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“The principles of physics, as far as I can see, do not speak against

the possibility of maneuvering things atom by atom.
It is not an attempt to violate any laws; it is something, in principle,
that can be done, but in practice it has not been done because we are

too big.”

Richard P. Feynman (1959)
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1.1 Introduction

The visionary quote “[there] is plenty of room at the bottom”, by Feynman, at the
American Physical Society annual meeting,' challenged scientists to pursue new
synthetic routes to limit condensed matter size at the nanoscale, and engineers to
design nanotechnology-based life-easing devices. The exponential growth of
nanotechnology has paved the road for industrial marketing of nanomaterials through
new, smaller sized, thinner designed, and more powerful devices than the previous
generations (43 nanomaterials in 1,680,392 articles, 177,083 patents and 2,919
products. Source: http://statnano.com/nanomaterials). These devices exhibit better
performances with respect to previous generations due to the exploitation of
nanomaterials’ peculiar properties®.

The development of nanomaterials spans for 30 years now; however, there is still an
increasing demand in many areas of technological interest with universities designing
specific groups devoted to the technological development of nanomaterials. For
example, groups that work on specific nanomaterials preparations and
functionalization towards applications to optics and photonics (https://www-
png.materials.ox.ac.uk/), magnetism (https://nanomag.stanford.edu/), electronics
(https://www.ecs.soton.ac.uk/research/nano),  electrochemistry  and,  catalysis
(http://www.nce.ulg.ac.be/), biology, biochemistry and medicine
(https://www.chemistry.ucla.edu/materials-and-nanoscience,
http://imsat.org/CBN.htm), have been born. New fields have arisen combining
properties for the same class of nanomaterials, and so fields such as optronics (optics
and electronics), magnetronics (magnetism and electronics), and so on, have been
born. These new fields are at the core of quantum computing because of their ease of
manipulating atomic spins® and have the aim to output more performing, smaller and
more powerful computers.

The “nano”-revolution has led to a complete change in the fabrication processes, in
an attempt to reduce environmental contamination®*®, to make smaller sized devices,
to moderate production costs® and to offer materials with new functionalities. A
glance at the vast library of technical articles and at the number of patents related to
the nano world, shows how much technology and science has improved, year by year,
in the last decades. However, even if science has gone far in preparing nanomaterials
and understanding their properties, still there is so much ahead to do: in fact, new
skillful synthetic strategies must be used to manipulate matter to obtain high quality
and quantity of nanomaterials with improved properties or showing new physical
phenomena. These studies are directed towards understanding the formation of


http://statnano.com/nanomaterials
https://www-png.materials.ox.ac.uk/
https://www-png.materials.ox.ac.uk/
https://nanomag.stanford.edu/
https://www.ecs.soton.ac.uk/research/nano
http://www.nce.ulg.ac.be/
https://www.chemistry.ucla.edu/materials-and-nanoscience
http://imsat.org/CBN.htm
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materials and rationalizing their nucleation and growth, relating crystal structure and
size with physical properties, and to their applications, which, indirectly leads to the
discovery of new ground-breaking technologies which are changing the game’s rules
by the day (http://statnano.com/nanomaterials).
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1.2 Nanomaterials: a brief overview

Nanomaterials are not visible to the naked eye: the term ‘nano’ (from Greek term
‘vavoc’) -meter means one billionth (10°) of a meter, which is far beyond our
reachable vision limit. These materials are so small that they can be seen only under
electron microscopes. As seen in Figure 1.1, (http://www.akronascent.com/tech-
blog/nanoscalel, © Akronascent, 2017) nanoscale matter sizes are comprised
between 1 and 1000 nm (1 um), with a broad distribution that peaks around 100 nm
(http://ec.europa.eu/environment/chemicals/nanotech/fag/definition_en.htm).
However, despite their small dimensions, their properties can be effectively studied
by science -and applied in new technologies-, with the aim of maximizing their
efficiency or proposing new device designs and increased performances.

Water Glucose Virus Red Blood Flea DNA Sword Hobbits
Cell (Largest) {Longest)
oa?# o . M
Nanometers 100 103 104 10% 108 " 107 108 10° nm
] 1 ! I I ]
Sl Units A nm pm mm m
e spoctsr IR | r
_‘ F _ Spectrum §
Figure 1.1: Different sizes of matter
The  ultra-small  sizes show  large surface to  volume  ratios

(http://www.trynano.org/nanomaterials/quantum-dots), which makes their physical
properties unique and different from bulky systems. Size effects constitute a
fascinating aspect of nanomaterials and have direct consequences on the evolution of
structural, thermodynamic, electronic, spectroscopic, electromagnetic and chemical
features of these finite systems with increasing size. Confinement of matter to a
nanometric scale leads to altered crystal structures and highly defective surfaces®’
(Figure 1.2), which, in turn, determine their physical properties®.



http://www.akronascent.com/tech-blog/nanoscale1
http://www.akronascent.com/tech-blog/nanoscale1
http://ec.europa.eu/environment/chemicals/nanotech/faq/definition_en.htm
http://www.trynano.org/nanomaterials/quantum-dots
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Bulk

Property

Property
Extended Surface

Size
Figure 1.2: Variation of an arbitrary property with the nanoparticle size either towards the
bulk (top panel) or towards the extended surface limit (bottom panel), illustrating the scalable
and non-scalable regimes. Adapted from Vifies et al..

Such structural alterations underlie the quantum effects® responsible for the new
features that are visible only at the nanoscale (see Figure 1.3,
http://www.akronascent.com/tech-blog/nanoscale2, © Akronascent, 2017, and
https://nanocomposix.eu/pages/gold-nanoparticles-optical-properties, ©
Nanocomposix, 2017). The physical strengths of nanomaterials over bulky materials
allow versatility for their embedding in a number of life-changing applications.

INNEEER

¢ r-"
RN W " o' '

E PR QR
e v e
GOLD

Figure 1.3: (Left) Bulk vs nano gold. (Right) The gold nanoclusters lose their bright yellow
color and exhibit reddish tones, from red to violet depending on the size, local refractive index
and aggregation of the nanoclusters.


http://www.akronascent.com/tech-blog/nanoscale2
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1.2.1 Nanomaterials’ dimensions

Nanomaterials may be zero-dimensional (0OD), one-dimensional (1D), two-
dimensional (2D) and three-dimensional (3D).

e 0-D nanomaterials are materials which present an isotropic growth and an
overall geometrical shape such as sphere, polyhedral, prisms, stars, etc...***?
(Figure 1.4).

Figure 1.4: different shapes of O0D-nanomaterials (reprinted from Xia et al. %)

o 1-D nanomaterials present an anisotropic growth in one direction, and
properties directionally dependent. Nanotubes', nanorods™ and nanowires*®
are part of this family of nanomaterials (Figure 1.5).
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- Nanorods

- Nanowires

- Nanotubes

Figure 1.5: Differences between nanorods®’, nanowires (image adapted from Tao et
al®) and nanotubes left: computer drawing of a  nanotube
(http://www.3dchem.com/Buckytube.asp), right: image adapted from Laurila'® ,. The
aspect ratio (longitudinal size vs latitudinal size) increases exponentially from
nanorods to nanotubes.

