In the
hybrid systems, the [Ln2] and UCNPs retain their sensitivity, or lack of, toward UV excitation.
However, when the hybrid systems (obtained from 40 mg-mL™ concentrated starting solution with
a UCNPs-to-[Ln2] mass ratio of 1:1) were irradiated with light of 980 nm, UC emission from the

UCNPs and emission from the [Ln2] complexes were observed (Figure 38).

The PL of both hybrid systems featured Tm3" characteristic lines alongside the contributions of
Th® (547 nm), or Eu®* (612 nm) sensitized emission (Figure 39). These results were accompanied
by the marked quenching of Tm®" emission bands that overlap with the absorption spectrum of the
complexes (centered at 450 and 480 nm). The extent to which each band experienced quenching
followed the superimposition between the specific Tm** emission and the excitation spectrum of
the complex (Figure 39b). Altogether, these observations suggest that an energy transfer (ET)
occurred between the UCNPs and the [Ln.], which resulted from interactions between them. As
such, the choice of sub-10 nm UCNPs for the preparation of the hybrid system derives from the
need to maximize the surface effects that promote this type of interaction between the complexes

and the UCNPs, favoring their proximity.
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Figure 39. Energy level schemes of UCNPs amalgamated with a) [Tbz] or ¢) [Eu] yielding the
corresponding hybrid systems. Absorption and emission processes (solid upward and downward arrows),
non-radiative processes (grey dashed arrows), ET mechanisms within each moiety (grey dotted arrows),
and between UCNPs and the complex (centered yellowish arrows) are depicted. DRS and solid-state
excitation spectra, UV-triggered [Lnz] (green and red dashed lines), and NIR-triggered upconversion
spectra (blue lines) emission spectra of b) [Th;] and d) [Eu;] are reported.

5.3.2 Energy transfer mechanism

To better understand the interplay between UCNPs and the complexes, it is convenient to briefly
lay out the mechanisms governing the optical properties of the complexes. [Th2] and [Eu2]
emission follows from the absorption of UV or blue photons that fosters the promotion of an
electron to the S: level of the bpm and tfaa™ ligands (Figure 39a). Through intersystem crossing
and ET processes, the triplet state (T1) of tfaa” gets populated. From there, the energy is transferred
to the Ln®" ions, where electron radiative de-excitation events take place, ultimately leading to the

characteristic Th%" or Eu®" emission (Figure 33f, Figure 39b).13° The UC process with the
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Yb* /Tm3* ion pair is very similar to the one described for the Yb3*/E™* jon pair (Figure 38a). The
excitation energy is resonantly transferred from the Yb®" 3F7, level to the Tm®*" Hs level.
Additional ETs result in the Tm3" excitation to the 3Fs, 1G4 and D, levels, and the subsequent
radiative relaxation. The bright ligand-sensitized emission of the investigated complexes proceeds
from the favorable energy difference between the B-diketonate T1 and the emitting level of Th**
(°Da4) and Eu®* (°Do) of 2680 and 5850 cm™, respectively, which limits back-energy transfer from
Ln3* to the ligands (Figure 39a). The Tm3* quenched bands arise from the D2 — 3Hs (362 nm),
D, — 3F4 (450 nm), and 1G4 — 3Hg (480 nm) f-f transitions, the latter being a three-photon order
transition, while the other two are four-photon order processes.'®! As explained in section 4.1.5,
the transition’s photon order is the number of photons needed to populate the emitting level, and
it is given by the slope of the emission intensity versus excitation power double logarithmic plot
(Figure 40). For UCNPs alone, the obtained values for the ‘D, — 3F4, 1G4 — 3Hsg, and 1G4 — °F4
(650 nm) transitions were 2.56, 2.19, and 2.17, respectively (Figure 40a). These values were lower
than the theoretically expected values of 4, 3, and 3, but are in line with reported values for similar
fluoride-based Yb**/Tm® -doped UCNPs.'3! Discrepancies between theoretical and experimental
values are common for nano-sized systems.'?%132 The observed slope values remained unchanged
for UCNPs in both hybrid systems, and the indirectly triggered [Thz] or [Euz] emissions showcased
a photon-order (2.89 and 2.77) in line with the highest photon-order transition of Tm3* investigated
(*D; — 3F4 — 2.66 and 2.44 for the two systems) (Figure 40b-c). The slightly higher values
observed from Tb% and Eu®* implicate the involvement of llg level of the Tm®* in the ET
mechanism and provides evidence that the ET takes place preferentially from the higher energy
level of Tm®* to the ligand scaffold of the complex (Figure 38a). Indeed, if a direct ET from the

Ln3* ions inside (or on the surface of) the UCNPs to the Ln** ions in the complex would occur, it
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Figure 40. Integrated D, — °F4, 1G4 — 3Hs, and G4 — 3F4 Tm®* emissions vs 980 nm excitation power
density for a) UCNPs alone and amalgamated with b) [Th.] and c¢) [Eu:], as well as NIR triggered Tb** and
Eu®* emissions.

would take place prominently from the more easily populated Tm**: 1G4 level to Tb®*: °D4 or Eu®*:
°Dy o levels. This would result in an observed slope for [Tb2] or [Euz] emission closer to the one of

the Tm3*: 1G4 — 3Hg transition.