2-D nanomaterials are generally composed of mono- or bi- layers of planar
systems. Graphene?® is a good example of 2-D nanomaterial (Figure 1.6).

Figure 1.6: graphene sheet (topview) by James Hedberg / CC BY-NC-SA 3.0

A recent discovery is that DNA strands help in the formation of 3-D
nanoarchitectures of stacked nanoparticles, with ordered and organized
helicoidal arrangements®-*?. These organized 3-D architectures present novel
properties, which differ from the nanoparticles alone or in dispersion?
(Figure 1.7).


http://www.3dchem.com/Buckytube.asp
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é.o; ooz 003 004 = A as
Figure 1.7: Nanoparticles-based superlattices that change their configuration upon
the DNA strands covering their surface. Adapted from Macfarlane et al.??

0-D nanomaterials can be synthesized in a manifold of different shapes. Different
geometries and sizes are important for the tuning of their physical properties®. The
case depicted in Figure 1.8, shows gold nanoparticles prepared in water/organic
media, with PVP (polyvynilpirrolidone). The difference in the organic solvent drives
the binding of the polymer to different gold seed sites and the light absorbance is
strongly affected®.

0
Wavelength (nm)

Figure 1.8: (Left) TEM images (scale bar = 100 nm) of as-prepared anisotropic Au
nanoparticles in different solvents (a) methanol, (b) chloroform, (c) ethanol, (d) 1-propanol,
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(e) 2-propanol, and (f) dimethylformamide; (center) high magnification (scale bar = 20 nm)
TEM images; (right) UV-Vis spectra for the various Au nanoparticles and their respective
color when dispersed in solution. Adapted from Kedia et al.?.

Synthesizing a definite crystal structure, with nano-sized dimensions, and with a
definite geometry is not an easy task. The correlation between the physical properties
and the geometrical constraints (crystal phase, size and geometry of the crystals)
sometimes can be rationalized, to certain extents, upon a model of nucleation and
growth, especially in seed-mediated nanoparticles synthesis®*. The crystal seeds and
short radius nanoparticles, once formed, will grow in order to reduce or minimize
lattice energy. The growth of the crystal up to a desired size/shape permits, in turn,
modulation of the physical properties?®. However, the shorter the diameter of the
nanoparticle, the more defective its surface will be and this increases the surface
energy of the crystal,® making the crystals more reactive and more prone to
coalescence while aging.

The general model of nucleation and growth of inorganic 0-D nanomaterials is the so-
called Ostwald ripening. IUPAC define the process as the “dissolution of small
crystals or sol particles and the redeposition of the dissolved species on the surfaces
of larger crystals or sol particles” ®.

The process occurs because smaller particles, presenting a predominant surface over
the spherical volume, suffer from higher surface energy, in comparison with single
crystal systems or larger particles. This surface energy of the particles increases the
overall Gibbs energy of the bulk nanoparticle that leads to an apparent higher
solubility, since solvation helps diminish the overall energy.**

In polyphasic systems, crystals can nucleate in one crystal lattice and, at a certain
radius, thermodynamics takes over and the lattice rearranges into a more stable
crystalline structure.”® These structural changes depending on the crystal size (and
shape) in polyphasic nanomaterials are very hard to model. Nonetheless, a number of
models for nucleation and growth of nanomaterials have been built in an effort to
describe this behavior®*?'.

It is also common that an epitaxial growth takes place to reduce the crystal lattice
energy. In 0-D nanocrystals, one (or some) facets can concentrate residual energy,
thus promoting atom stacking over those over-energized facets. These high-energy
crystal planes promote an anisotropic growth, leading to 1-D (nanorods, nanotubes...)



10

Rationale Design of Inorganic
Up-converting Nanophosphors towards Advanced Optical Applications

or more complex (octapods, nanoflowers, nanostars...) structures, depending on the
preferential directions of growth (Figure 1.9).%

@

Figure 19: From left to rightt TiO, Nanoflowers (adapted from
https://www.nanomanufacturing.eng.cam.ac.uk/NanoScapes/Others/tio2-nanoflowers.jpq);

nanostars®®, octapods and hollow cubes™®.

The complex physicochemical processes involved in the formation and growth of
nanocrystals deserve more efforts towards the design of the nanomaterials and
enforce rationale synthetic routes towards the desired size, crystal phase and final
properties'®**. However, since the reaction conditions drastically affect the crystal
lattice stabilities, the sizes and geometries of the crystals (polymorphs) for a defined
material composition, these studies become fundamental for drawing more exact
phase diagrams, associating geometric constraints to a lattice type and describing, this
way, crystal phase evolution in dependence of reaction conditions and
parameters, '%23:26:3031

1.2.2 Synthetic approaches on the formation of nanomaterials

Two main approaches are used in the preparation of nanomaterials: top-down and
bottom-up (Figure 1.10) *. The first approach is to prepare nanomaterials by
removing matter from larger blocks: it is an iterative synthetic route that is carried out
until the desired size is achieved. Generally, this kind of approach makes use of
physical synthetic techniques such as milling, crushing, laser ablation, and so on, and
produce nanomaterials which suffer from contamination, lower crystallinity and high
polydispersity®. Moreover, frequent maintenance of instrumentations or long
synthetic times are generally required for the physical processing of materials.

In contrast with top-down approaches, bottom-up approaches begin at the atomic
scale and build up structures. To spatially limit the growth at the nanoscale several
synthetic strategies® using chemical routes such as sol-gel**, thermal decomposition
% hydro- or solvothermal®**®| self-assembly®, electrodeposition®**° and microwave-
assisted techniques* are widely employed in the preparation of nanomaterials, These
synthetic methods require careful manipulation of the precursor solutions for limiting


https://www.nanomanufacturing.eng.cam.ac.uk/NanoScapes/Others/tio2-nanoflowers.jpg
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growth, such as the use of very diluted solutions*, high boiling solvents®, the
preparation of bulky precursors,®” and complexes *““°, and/or emulsions (W/O
mostly)*®#’.

g =
§ Nanoparticles =z
e preparation 8
s -,
(=3 0
& o
s 3
=2 8
£ o
2 Powder 3
5

- N

[ J
Atoms/molecules 1\ /I *.
NPs
Figure 1.10: Top-down versus bottom-up approaches for the preparation of nanomaterials,
adapted from Ovais et al.*

Chemical methods offer several advantages over the physical ones because the
bottom-up approach produces nanostructures with better uniformity and quality (less
defects, homogeneous composition, short- and long-range ordering...). Furthermore,
the chemical methods can be industrially scalable for economically feasible mass
production 3%,

In fact, in order to engineer matter at the nanoscale, chemical synthetic bottom-up
strategies make use of assemblies of smaller subunits, which are composed of labile
complexes of the metal ions that will constitute the inorganic core of the
nanomaterials. These precursors are building blocks around which the crystal
generates®’ 424446,

Nevertheless, the bottom-up approach for the synthesis of nanomaterials is not
exempted from certain, intrinsic drawbacks of the chemical processing:
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agglomeration, “® polycrystallinity of solids (most of the time)*, and byproduct

contamination®, are some of the difficulties met in building up nanostructures.