The predominant role played by the ligands in the ET mechanism was also confirmed by studying
the behavior of a mixture of UCNPs and [Tbz] in a chloroform dispersion (Figure 41). There, the
quenching of the UCNPs emission and the energy transferred to the complex (hence the intensity
of its sensitized emission) was limited as a consequence of the blue-shifted absorption of the
complex in solution (Figure 42). This shift led to a reduced overlap between the emission and the
absorption of the moieties involved in the ET mechanism, ultimately yielding a less efficient
energy transfer. The Tm®":'D, — 3F4 emission (450 nm) was quenched to an extent that depends
on the amount of [Th,] complex added (Figure 41). Tm®* transition ‘D, — *Hs (362 nm) was not
detectable with the experimental setup employed for the study. Nonetheless, this transition is
expected to play a major role in the transfer mechanism like in the solid-state hybrid system, due

to its overlap with the excitation spectrum of the complex.
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Figure 41. Study of the energy transfer from UCNPs to [Th;] in a chloroform mixture of the moieties
through analysis of absorption spectra, excitation spectra (centred around 547 nm), and NIR-triggered
upconversion emission spectra. The concentrations of UCNPs and the added [Th2] were 1 mg-mL™ [Th,]
and 16 mg-L™, respectively.
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Figure 42. Comparison between absorption (solution), diffuse reflectance (DRS), and excitation spectra
(solid-state) of a) [Euz] and b) [Th.]. The different profile featured by DRS and excitation spectra (recorded
monitoring the emission at 612 nm and 547 nm for [Euz] and [Thz], respectively) arises from the different
efficiency of the ET mechanisms that lead to the population of the ligands and the emitting level of the
respective Ln®" ion.

In the context of ET, non-radiative processes are more strongly influenced by the distance between
the energy donor and energy acceptor than radiative ones, due to their dipole-dipole interaction

nature.®® Generally speaking, non-radiative energy transfer is unambiguously distinguished from
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radiative processes since it induces a shortening of the lifetime of the donor energy level involved
in the ET.11* Nonetheless, it has to be mentioned that in the case of the investigated UCNPs, the
steady-state emission spectrum quenching is considerably more pronounced than the observed
lifetime shortening, which differs from other reports in the literature.33® Also, the rich energy
level scheme of Ln®* ions results in innumerable activation and de-activation processes. Moreover,
there is a difference between Ln*" ions in the core and on the surface of the NPs in terms of
accessibility for ET and relaxation pathways. As such, it is difficult to predict the effect of the ET
on the kinetics of the relaxation processes in UCNPs.3213 For the case under study, a non-radiative
ET could only occur from the Tm3*: 1D, energy level since, as opposed to 'Ga, this is the only one
that simultaneously shows (i) energy resonance with the ligands’ energy levels and (ii) spectral
overlap of the emission stemming from it and the optical absorption of [Lnz] complexes, measured
with diffuse reflectance spectroscopy (DRS). To elucidate the nature of the ET in the hybrid
systems, lifetime measurements were performed exciting the film with 980-nm irradiation and

monitoring the D2 — 3F4 and G4 — 3He emission lines of Tm3* (Figure 43).
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Figure 43. Decay curves obtained under 980 nm excitation of the UCNPs alone and the two hybrid systems

monitoring a) Tm** D, — 3F4 (450 nm) and b) 1G4 — 3Hg (650 nm) transitions and c) the emission of the
indirectly excited complexes (547 nm for Th®*, 612 nm for Eu®*).
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Table 5. Effective lifetime values extracted from the decay curves recorded exciting at 980 nm the UCNPs
+ [Ln2] hybrid system films

Tm3*:1D2 > 3%F4 Tm3*:1Gs —3Hs Tb3:°Ds — 'Fs  Eus*:°Do — 'F2

7, MS 7, MS 7, MS 7, MS
UCNPs 0.165 + 0.020 0.226 + 0.020 - -
UCNPs + [Th2]  0.160 £ 0.018 a 1.730 + 0.010 -
UCNPs + [Euz]  0.161 +0.010 0.217 +0.021 - 0.560 + 0.040

4 The appearance of a second, long-lived decay component for the 1Gs4 — 3He transition in the presence of [Th2] was a consequence
of the partial overlap between Th®*: 5Ds4 — “Fs and Tm?®*: 1G4 — 3Hs emission bands and is congruent with the longer lifetime
observed for Th3*: 5Ds4 level (Figure 43c and Table 5). Therefore, no lifetime is reported for this decay curve since it does not
provide meaningful information to interpret the ET mechanism.