To avoid such drawbacks, and in an effort to purify reaction products, as well as to
preserve physical qualities of the nanomaterials, surface modification is usually
performed. These strategies are devoted to the maintenance (or improvement) of the
physical properties ** while maintaining small crystal size (or slightly larger) and
avoid coalescence®.

1.2.3 Nanomaterials surface modification strategies

Nanomaterials can be both organic®**® and inorganic in nature?®3***%%: however,

most frequently, nanomaterials are composed of an inorganic core and an organic
(surfactant) shell®®; that permits ease of dispersion in a range of solvents. The
surfactant shell, most of the time, does a poor job in protecting the core of the
nanomaterial as this degrades over time. Due to the fast degradation of surfactants,
the shelf life of nanomaterials is limited due to coalescence and aging, ease of
contamination, aggregation of the nanomaterials and high polydispersity around a
central size. However, very few reports have described this behavior.®These
drawbacks limit their dispersability in solvents® and dim the unique physical
phenomena of the nanomaterials, making bulkier materials and changing their
physical properties.®? Generally, surfactant-based organic layers are more soluble in
organic solvents rather than water; however, some polymers, such as
polyethyleneglycol (PEG)®, polyvynilpirrolidone (PVP)*, polyacrilic acid (PAA)®
are water soluble and, as a plus, present low or mild toxicity. Therefore, in view of
bio-medical, phytologic and pharmaceutical applications of nanomaterials,
biocompatible polymers are commonly used to coat the surfaces in order to switch
from hydrophobic to hydrophilic ones. Moreover, it has been shown that the chemical
nature of the surfactant has a direct impact on the physical properties of the
nanomaterials®®. To resolve these and other issues, responsible for masking the full
potential of nanomaterials, manipulation of these external shells permits:

a) Switching from hydrophobic to hydrophilic surfaces (and vice versa)®®®’

b) Limiting nanomaterial growth, aggregation and coalescence®®®®
¢) Maintaining, improving or modulating physical properties
1.11)

980 (see Figure



Rationale Design of Inorganic 13
Up-converting Nanophosphors towards Advanced Optical Applications

) H/efent:ufunctiond FragmentizedLigand g0 ifiaq
a
RN / -~
; i :\ \
b %
K"’TQ Nonopamelu / e
s\*g[/ —*— A
-
Amphlpmllc . b S,

Copoly b - commm

Figure 1.11: Ligand modification/replacement strategies (a-d): a) Ligand Exchange, b)
Ligand Modification, ¢) Micelle Formation and d) Polymer Encapsulation;™ e)-f): Core-Shell
schematization of a nanoparticle (adapted from By Akcook8 - Own work, CC BY-SA 3.0) and
core-shell nanoparticles relative TEM image (http://www.hignano.com/products/silica-
nanoparticles-2/core-shell-silica-nanoparticles/) respectively.

Thanks to the possibility of manipulating the external shell, chemical reactions on the
surfactant systems are performed with the nanomaterials’ fate in mind. Indeed surface
modification is used generally to protect the core, to magnify its unique properties.”

Efforts to modify the external layers of nanomaterials have led to a relatively large
number of chemical manipulations and techniques (see Figure 1.12): ligand chemical
modification (A), ligand exchange (B) as well as core-shell procedures (C).

(A) When prepared in inverse emulsions**® inorganic nanomaterials are

generally prepared with a layer of water-insoluble molecules. In an effort to make
the former water soluble, one of the strategies is to chemically modify the water


http://www.hiqnano.com/products/silica-nanoparticles-2/core-shell-silica-nanoparticles/
http://www.hiqnano.com/products/silica-nanoparticles-2/core-shell-silica-nanoparticles/
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insoluble layer with surgical-precision manipulations (such as chemical
oxidation). However, these techniques suffer from heavy solid by-product
formation and so the unavoidable contamination of the nanomaterials, ®which
results in a reduced product recovery yield.

(B) Ligand exchange is a formidable technique to convert water-insoluble
nanoparticles into water soluble ones. This technique is based on the solubility of
the two different ligands in polar and non-polar solvents. Relatively high
temperatures and long times are generally required to reach a complete
conversion of the ligand on the nanoparticle surface™". This process is a multi-
step one: therefore, the first step is to remove the weakly adsorbed ligand, which
leaves the nanoparticle naked, and a successive substitution of the reactive
nanoparticle with the desired ligand.

(C) Grafting foreign or matrix-based inorganic layers?®®®*"*™* on nanoparticle

surfaces prevent the core nanoparticle from fast growth, aggregation or
coalescence with neighboring nanoparticles, keeping®™® or magnifying " the
desired physical properties. Building one or more shells of inorganic materials
around a central core (core-shell technique)®, permits: a) maintenance of
physical properties, b) modulation of the physical properties™ and c) addition
of external physical properties for dual-mode nanoparticle preparation’”’. The
physical properties and the size of the shell(s) mainly depend on the fate of the
nanoparticles, and also are strongly related to its (or theirs) chemical nature or
composition(s)’® .

These techniques will be further discussed and in a deeper fashion when applied to
the main argument of this manuscript, to up-converting nanoparticles (UCNPS).

[ R=COOH, NH_ SH, N, etc. 2. SI0, TIO, Au, Ag

o .ﬁ HZ/‘}"‘ / 7/‘\ S ) \ pr—
"\3,' -..‘,2‘ & O, a‘\ 2
1? e N :_{e\,’ 0"0‘ o &

7= ucNe 7

/F' = R
7y A \
v RS

’ iz amphiphilic molecules

Figure 1.12: Scheme of hydrophobic-to-hydrophilic surface switching techniques through
surfactant layer chemical manipulation in UCNPs.%®
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1.3 Optically active nanomaterials

The global optic and photonics market size was quoted as 450 Billion dollars in 2015,
and has an estimated forecast of 725 Billion dollars by 2021
(http://www.marketsandmarkets.com/Market-Reports/photonics-market-
88194993.html?gclid=CKP76uuzsNMCFdVAGwodBrQD4Q) and expanding to 980
Billion dollars by 2024 (http://www.grandviewresearch.com/press-release/global-
photonics-market). This huge economic forecast (about 38% increment in 6 years and
more than double in 9 years) makes the quest for high-quality, optically active,
nanomaterials alluring in both academic and industrial fields are discovered every
day. Literature on optically active nanomaterials and related optical and photonic
effects is very rich and intriguing®**°*®"7"8 \With this perspective, an increasing
number of research groups are working on bio-medical, pharmaceutical and
technological applications of optical nanomaterials'”®®®, In industry, optical
nanotechnology has permitted a change in labor habits, i.e. the use of more and more
sophisticated computers with unprecedented resolution and definition of the images;
optical nanotechnology has been used in the industrial manufacture in a multitude of
devices, from high-resolution, high definition TV and computer screens, medical
imaging instruments, optically activated hard drives, touch-screen devices and smart
displays, etc. Furthermore, optically active nanotechnology has been used in energy
harvesting devices (photovoltaic®®®, solar fuel®°), and sensing®.