The lifetime of both D, and !G4 levels did not show any appreciable shortening upon
amalgamation with the complexes, indicating that the quenching of the emission occurs mainly
due to radiative ET processes (Table 5). Overall, these results from steady-state (solid-state and in
solution), power-depend and time-resolved spectroscopy suggest three main characteristics of the
investigated ET occurring under 980 nm light excitation from UCNPs to [Th2] or [Eu.]. First, the
ET from UCNPs to the complexes leads to the NIR-sensitized emission of the [Ln2], which is
otherwise not achievable by directly exciting them with 980-nm irradiation. Second, the
appearance of this NIR-sensitized emission of [Tb2] and [Euz] in the hybrid system is accompanied
by quenching of Tm3* emission bands that depend on their overlap with the excitation spectra of
the complexes. Last, the ET proceeds most likely through re-absorption of the upconverted light
from [Lnz] predominantly via the organic ligand scaffold. Although the proximity of the moieties
(favored by the small UCNP size) theoretically supports a non-radiative energy transfer process
via dipole-dipole interaction, the lack of significant lifetime shortening suggests that this type of
contribution — albeit not being unquestionably excluded — is largely outweighed by radiative

processes.
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5.3 Spatial distribution of the spectral features-hyperspectral imaging

Given its foreseeable applications as light-harvesting devices, it is pivotal that the developed
hybrid system responds equally throughout the whole film. This homogeneous optical response is
achieved in case of a simultaneous and continuous presence of the two moieties composing the
hybrid system. In order to probe this, films obtained from UCNPs amalgamated with [Th.] and
[Euz] were spectrally investigated employing hyperspectral imaging technique described in
chapter 1 (Figure 44). The micrographs under white and UV light recorded on the films obtained
from a 40 mg-mL* mixture of UCNPs and [Ln;] display films of complexes over an extended
surface (here approximately 100 x 100 pm?). Hyperspectral mapping was performed over a
selected region of interest (ROI) considering three distinct spectral ranges, where two transitions
of Tm®* (!G4 — 3F4 and G4 — 3He) and the emission from the complex (either Tb**: °Ds — 'Fs
or Eu*: °Dy — 'F>) are centered. Notably, the features of the film that can be observed under UV
illumination in the ROI (Figure 44a) are also distinguished under NIR excitation (Figure 44b) with
an excellent overlap between the spatial distribution of the UCNP emission and the indirectly NIR-
triggered emission of the complexes. To quantitatively confirm this visual evidence, PL obtained
under NIR excitation were extracted from the hyperspectral maps at four different spots

(Figure 44c).
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Figure 44. Micrographs for the hybrid systems obtained from a 40 mg-mL* [Ln;] solution under white and
UV light illumination along with the region of interest (ROI) (a) — [Thz], e) — [Euz]) over which spectral
maps under NIR irradiation in b) and f) were obtained. The Tm** and NIR-triggered Th** or Eu®* visible
emissions were monitored over an area of approximately 20 x 20 um? Absolute intensities of the PL from
UCNPs+[Th,]- and UCNPs+[Eu,]-based hybrid system are given in c) and g). d) and h) Ratio between the
integrated PL of the [Tb.] and [Euz] complex versus Tm®*: 1G4 — *Hs transition (squares) and Tm3*:!G4 —
3F4 vs Tm3*:1G4 — 3Hs (circles). Scale bars are 20 um in the micrographs and 5 pm in ROIs and spectral
maps. Micrographs are presented in real colors.
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Figure 45. Micrographs for the hybrid systems obtained from a 5 mg-mL™ [Ln] solution under white and
UV light illumination along with the region of interest (ROI) (a) — [Th2], e) — [Euz]) over which spectral
maps under 980 nm light irradiation in b) and f) were obtained. The Tm3" and NIR-triggered Th®" or Eu®*
visible emissions were monitored over an area of approximately 20 x 20 um?. Absolute intensities of the
PL from UCNPs+[Th.]- and UCNPs+[Eu,]-based hybrid system are given in ¢) and g). d) and h) Ratio
between the integrated PL of the [Th,] and [Euz] complex versus Tm*": G, — *Hg transition (squares) and
Tm3*:1Gs — 3F4 vs Tm*":1G4 — 3Hg (circles). Scale bars are 20 um in the micrographs and 5 um in ROIs
and spectral maps. Micrographs are presented in real colors.
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Although some fluctuations in the absolute intensity of the signals were noticeable, the ratio
between the integrated intensity of the three signals did not exhibit significant fluctuations
throughout the film surface (Figure 44d). Hyperspectral imaging performed over three distinct
ROIs on a second hybrid film — prepared under identical conditions — evidences the reliability of
the optical properties over larger sample areas and from film-to-film (Figure S7). Similar behavior
is also shown by the hybrid system obtained at a concentration of 5 mg-mL™ (Figure 45). This
experimental evidence — in hand with SEM and TEM observations (Figure 37) — suggests that,
upon [Thz] and [Eu2] crystallization, the UCNPs organize close to the complexes, hence fostering