Despite the large number of discoveries and new-marketed devices, optics- and
photonics-based nanotechnology is showing an ever-increasing rate of turnover, due
to the fast discoveries in new optical phenomena. Solar light conversion is one of the
most quoted themes in literature. Nanostructures are helping in harvesting a larger
part of the solar spectrum beyond the visible photons, (1) providing a large surface
area to boost the electrochemical reaction®*® or molecular and hybrid (i.e. composite
materials of an organic matrix embedding inorganic nanocrystals) light harvesting
systems®®%% (2) generating optical effects to improve optical absorption (for energy
harvesting) and energy conversion in solar cells in effort to gain high efficiency, and
(3) giving rise to high crystallinity and/or porous structures for photoelectrochemical
sensing™ %,

For example, semi-conducting crystals may have a two-way employment: irradiation
with light sources of energies similar to their bandgap®’ permits electrons to jump
from the wvalence band to the conduction band, giving out a photocurrent.


http://www.marketsandmarkets.com/Market-Reports/photonics-market-88194993.html?gclid=CKP76uuzsNMCFdVAGwodBrQD4Q
http://www.marketsandmarkets.com/Market-Reports/photonics-market-88194993.html?gclid=CKP76uuzsNMCFdVAGwodBrQD4Q
file:///C:/Users/Fabryeana/AppData/Roaming/Microsoft/Word/(http:/www.grandviewresearch.com/press-release/global-photonics-market
file:///C:/Users/Fabryeana/AppData/Roaming/Microsoft/Word/(http:/www.grandviewresearch.com/press-release/global-photonics-market
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Additionally, a current higher or equal to the bandgap can be provided to such
systems, exciting electrons in the valence band up to the conduction band, and upon
relaxation emit bright, monochromatic light, whose wavelength mainly depends on
the bandgap of the semiconductor, strictly related to the size and the chemical nature
of the crystals (quantum dots)*®®°. These materials are highly requested in the market
due to their versatility in a number of industrially relevant processes: they can help
other systems to perform catalysis and photocatalysis®, water splitting (BiWOj is the
most established water splitter,’ %), transform light into current in photovoltaic
systems or electricity into light (LEDs).”"*°

The optics and photonics, electronics, energy-harvesting and energy storage industries
are looking towards a number of new optical nanomaterials. In fact, besides semi-
conductors, that are widely employed in technological advancements® *°, and whose
job is to convert electrical signal into optical emissions or vice versa, spectral
converters, with the ability to convert between photons of two different specific
wavelengths, are a relevant class of optically-active material. Normally, these
converters are excited by high-energy wavelengths and the outcoming converted
energy is in the form of low energy photons (down-converters). For example, organic
fluorophores are an important class of down-converters. The physics and chemistry of
these materials is well known, and many pages describing their physical behavior in
interacting with light have been written. Thanks to these many pages of literature,
today, a database comprising the most known organic fluorophores has been created
(http://www.fluorophores.tugraz.at/).

However, nowadays, technology is moving towards infrared (IR) energies absorbing-
visible (Vis) radiation emitting materials, with increasing interest. The low excitation
energy permits a wide range of opportunities for these materials, both in the
technological 2"**1%% and biological fields®"#*#**921% The up-conversion process
(i.e. generation of higher energy photons from low energy photons) is a non-linear
process, based on a subsequential absorption of two or more low-energy photons,
which permit quantum leaps of the electrons into higher energy (excited) states?"'%.
The energized electrons relax down to the ground state, and in doing so emit photons
of visible light. This class of materials includes Triplet — Triplet Annihilators (TTA)
and inorganic Up-Converters (UC), which, currently, show optical phenomena that

are at the base of cutting-edge technologies® %% and biomedicine™.


http://www.fluorophores.tugraz.at/
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1.3.1 Up-converting systems

Up-converting materials represent a large subgroup of luminescent materials, whose
peculiarity is to convert lower energy photons in higher energy photons (anti-Stokes
emissions). Several up-converting processes have been studied, both from organic
and organometallic structures, and in inorganic nano and microcrystals 2"°0108111-115,

Organic and organo-metallic up-converters rely on a process called sensitized TTA
(Figure 1.13). IUPAC define TTA as “Two atoms or molecular entities both in a
triplet state often interact (usually upon collision) to produce one atom or molecular
entity in an excited singlet state and another in its ground singlet state. This is often,
but not always, followed by delayed fluorescence” .

Triplet-triplet annihilation (TTA) shows great promise as an up-conversion
phenomenon: it needs low excitation power density. For example, it can be activated
by solar light and it is quite efficient, with relatively high up-conversion quantum
yields (up to 10%)™,

Another advantage of the TTA phenomenon is its readily tunable excitation/emission
wavelengths and strong absorption of excitation light. Its emission mechanism
involves energy transfer between a sensitizer molecule (donor) and an
acceptor/annihilator that, ultimately, emits the up-converted visible frequency.
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Figure 1.13: upper: general scheme sensitized TTA Jablonski diagram.™®; lower: Anti-
Stokes shift of the emissions (high energy end) from low-energy excitation.



18

Rationale Design of Inorganic
Up-converting Nanophosphors towards Advanced Optical Applications

The main drawback of the TTA systems is the low long-lasting stability and
photobleaching (diminution of the emissions intensity due to degradation of the
emitting system in function of the high-brilliance/ high energy of the irradiation
source over time), since the labile organic matter is more prone to degradation than
inorganic crystals™2™*. Furthermore, the organic moieties present short-lived states
(in the order of nanoseconds) in comparison to fully inorganic up-converters (micro
or milliseconds), due to the lack of intermediate, metastable states and forbidden
emissions. Another important drawback is that this effect is shown in non-aqueous
solutions,™ especially in organic non-polar or slightly polar solvents, and a preferred
orientation between the donor and the acceptor is sometimes required for the energy
transfer to be efficient, while an inorganic up-converter can emit in a solid state too.

Inorganic nano-sized up-converters are very different from TTA systems, even
though the up-converting overall mechanism is quite similar, the sequential
absorption of two or more low-energy photons and the emission of one or higher
energy photons.

They are based on crystalline networks that incorporate lanthanide trivalent cations in
their structure. Thus, the UC phenomenon is generally performed by lanthanide ion
pairs unevenly distributed around a low-phonon crystal host. In these materials, f to f
transitions are Laporte and (sometimes) spin forbidden, which render the emissions
long-lived. Very little or no photobleaching *"**® is observed over a large time span
(2h or more). The rigid inorganic lattice, opposite to the fragile organic framework of
TTA systems, makes them more resistant to degradation from external agents
21105115119 - g rface modification can render inorganic up-converting nanocrystals
(UCNPs) water soluble and core-shell approaches limit the number of surface
defects®™®”""*8! improving greatly emission efficiency. The advantage of having
water-soluble nanocrystals that show limited toxicity and high brilliance give rise to a
multitude of opportunities for biochemical, pharmacological and medical
technologies in imaging. Despite the lack of molar absorptivity of lanthanide ions,
inorganic up-converting system can be helped through the insertion of sensing ions or
antenna molecules, which aid the energy transfer.
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1.3.2 Up-converting photoluminescence in lanthanide-based
systems: spectral properties and mechanisms

Up-conversion (UC) properties within inorganic crystals have been discovered by
Auzel ® about sixty years ago.