the ET process upon NIR excitation.

5.4 Chapter conclusion

In this chapter, hybrid systems composed of a film amalgamating lanthanide complexes [Th] or
[Euz] with o-NaGdF4:Yb3*(20%), Tm3"(0.5%) NPs were presented. The hybrid system was
prepared via a straightforward drop-cast approach, exploiting the interaction between the complex
and nanoparticular moieties. The choice of NaGdF4:Yb*", Tm** as the UCNP material ensured a
good spectral overlap of the NIR-triggered upconverted visible emission with the excitation
spectra of the lanthanide complexes. The proximity of the two species, along with the mentioned
spectral overlap, promoted effective energy transfer from the UCNPSs to the lanthanide complexes,
while retaining their strong emission under UV illumination, due to the energy transfer. Thus, the
complexes were indirectly excitable using NIR light, resulting in augmented light-harvesting
capability. The combination of power-dependent and time-resolved spectroscopic studies revealed
the predominantly radiative, ligand-mediated nature of the energy transfer, setting the ground for

further understanding of these amalgamated systems. Finally, the use of hyperspectral imaging
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enabled to assess the concomitant presence of UCNPs and lanthanide complexes and the

occurrence of the energy transfer mechanism between them throughout the hybrid system.

Therefore, albeit only preliminary optimization with respect to concentration, ratio, and nature of
the moieties was carried out, the results demonstrate that the preparation of multiwavelength-
responsive hybrid systems composed of UCNPs and [Ln2] can be promptly achieved. It is
accomplished by taking advantage of the hydrophobic interaction between both moieties, which
prompts their assembly in structures with augmented optical properties. These results open
opportunities for the preparation of similar systems based on UCNPs and lanthanide complexes
yet leaving space for a case-by-case optimization in terms of amalgamated moieties and film

morphology.
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6 Surface modification of NaLnFs-based upconverting nanoparticles

6.1 A requirement for biomedical applications

The NPs presented in this thesis, irrespective of their crystalline phase or the microwave conditions
used for their synthesis, are dispersible in organic solvents. This is due to their surface capping
with oleate groups (OA™ represent CH3(CH2);C=C(CH.)7COQO"), a hydrophobic molecule. Such
hydrophobic character is not suitable for biomedical applications, as they mostly occur under
aqueous conditions.t® The surface of the ligand-free NaLnF4 NPs is positively charged, and such
NPs can disperse in aqueous solution. However, these ligand-free NPs can easily agglomerate and
form larger clusters. This can be problematic for the formation of the hybrid system seen in chapter
5, but also if the NPs are inserted in a biological setting (like during cell uptakes studies). As such,
seeking biomedical applications, simply removing the oleate ligand is not a viable strategy for
surface modification. Moreover, surface ligands can be used for bioconjugation with a gamut of
substance relevant to biomedical applications, such as aptamer, proteins and even antibodies.'3"
139 In regard to the small NPs synthesized and analyzed in chapter 4 and 5, they were subjected to
surface modifications so that they could be dispersed in aqueous solvents. These types of
modifications selected were: a hard inorganic silica-based shell, a soft molecular shell with
polyacrylic acid (PAA) or a-NH2-o-COOH-PEG (Figure 47). This work should hopefully provide

a basis for future bioconjugation studies and biomedical applications of UCNPs.
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Figure 46. Scheme of different NP surface modifications. a) OA™-capped UCNPs, b) silica-coated UCNPs
c) PAA-capped UCNPs, and d) PEG-capped UCNPs.