Lanthanide-based up-conversion is intimately related to the electronic distribution
over excited levels. The latter must be arranged in a ladder-like structure (as in Figure
1.14) where the excited levels are separated by an almost equal energy difference.
Light harvesting, energy-transferring lanthanides must provide few excited levels
(preferably one ground and one excited, with the others too far away in energy in
order to maximize energy transfer efficiency) and must be capable of absorbing NIR
(980 or 808 nm) photons.

These processes depend on the electronic configurations of lanthanide (Ln®*") cations.
To observe these unusual optical phenomena, non-linear processes are involved: in
fact, multiple photons of low energy excitation (usually NIR wavelengths) are
absorbed by one set of sensing lanthanide ions, with suitable electronic level
separation, which then transfer the harvested energy to excited levels, pumping of
another set of lanthanide ions responsible for the emissions. The high-energy filled
excited states of the latter sets of lanthanides relax down to the ground state, emitting
visible (anti-Stokes) photons. The presence of filled 5s* and 5p® sub-shells shields the
4f orbitals, (http://www.cchem.berkeley.edu) responsible for the whole up-conversion
process.



http://www.cchem.berkeley.edu/
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Figure 1.14: (left) Ladder like structure of the emitting Ln(lI1) ion. In black is the absorption
of the NIR photons from Yb ions; (right) energy transfer and relative emission lines from Yb
to Er and Yb to Tm pairs?®’

The different electronic configurations of the lanthanides (Figure 1.15) allow for the
availability of different emissions, spanning from UV to NIR and freedom of choice
for the dominant emissions.?"'%%12 Theijr fine tuning®™>*# is permitted through
manipulation of the up-converting ions concentrations, host crystal structures (and
chemical nature), core-shell strategies and multiple co-doping.”"""**%
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Figure 1.15: Energy levels of trivalent lanthanide ions.*?

Since the electronic states of the lanthanides are energy-quantized, the resulting
emissions will promote single-photon emissions, and therefore the resulting spectra
will appear with narrow, spiked multi-band signals. Each band of the spectrum is
characteristic of a particular f-f transition and its position is attributed to the energy
difference between the excited and ground states. Organic fluorophores and up-
converting TTA systems, instead, show broad-banded spectra, which comes from the
fast relaxation of excited states (S, S,, Ss, ...) that relax down to the ground state
(So). One example of emission spectra for both organic and inorganic UC systems are
shown in Figure 1.16 (http://www.cchem.berkeley.edu).
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Figure 1.16: Overlap of Th(lll) emission and fluorescein (organic). Inorganic emitters show
discrete emission lines due to the quantized excited states that relax down to the ground state.
© Berkeley, 2017 http://www.cchem.berkeley.edu
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Several multi-photon processes have been proposed in the literature 2"*'%*? to explain

the UC phenomenon. However, the most frequently reported are Energy Transfer Up-
conversion (ETU), Excited State Absorption (ESA) and with minor frequency Photon
Avalanche (PA). All mechanisms are based on the sequential absorption of two or
more photons by metastable, long-lived energy states of Ln** ions, which emit the
surplus energy in the form of visible photons (Figure 1.17).
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Figure 1.17: ESA, ETU and PA mechanisms'%.

Under the ESA mechanism, excitation takes the form of successive absorption of
pump photons by a single ground state ion. If a photon promotes an electron from the
ground state to the E1 state, a second photon will produce emission upon the
excitation of the electron from the E1 to the higher — lying E2 level (up-conversion).

The ETU mechanism is similar to ESA, however it needs at least two neighboring
ions for the energy transfer to occur. In this mechanism, the ion 1 (sensitizer) is
excited by wavelengths with energy similar to the separation of the electronic states
from its ground state to its excited state (metastable). The harvested energy is then
transferred to the ion 2 (emitter), which is then excited from its ground state G to its
excited state E1 (mechanism known as activator) exciting ion 2 to its excited level
E2, while ion 1 relaxes back to its ground state G. The dopant concentrations that
determine the average distance between neighboring dopant ions has a strong
influence on the UC efficiency of an ETU conversion process. In contrast, the ESA
mechanism is independent of the dopant concentration due to its single-ion emission
characteristic.

Photon avalanche features an unusual pump mechanism requiring non-resonant,
higher pump intensity. The process starts with the population of E1 level by a weak,
non-resonant GSA followed by a resonant ESA populating the higher-lying emitting
E2 energy level. Thereafter, a cross-relaxation between the excited ion and a
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neighboring ground-state ion occurs resulting in both ions populating the intermediate
energy level E1. The two ions then again populate the level E2 via ESA to further
initiate cross-relaxation, leading to a looping process. Thus, the upconversion
emission produced by photon avalanche is very strong. The PA process is considered
to be the most efficient upconversion process. However, the emission response is
delayed due to the looping processes with a rise time up to a few seconds. Also the
weak GSA and the high pump threshold limit the use of PA.****® |n fact, only a few
nanomaterials have shown PA-based upconversion'2*%,

Fine-tuning of the lanthanide emissions is performed for a number of applications.
Since each lanthanide has a unique electronic structure, each spectrum will show
different emission lines whose position depends upon the energy difference between
the excited electronic levels and ground state. For example, Er** and Ho** show
emissions predominantly in the green (Er3+: 527, 542 nm deriving from the Hyp
“Sap — *lis, transitions, respectively- and Ho®*: 547 nm from °S, — °l) and red
(Er**: 656 from *Fg, — *l15, and Ho**: 657 nm from °Fs — °Ig), while Tm** shows
emissions in the UV (350 nm from 'l — *Hg and 360 nm from D, — *H transition),
blue (456 nm from ‘D, — °F, and 476 nm from ‘G, — °Hs), red (652 nm from 'G,
— 3F,) and NIR (800 nm from ®H, — *Hs) regions of the radiation spectrum.

To give rise to UC emissions from the elements above, the most used sensitizers are
Yb*and Nd**, which absorb at 980 nm (*Fs» — F72),"°**! and 808 nm (*Fs, —
*lor), respectively ", but other lanthanide ions such as Ce™**** among others, have
been used as sensing ions for UC.