6.2 Surface modification

6.2.1 Silanization

Silica NPs have been recognized for their potential application in nanomedicine due to their
biocompatibility and their drug-carrier capacity.*4® In turn, the addition of a silica shell has become
a strategy to safely disperse other types of NPs, e.g., quantum dots, in aqueous media.'** Silica-
coated UCNPs (NaGdFs-based or not) have been widely investigated for imaging and cancer
treatment, since the surface functional groups (-COOH, -NH2,-OH and-SH) can conjugate with
biomolecules, like aptamers.!4143 Here, the silanization procedure was carried out with o-
NaGdF4:Yb3*(20%),Tm3*(0.5%) NPs made from [Ln(TFA)s] precursors. The core NPs were
synthesized using the same procedure as described in chapter 5. They had an average size of 10 +
1 nm (Figure 47a and Figure 47c). The silanization was obtained using TEOS, a commonly used
source of silicon. TEM images confirmed the presence of the inorganic SiO; shell, with a thickness
of roughly 3.6 nm (Figure 47b-c). Photoluminescence measurements showed that the NPs were
weakly emitting when being dispersed in water (Figure 47d). This low PL can be attributed to a
certain extent to the presence of water molecules. They can partially absorb the NIR excitation
light, which in turn reduces the incident excitation energy that reaches the UCNPs.®® Furthermore,

the molecular vibration of O-H groups can interact with the excited Ln** ions, leading to a non-
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Figure 47. TEM images of a) a-NaGdFsYb®* , Tm®* and b) a-NaGdFs:Yb%, Tm®*/SiO, NPs. c) Size
distribution of the core and core/shell NPs. The SiO; layer has a thickness of ca. 3.6 nm. D) Upconversion
spectrum of the silica-coated UCNPs dispersed in water with a concentration of 43 mg-mL™ under 980-nm
excitation (P = 160 mW). Scale bars are 20 nm.
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radiative deactivation and quenching of the photoluminescence.** The O-H functional groups are
also present in this inorganic silica shell itself, i.e. under the form of Si-O-H groups. The
quenching of the upconverted PL is more pronounced if the shell is porous.}** The porosity of
inorganic silica shell is usually removed by annealing the NPs at high temperature (600°C), but in

turn, the NP’s dispersion capability are lost.1*°

6.2.2 Ligand exchange with PAA

The OA™ groups are anchored at the surface of the NaGdF4-based NPs thanks to its carboxy (the
COO) head through electrostatic interaction. As such, it is possible to replace it with another
hydrophilic ligand, as long as it has a negatively charged moiety. PAA is a long carbon-based
polymer that contains many COOH groups, which allows it to form a soft molecular shell around
the UCNPs. Exchanging the oleate ligand for PAA is a rather simple procedure, as it just requires
to mix the UCNPs and the PAA in a chloroform/ethanol solution overnight.1® The ligand exchange
was performed on 0-NaGdF4:Yb**, Tm** NPs made from [Ln(TFA)s], similar to those used for the
silanization. FTIR results did not confirm the presence of PAA on the UCNPs surface (Figure 48a).
The UCNPs’ FTIR spectrum lacks the characteristic 1730 cm™ band from the COO- group of the
PAA .6 However, the FTIR spectrum neither displayed the 1440 cm™ nor the 1560 cm™ bands of
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the OA" ligands, indicating removal of the initially on the NP surface present oleate groups.1%6-146

PL measurements in aqueous solution confirmed that the NPs were still emissive (Figure 49b).
This suggests that the NPs became water-dispersible, providing indirect evidence of a successful
ligand exchange. Nonetheless, the PL was rather weak, which implied that these NPs suffer from
the same problems as the silica-coated UCNPSs, i.e. quenching induced by the O-H vibrations. A
TEM image of PAA-NPs is shown in Figure 48c, which offers more evidence of the successful
ligand exchange. The UCNPs remains well separated. The partial agglomeration observed in
Figure 48c could be due to the sample preparation of the hydrophilic UCNPs on a hydrophobic

carbon-coated TEM grid.
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Figure 48. a) FTIR spectrum of the PAA-capped a-NaGdF4:Yb®*, Tm® NPs in comparison with PAA and
NaOA alone. b) Associated upconverted PL spectrum of the UCNPs dispersed in water under 980-nm
excitation (P = 160 mW, NP concentration = 27 mg-mL™?). ¢) TEM images of the PAA-capped UCNPs.
Scale bar is 50 nm.

6.2.3 Ligand exchange with a-NH2- ®-COOH-PEG

Polyethylene glycol (PEG) is a versatile ligand that is used often conjugated with therapeutic
compounds to prevent agglomeration and to improve the solubility ( or in our case, the NP
dispersion capability).!” The terminal COOH moiety of the PEG ligand is used as an electrostatic
anchor to bind to the NP surface and displace the oleate ligand, a mechanism similar to what has
been tried with the PAA. The PEG exchange was carried out on the a-NaGdF4:Yb%*, Tm3" NPs

derived from [Ln(TFA)s], similar to those used for the silanization. Here, FTIR analysis confirmed
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the successful surface modification on the PEG-capped UCNPs with the presence of the
absorbance band ca. 1080 cm™ (C-N group), from the PEG, and the absence of the 1440 and 1560
cm™ bands, characteristic of the OA ligand (Figure 50a).1%14¢ P measurements performed on
the NPs’ aqueous dispersion also confirmed that the NPs became water-dispersible (Figure 50b).
Importantly, the terminal amine moiety can further be used for bioconjugation as a binding site.'*3

Nonetheless, the PL behavior of PEG-capped UCNPs suffered from the same issue as the other

water-dispersible NPs, i.e., quenching by the O-H stretches.
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Figure 49. a) FTIR spectra of the PEG-capped a-NaGdF4:Yb**, Tm** NPs in comparison with PEG and
NaOA. b) Associated upconversion spectrum of the PEG-capped UCNPs dispersed in water under 980 nm
excitation (P = 160 mW, NP concentration = 33 mg-mL™?).

6.3 Chapter conclusion

Hard and soft surface modifications were successfully performed on the UCNPs as demonstrated
by TEM, FTIR and PL analysis. However, the PL in aqueous solution remained weak. The low
PL was attributed to quenching by O-H stretches. In the case of silica-coated UCNPs, the Si-O-H
groups, in combination with a porosity that allows water molecules to reach the NPs caused a
decrease of the PL. Likewise, PAA- and PEG-capped UCNPs were also affected by the O-H

stretches-induced quenching. The PL issue can be addressed by applying such surface
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modifications on the bright core/shell UCNPs described in chapter 4, since the luminescent ions

are more protected from solvent and SiO; shell-assisted quenching than in the core-only NPs.
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7 Conclusion

The phase-selective microwave-assisted synthesis of NaLnF4 NPs was achieved using [Ln(TFA)3]
as precursors and a set of two temperatures, T1 (1 s) and T2 (10 min). By decreasing the Ln3*
concentration to 0.0625 mol-L™* and increasing the Na*-to-Ln®* ion ratio to 3:1, sub-10 nm B-
NaGdF4:Yb3*(20%),Er3*(2%) NPs were obtained. This constitutes, to the best of my knowledge,
the first example of hexagonal-phase UCNPs synthesized via the microwave-assisted
decomposition of [Ln(TFA)s]. Changing the precursor for [Ln(OA)s] and [Ln(Ac)z] resulted in
ultrasmall (sub-5 nm) B-NaGdFs:Yb®* Er** NPs. [Ln(TFA)s]-derived NPs (of both phases)
exhibited high pressure profile, which correlates with their larger dimensions and lower
decomposition temperature. Despite being smaller, [Ln(OA)s]-derived NPs emitted better in the
NIR range than the [Ln(TFA)z]-derived NPs, which had brighter PL in the visible range. Time and
temperature studies show that the [Ln(OA)s]- and [Ln(Ac)z]-derived NPs undergo an a — B phase
transformation, which was found to be a thermodynamically controlled process. This phase
transformation was not observed with the [Ln(TFA)s]-derived NPs, which directly crystallized in
the aimed phase. Furthermore, the phase transformation was found to be accelerated under
microwave conditions, since no pure cubic-phase NPs could be isolate during the ramping stage.
Shell growth using [Ln(TFA)z] as a precursor was successful on all the sub-10 and sub-5nm NPs,
which retained the core crystalline phase. The addition of the shell resulted in higher PL and longer

lifetime, while keeping the NP size close to or below 10 nm.

Seeking the development of optical devices, NaGdF4:Yb3*(20%), Tm®*(0.5%) NPs were combined
with UV-excitable Ln-based complexes. Under NIR excitation, the resulting hybrid system
showed energy transfer from the UCNPs to the Ln-based complexes. The ET process was

demonstrated to occur from the re-absorption of the D2 = 3F4 emission from the Tm®* via the tfaa
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and bmp ligands rather than being directly absorbed by the Tb®" or Eu®*. As a consequence,
quenching of the Tm®" emission along with sensitization of the [Ln,] emission was observed.
Time-resolved spectroscopy provided further evidence that the ET was not FRET-based but due
to re-absorption. Hyperspectral imaging was used for additional analysis of the optical properties

of the hybrid films, demonstrating good optical homogeneity across the samples.

Last but not least, surface modifications were performed on NaGdF4:Yb3*(20%), Tm3*(0.5%) NPs
to replace the hydrophobic OA™ ligands by a hydrophilic surface. A hard, silica-based shell was
successfully grown, while ligand exchange allowed for the formation of a soft molecular shell with
either PAA and a-NH2-o-COOH-PEG. No matter the strategy employed, the NPs became water-

dispersible, albeit their PL was affected by O-H induced quenching.