The up-conversion phenomenon is a non-linear process, and therefore the emission
intensity is strongly coupled to the laser excitation energy, in particular with the
power density (after beam focusing on the sample). Power optical density, in W/cm?,
is calculated dividing the read output power by the geometrical area (circle) of the
focused beam calculated in cm® It must be noticed that, in the most common
fluorescence experiments (illustrated in Figure 1.18), the emitted light is registered at
90°. Since the fluorescence has no preferential direction, only a fringe of the
emissions intensities are recorded, which do not allow for quantitative results. More
sophisticated setups are required for measuring QY of the UC photoluminescence.
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Figure 1.18: Scheme for one of the set-ups used for the determination of UCNPs emissions.

The relation between the intensity of upconversion photoluminescence (P) and the
power of excitation pump laser (P) is depicted in equation (1.1)

IUCPL X P[r)lexc (1-1)

where n is the number of excitation photons required to produce the upconversion
photoluminescence (UCPL) at a defined power density output. The fluctuations of
this index are dependent on the laser power scale, area of the focused beam and
detector sensitivity. In addition, scattering effects may diffuse light making this n
parameter fluctuate too. However, generally in well-dispersed systems, these effects
of light scattering are negligible*®**. Therefore, n is linked to the number of photons
absorbed by the sensing ions and can be obtained from the slope of a log—log plot of
intensity vs. excitation power density.

In this plot, two regimes can be found: a linear regime, where the intensity increases
as the power output increases, and a saturation regime for high excitation density
where emission intensity is constant. Generally, for red and green emissions, n (the
number of photons needed for a certain emission) approximates to 2, while for blue
emissions it approximates to 3 (see Figure 1.19).
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Figure 1.19: Examples of log—log plots of intensity vs. excitation power density for (top)
Yb,Er****% and (bottom) Yb,Tm*****" in o and p - NaYF, nanocrystals and NaREF, with their
relative emission diagrams.

Therefore, UC green or red processes are only 2 photon absorption-dependent
processes, because the energy needed for these emissions comes from the absorption
of 2 NIR photons, while blue emissions are 3-photon processes because getting UC
high-energy emissions, requires the absorption of 3 NIR photons. Obviously, it has
impact on the emission efficiencies: the green and red emitters are far much more
performant than the respective blue emitters.

In systems where there is no ladder-like energy distribution, it is also possible to
detect UC emission thanks to cooperative sensitization phenomena. Very few works
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describe this phenomenon because it is rare. However, it is relevant to mention it in
this section since in our research we have achieved a UC nanomaterial with such
effects. This process, called cooperative sensitization up-conversion (CSU), involves
interaction between three ion centers, as shown in Figure 1.20, left. lon 1 and ion 3
are generally sensitizers and are simultaneously excited to their E1 levels from their G
levels. Then, the energies are simultaneously translated to the ion 2 (emitter) which
relaxes down emitting up-converted light'®®, The CSU process is observed in Yb,Tb
co-doped systems, in which Th* emitting levels are much higher in energy than the
energy provided by just one neighboring Yb ion. This process is generally found at
temperatures above 100 °K, while a dimer Yb-Tbh would explain better the CSU
138

mechanism below 10 °K (Figure 1.20 right)™.
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Figure 1.20: Up-conversion mechanisms for Yb,Tb co-doped crystals: a) high temperature
CSU model, b) low temperature “dimer” mode. Adapted from Salley, Valiente and Guedel,**.

1.3.3 Effects of “nano” size and composition in the UCPL

For many decades, up-conversion was observed in single crystal experiments'®. The
development of up-converting (UC) nanocrystal research has evoked increasing
interest with the progress of nanoscience?’. However, the crystal engineering for UC
nanophosphors present strict requirements that must be fulfilled in preparing high-
efficiency, high brilliance and easy dispersible small dimension up-converters. The
most important points affecting the up-conversion photoluminescence (UCPL) will be
revised in this section.

The effect of nano size

In comparison with bulk luminescent material, small luminescent particles show a
classical drawback, namely poor luminescent efficiency. It comes directly from the
geometrical constraints and the highly defective surfaces of nanocrystals, which
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exhibit unsaturated coordination of metals, ion vacancies or atom lattice
misplacements responsible for increased phonon vibrations and enhances non-
radiative paths rather than the emitting ones. For example, in Figure 1.21, it is shown
how the size of the nanocrystals (which goes from 150 nm to 8 nm), affects emissions
in function of the power density output. Emissions were recorded from 1 W/cm? to
10° W/cm?, however, while the full power scale (logPp is 0 to 6) can be used for 150
nm nanocrystals, signals from 8 nm analogues can be recorded only using very high
output densities, due to the large surface to bulk ratio. This large increase in
vibrational energy and of the number and nature of the defects, thus, decreases

emission probability for the UC photoluminescence™.
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Figure 1.21: Size-dependent emission of various single-upconverting nanoparticles. Spectra
are mounted in function of the lasing power (black 1 W/cm? to red 10°W/cm?) **

The lattice distortion

From a crystallographic point of view, the chemical nature and structure of isotropic
crystals determines interatomic distances between ions, their relative (fixed) lattice
positions and symmetry (Wickoff), as well as their relative coordination
environments™®**!. However, the insertion of foreign atoms (doping), in isotropic
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host lattices, alters the relative inter-atomic distances to a certain extent®’, provokes
distortions of the crystal lattice?’, and causes crystal stress and strain?’.

In highly doped systems where the total doping is about 20.5-22% of the total cation
substitution with especially Ln*" ions, which show larger coordination numbers, these
distortions can alter heavily the phonon distribution and the lattice motions. However,
despite the increased phonon distribution modes, the insertion of Ln ions is
unavoidable for UC processes. These distortions are at the base of “self-induced”
increased phonon energy (as compared to same-size, same composition isotropic
CryStal3)24'27'135'142’143.

From the optical point of view, bright emissions are obtained if few requirements are
respected: first of all, to ensure efficient energy transfer, doping of the sensitizer must
be in large quantities (>5 times), with respect to the emitting lanthanides (normally
0.1-5 atom %)."***** Literature reports an optimum for sensing and emitting ions to
ensure bright emissions. Doping quantities, therefore, are important for bright
emissions: too low or too high concentrations of ions will dim emissions for a given
compound. Normally, for up-conversion pairs such as Yb:Er and Yb: Ho the
lanthanide relative quantities are about 10:1, however, when the ion pair is Yb: Tm,
this ratio falls to 40:1 because Tm ions are very concentration sensitive.

Ensuring adequate hosting of lanthanide trivalent ions means including cations with
similar atomic radii in the host crystal lattice. Similar sized cations greatly reduce
distortions and allow a more effective inclusion of Ln ions. The latter, however
present larger coordination numbers (see Table 1.1).

Cation lonic Covalent radius in 6-9
radius (A) coordination (A)
\4 0.90 1.04-1.21
Yb* 0.87 1.01-1.18
Er** 0.89 1.03-1.20
m* 0.88 1.02- 1.19
Ho* 0.90 1.04-1.26

Table 1.1: lonic and covalent (with coordination 6-9) radii found in crystals (copyrights to
“Database of lonic Radii” http://abulafia.mt.ic.ac.uk/shannon/ptable.php)
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The host (phonon energy)

128,145 46,77,146-149

Metal oxides and fluorides are by far the most studied crystal hosts for
up-conversion processes because these anions-derived crystal structures greatly
reduce phonon energy, maximizing radiative paths and thus emission intensity.

In fact, collaborative lattice vibrations (phonons) greatly dim or quench emission
brightness through preferential non-radiative decays: to design bright UC
nanostructures, the lowest phonon energy possible is desired (see Table 1.2).

Material Phonon energy (cm™)
Phosphate glass 1200
Silica glass 1100
Fluoride glass 550
Chalcogenide glass 400
Y203 550
ZrO, 500
NaYF, 350
LaF; 300
LaCl; 240
YVO, 890
Y20,S 520
GdOCl 500
LaPO, 1050

Table 1.2: Host crystals and relative phonon energy?*.

Lattice phonon energy is of great importance in selecting a host matrix for UC
materials. Its influence on the non-radiative transition rate, ki, can be expressed as
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hw
Ky = Be” "2 (1.2)
for low phonon numbers and
knyr = ﬁe_a(AE) (1.3)

for phonon numbers above two or three, where  and o are constants unique to each
host matrix, E is the energy gap between the two electronic states of interest, and
hw/2x is the maximum phonon energy for the host matrix. How phonon vibrations
affect emissions must be accounted for when designing a rationale formulation for the
crystal engineering of nanostructures, and in particular for UC nanocrystals.

Alterations in the relative intensity of emissions

The alteration of the emission intensities can be related to a change in population of
excited levels and also a modification of the energy transfer mechanisms. Analysis of
intensity ratios between different transitions is performed routinely when

understanding the up-conversion process**°.

The intensity of the emission bands is related to different parameters. Some of them
depend on the nature of the crystals (chemical structure, crystalline phase, doping
concentration, number and nature of defects, etc.) that may limit emission brightness
for some (or all) transitions, or alter emission mechanisms 2"*?35142 QOther effects
involve external agents. For instance, OH- residues and organic matter (from solvent,
surfactant layers, energy transfer fluorophores, etc) acts as quenchers for visible
emissions and use NIR radiation to vibrate, then reducing selectively one 2% or
all emissions™******3 from up-conversion spectra. To counteract this drawback, core—
shell architectures are prepared””® """,

Emission intensities are also affected by other factors such as temperature, (which
greatly increases phonon vibration frequency), aging (due to the highly energetic
nature of nanocrystals) and coalescence (this latter, sometimes, may come directly
from the aging process) !>191201251351421564%6  and  high lasing  power

density**>421571%8 or detector saturation.
The efficiency in nano systems

The quantum yield is defined as the ratio of the number of emitted photons to the
number of absorbed photons. For an n-photon UC-process, the theoretical maximum
for QY is 100/n %, e.g., for a two-photon process, the maximum QY is 50%.
However, the observed QYs of UCNPs are usually much lower due to the energy
losses in UC processes™®!. The QY of UCNPs must be analyzed by using the absolute
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QY measurement due to the power dependency and the lack of standardized UCNP
reference materials for a relative measurement method.

For the most efficient Er,Yb-NaYF, standard material, up-converting quantum yield
is found in the order of 15% in single crystals, while they fall as low as 1-4% for
nanostructured (20-100 nm) crystals®*. Obviously, nanomaterials show lower
guantum yields on account of the defective nature of the surface, increased phonon
energy and of low-strength shielding of organic shell layers (for non-core-shell
structures).

To limit the huge decrease in efficiency of the nanomaterials, synthetic strategies
have been developed to crystal-engineer emission-modulated materials through core-
shell architectures, """ multi-modal magneto-optic materials’’, and surface
functionalization techniques. %"%082.1€0

1.4 Fluorides in up-conversion

Rare-earth doped, complex fluoride materials are dominating the panorama of UC
nanomaterials due to their bright emissions and lower lattice phonon vibration as
compared to the oxide structures (see Table 1.2). Systems such as
NaYF,:Yb,Ln*"'*"1%2 BaYFs:Yb,Ln '@, CaF,:Yb,Ln'**'% LaFs:Yb,Ln, 1% and
so on are considered, for the reasons explained above, among the brightest up-
converters systems. In particular, nano-sized NaLn'F4:Yb, Ln? (Ln'= Gd, Y, La, Yb,
Dy, etc. and Ln?= Er, Ho, Tm, Th, etc.) are studied because: (i) they present low
phonon energy (350-500 cm™)?, (ii) there are well established synthetic routes and
(iii) they have a variety of marketable opportunities for technological and
biotechnological exploitation of their UC processes. The main strengths, especially in
the bio-technological fields, are due to the low-energy excitation that provokes low
autofluorescence of biological tissues (excitation in the transparent region of tissues),
high penetration depth of the NIR light, high brightness of the emission, mild (or low)
cytotoxicity towards cells and ease of biocompatibilization®"#2%0164167 Thijs makes
these materials widely appreciated for in vitro and in vivo imaging studies: bio-
imaging”’, theranostics'®, and photothermal therapy®'®® are, nowadays, the most
sought biological applications. More recently, since the dependence of UC
luminescence on the temperature has been rationalized, these nanomaterials have
been proposed as thermo-responsive nanometric devices. Moreover, UC
nanofluorides offer other favorable properties such as high photostability™’, tunable
emission wavelengths” and high detection sensitivity *****'"° which are important
when thinking about bio-technological exploitation of optical materials.
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However, beyond the adaptability and utility of these materials in diverse fields of
application, and despite the large number of papers and reviews, which show how
much the knowledge of these materials has increased in the 50 years from their
discovery, there is still so much to learn about their crystal formation, size and
luminescence relations.

1.5 NaYF4: Yb, Ln3* nanophosphors. Synthetic routes and
surface modification

The most efficient UC phosphor to date is pure hexagonal NaYF,:Yb,Er (where Yb**
and Er** are substitutional ions with Y®*, in concentrations of 18-20 atom % and 1-2
atom% respectively). It was introduced by Menyuk et al. in 1972 *™. This inorganic
phosphor permits emissions in the green and red regions of the visible spectrum. The
most efficient UC phosphor for emissions in the UV and blue range is pure hexagonal
NaYF,Yb,Tm (where Yb** and Tm* are substitutional ions with Y*, in
concentrations of 18-20 atom % and ~ 0.5atom% respectively,). This material was
introduced by and Kano et al. in 1973*%*", Both up-converting nanophosphors have
been extensively studied and proposed for several technological applications, such as
lasers,"*'™ solar cells,?®*?*1%51% waveguides, """ and display devices'’. Today
there is a completely new focus on these bright light emitting nanophosphors in
various biological'®*"**®  biomedical*®*®*#1% and botanical'®*® applications, as
tagging labels and photosynthesis activators. Furthermore, new studies look towards
the investigation of the temperature-dependent emission, as nanothermometers'®’.
This new focus makes UCNPs promising alternatives to organic dyes or quantum dots
in some applications.