Overall, with microwave-assisted synthesis protocols for UCNPs (especially core/shell) now being
established and having demonstrated the capacity of hyperspectral imaging to observe and partially
analyze ET process, many research possibilities are appearing. In the strictly material field, the
next steps would be to implement UCNPs in light-harvesting and optoelectronic devices, like solar
cells and luminescent screens. Furthermore, with the access to water-dispersible UCNPs, it is now
possible to attempt bioconjugation with various nanomaterials and molecules relevant to the

biomedical field, and to endeavour bioimaging.
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8 Annex

8.1 Effect of the microwave conditions on crystalline phase, size and PL behavior of UCNPs
Table S1. Relation between the microwave conditions and the crystalline phase, size and PL behavior of the NaGdF.:Yb**(20%),Er**(2%) NPs

Precursors Size Crystalline  Na*- Ln3* ions T1(°C); PL PL PL PL PL
(core) (nm) phase to- concentration T2(°C) intensity intensity intensity lifetime lifetime
{core Ln3* (mol-L71) enhance enhance- enhance- for for
size ion -ment? ment? ment? 4S32 —  “Fop —
(nm)} ratio for 4Ss2 for *Foz  for “lize 1512 1512
— sz — Alase — 4152
. o : . X — — — 1
[Ln(TFA):] 9.3 1:1 0.125 300; 230 b b b 5 29
55 B 3:1 0.0625 260; 250 7.5° 3.9¢ 1.4° 22 25
[Ln(OA)s] 3.2 B 4:1 0.0625 260;250  4.5° 2.2° 2.8° 16 18
[Ln(Ac)s] 3.0 B 31 0.0625 260; 250 1¢ 1° 1° 17 —d
113 a 31 0.0625 230;230 3f 3f 1.7 25 49
[Ln(TFA);s _ {93}
{17169} B 31 0.0625 230;230 6 10.4f 4.6' 156 156
[Ln(OA)3]¢ {g'g} B 31 0.0625 230;230 of 3.6' 142.7° 103 127
[Ln(Ac)s]¢ {g'g} B 31 0.0625 230;230 3f 1.7 72.8f 73 87

@ Obtained by the dividing the integrated PL intensity by a reference sample integrated PL intensity.

b Not comparable with the hexagonal sample emission, as it was done on a different day and different measurement parameters.
¢ Normalized by the integrated PL intensity of [Ln(Ac)s]-derived NPs.

4 Weak band.

¢ Core/shell NPs, shells are grown using Gd(TFA)s precursor.

" Normalized by the integrated PL intensity of core-only NPs.
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8.2 Effect of reaction time and temperature on crystalline phase, size, and
photoluminescence

This figure presented here is reprinted (adapted) with permission from Ref'®” with permission from The
Royal Society of Chemistry.
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Figure S1. Effect of reaction time and temperature on the crystalline phase of NPs obtained from
[Ln(TFA)s] and [Ln(OA)s]. a) XRD patterns of NPs obtained after 1 s, 1 min, and 10 min, respectively
(Reaction temperature: T; = 260 °C, T, = 250 °C). b) XRD patterns of NPs obtained at different reaction

temperatures T, (Reaction time: 10 min). References: p-NaGdF. (PDF#: 01-080-8787, black lines), a-
NaGdF4 (PDF#: 00-027-0697, light grey lines).
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Note: All the following presented in the annex are reprinted (adapted) with permission from R. Marin, I.
Halimi, D. Errulat, Y. Mazouzi, G. Lucchini, A. Speghini, M. Murugesu and E. Hemmer, ACS Photonics,
2019, 6, 436-445. Copyright (2019) American Chemical Society.

8.3 Effect of the mass ratio between UCNPs and [Tbz] on film morphology
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Figure S2. Hybrid system film obtained using a solution with a UCNPs-to-[Th;] mass ratio of 1:4
(concentration = 40 mg-mL™1). a) Bright-field and b) UV-excited micrographs taken on six different spots
of the film. c) Photograph of the film. d) Absorption spectrum of the film. ) Magnification of the film
along with the marked spots from where the images were acquired. At each spot, spectra under f) UV and
g) 980 nm excitation were recorded. The optical performance of the film was evaluated considering: h) the
ratio between the emission of [Th,] under UV (direct) and NIR (indirect) excitation, and i) the ratio between
the indirectly excited [Th.] emission and thulium upconverted blue emission. The spectral ranges used for
the integration of the emissions are shown in f) and g) as shaded areas in dark green ([Th2] direct excitation),
light green ([ Th.] indirect excitation), and blue (Tm). Scale bars in a) and b) are 100 um. Dashed lines in f)
and g) are drawn in correspondence of the same absolute intensity value (7000 a.u.).
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Figure S3. Hybrid system film obtained using a solution with a UCNPs-to-[Th] ratio of 1:2 ([Th]
concentration: 40 mg-mL1). a) Bright-field and b) UV-excited micrographs taken on six different spots of
the film. c) Photograph of the film. d) Absorption spectrum of the film. e) Magnification of the film along
with the marked spots from where the images were acquired. At each spot, spectra under f) UV and g) 980
nm excitation were recorded. The optical performance of the film was evaluated considering: h) the ratio
between the emission of [Th,] under UV (direct) and NIR (indirect) excitation, and i) the ratio between the
indirectly excited [Thz] emission and thulium upconverted blue emission. The spectral ranges used for the
integration of the emissions are shown in f) and g) as shaded areas in dark green ([Th,] direct excitation),
light green ([ Tb.] indirect excitation), and blue (Tm). Scale bars in a) and b) are 100 um. Dashed lines in f)
and g) are drawn in correspondence of the same absolute intensity value (7000 a.u.).
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Figure S4. Hybrid system film obtained using a solution with a UCNPs-to-[Th;] ratio of 1:1 ([Th.]
concentration: 40 mg-mL1). a) Bright-field and b) UV-excited micrographs taken on six different spots of
the film. c) Photograph of the film. d) Absorption spectrum of the film. e) Magnification of the film along
with the marked spots from where the images were acquired. At each spot, spectra under f) UV and g) NIR
excitation were recorded. The optical performance of the film was evaluated considering: h) the ratio
between the emission of [Th] under UV (direct) and NIR (indirect) excitation, and i) the ratio between the
indirectly excited [Thz] emission and thulium upconverted blue emission. The spectral ranges used for the
integration of the emissions are shown in f) and g) as shaded areas in dark green ([Th.] direct excitation),
light green ([Th2] indirect excitation), and blue (Tm). Scale bars in a) and b) are 100 um. Dashed lines in f)
and g) are drawn in correspondence of the same absolute intensity value (7000 a.u.).
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Figure S5. Hybrid system film obtained using a solution with a UCNPs-to-[Th;] ratio of 2:1 ([Th.]
concentration: 40 mg-mL1). a) Bright-field and b) UV-excited micrographs taken on six different spots of
the film. c) Photograph of the film. d) Absorption spectrum of the film. e) Magnification of the film along
with the marked spots from where the images were acquired. At each spot, under f) UV and g) (80 nm
excitation were recorded. The optical performance of the film was evaluated considering: h) the ratio
between the emission of [Th,] under UV (direct) and NIR (indirect) excitation, and i) the ratio between the
indirectly excited [Thz] emission and thulium upconverted blue emission. The spectral ranges used for the
integration of the emissions are shown in f) and g) as shaded areas in dark green ([Tb.] direct excitation),
light green ([Th] indirect excitation), and blue (Tm). Scale bars in a) and b) are 100 pm. Dashed lines in f)
and g) are drawn in correspondence of the same absolute intensity value (7000 a.u.).
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8.4 Effect of the UCNP and [Tbz] concentration on film morphology

Absorbance

Absorbance

Absorbance

Absorbance

Figure S6. Concentration effect on the formation of hybrid films: the concentration of the UCNPs/[Th2]
solutions were between 40 and 5 mg-mL* (for each moiety), while the UCNPs-to-[Th2] mass ratio was kept
constant (1:1). a) Micrographs of the different films and b) corresponding absorption spectra. c)Bright-field
and UV-excited micrographs taken on three different spots (indicated in a) of the film. For the sake of
comparison, the excitation power and exposure time were kept constant when acquiring the micrograph
under UV illumination. Scale bars in C are 100 pum.
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8.5 Additional hyperspectral imaging of the UCNPs + [Tbz] hybrid system
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Figure S7. Hyperspectral mapping of three additional ROIs of a hybrid film (UCNPs+[Thb,], concentration
= 40 mg-mL-1, mass ratio was 1:1). a), e) and i) micrographs of the same film under white and UV light
illumination along with ROI over which corresponding spectral maps b), f), i) were obtained (Aex = 980
nm). Tm3* and indirectly triggered Th*" emissions were monitored over an area of approximately 20 x 20
um?. The absolute intensities of the emission both UCNPs and the complex remained relatively constant
within each ROIL. It has to be mentioned that this film was prepared from a different batch of sub-10-nm
UCNPs. Hence, the slight deviation of the ratio between the complex versus Tm®: ‘G, — *Hg (squares)
and Tm®": 1G4 — 3F, versus Tm*®": 1G4 — 3Hs integrated emissions (circles) from the ones reported in Figure
44c-d is a consequence of unavoidable batch-to-batch variability in the properties of the UCNPs. Scale bars
are 20 um in the micrographs and 5 pm in ROI and spectral maps.
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