The existence of two crystal structures has been studied from a crystallographic and
optical point of view: a (cubic)'® 189 phases show very different UC

emission intensities.

and P (hexagonal)

Cubic (a-) NaYF4:YDb,Er is much less emitting (around 10 times less) than hexagonal
(B-) NaYF4:Yb,Er . The different optical response lies on the different coordination
environments around the lanthanides, different inter-lanthanide distances, different
phonon energies, and so on. Altogether, these effects will impact the emission
efficiency and the intensity ratios.

Lanthanides lattice positions and Wyckoff symmetries are very different in the two
crystalline environments™® (see Table 1.3 and Figure 1.22), and as soon as the
hexagonal lattice is formed, their atomic position will adjust to the position symmetry
of the most stable lattice.
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Cubic lattice Wyckoff Hexagonal lattice Wyckoff

lon position symmetry position symmetry
Yb** 4a la/lf

Ln* 4a la/1f

Y 4a la/1f

Na* 4a 1f/2h

Volume unit cell=164 A3 Volume unit cell = 106A3

Table 1.3: Crystal cations positions, symmetry, and relative volume of the unit cell***

a-NaREF, p-NaREF,
c) (d)

Intensity (a.u.)

AN

500 600 700 500 600 700
Wavelength (nm)

Figure 1.22: Structure and relative emissions of a and B — NaYF,:Yb,Er. Adapted from Dong
etal.”®

One of the main differences that can be seen is that the hexagonal unit cell shrinks
significantly, leaving the rare earth (RE) cations much closer together, potentiating
the energy transfer between the sensitizer and the activator. Furthermore, there are
several combinations where the RE ions can substitute for the original Y (or Na) ions.
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Therefore, there are more Ln ions per hexagonal unit cell as compared to the cubic
190,191
one “

Crystal structure has also a direct impact on the emissions efficiencies and colors.
Cubic or mixed phase systems show different spectra*®!, as depicted in Figure 1.22,
e.g. in cubic NaYF,:YDb,Er, for example, the most intense emission in the cubic phase
is red, while in the hexagonal one it is green. A mixture of phases generally gives out
an average intensity for both emissions and the relative intensity depends on the
relative amounts of the different phases.'™* In the latter case, the formation of powders
composed of mixture of crystals the relation of intensities is altered.****" The
formation of cubic or hexagonal structures, then, can be used as a strategy to look for
the main color of the emission in optical applications.*

It is known, up to now, that the formation of high quality, pure B-NaYF,:Yb,Ln
crystals is a multi-step process. Nucleation of the crystals passes for an initially slow
kinetics due to nucleation in the cubic crystal lattice (simpler), until a cubic to
hexagonal transition is reached. At present, the main drawback probably resides in the
very different kinetics of growth rate for the two crystal phases'**, which depends on
the poorly understood crystal phase diagram and cubic to hexagonal transition
parameters'®'*®, Results have demonstrated that the a-phase is the kinetically more
favored, and always formed first'***®®, while the p-phase is thermodynamically more
Stable.lgo,lgl,l%

When the crystal reaches the opportune size for the cubic to hexagonal transition, the
growth rate steeply increases due to the high—energy facet of the plane (0001)*'%,
that initiates the formation of elongated crystals (nanorods). The kinetics of crystal
formation, if not stopped, leads to submicron, and micron-sized crystals (anisotropic
epitaxial growth) which lead to the formation of needle (or rod) shaped crystals (see

Figure 1.23).
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Figure 1.23: Schematic diagram of the growth processes of p-NaYF, Adapted from Wu et
a|.195

Due to the causes above described, it is practically difficult to control particle size and
phase.

The main reason is because the growth of B-UCNPs needs an a — [ transition
process. If the reaction is stopped while in the middle of the transformation from a to
B, the product will be consisting of only mixed phase crystals with nonuniform
particle size distribution. Therefore, to achieve pure B-UCNPs, the o — [ phase
transition must be completed, and the size that has to be focused will derive from the
outcome of the kinetic process of the transition, rather than determined by reaction
time."*

It also has been found that the nature of the lanthanide ion plays a key role in driving
the crystallization process towards one or another phase, under the same synthetic
conditions, as demonstrated by F. Wang et al. (Figure 1.24).
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® Na*(1) *F
» RE3+, Na*(2)

Lu Yb Tm Er Ho Dy Tb Gd Eu Sm Pm Nd Pr Ce La
B s o
lonic radius or polarizability

Figure 1.24: (a-b) Phase transformation in NaREF, structures by lanthanide doping, (c)
General trend of phase transition from cubic to hexagonal as a function of ionic radius (or
polarizability) of the lanthanide dopant ions.**®

Variations of the crystal chemistry including complete exchange of Y with pure
lanthanide components ** or triple doping with various transition metals, including
Sc® 12 Bt Fe** 1% and Mn?* ', have revealed the importance of similar-radii
cations in emission modulation as well as counter-cations such as Na* which have
been completely or partially substituted with K*, ** Li* **® or Rb* *®, to determine
counter-cation size effects. All these studies have been reported in order to rationalize
atomic-radius driven crystallization.

1.5.1. Synthetic routes of UC NaYF,

Concerning the synthesis of high quality UC NaYF, nanocrystals, several methods of
preparation have already been established to produce high quality nanomaterials (as
reported in Table 1.4).

Different wet chemistry approaches such as coprecipitation %' (A), thermal
decomposition of precursors in high-boiling organic solvents *"#1%222%3 (B) " hydro—
and solvo-(C ) thermal synthesis 2****, and more recently microwave assisted and
microwave hydro - and solvo — thermal syntheses “**%197:212213 () have been used in
order to produce high quality nanomaterials. The main considerations on these
approaches are listed below:
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Method Hosts Remarks
legl(:li Fast growth rate without the need for costly
Co-precipitation LuPO4 equipment and complex procedures. Post-
4 . .
YbPO, heat treatment typically required.
Hiah Temperature LaF; Expensive, air-sensitive metal precursors.
ql'hermopl sis NaYF, High quality, monodisperse nanocrystals.
Y GdOF Toxic by-products.
LaF; .
Cheap raw materials. No post heat treatment.
Hydrosfsg:xgg;tsermal La’\éla\l/l\i)% ) Excellent control over particle size and
y 2 43 shape. Specialized reaction vessels required.
YVO,
ZrO, . . . .
. - Cheap raw materials. Calcinations at high
Sol-gel processing Tio, tempgratures required ’
BaTiO; '
Y,03 . . .
. . Time and energy saving. Considerable
Combustion Synthesis Gd,04 particle aggreg%)t/ion g
Lazozs '
. Time saving and readily scalable. Suitable
Flame Synthesis Y205 for preparing oxide-based nanomaterials
Oxides, TiO,, Fast reaction kinetic, low temperature
Microwave assisted Zr0,, SiO, gradient and relatively high temperatures.
NaYF, Ease of scalability. Use of polar solvents only

Table 1.4: Synthetic routes for preparation of several UC nanostructures.

A) The co-precipitation method requires the formation of non-soluble salts in
confined emulsion at room (or low) temperature ***. However, this method is
quite abandoned because of the poor quality of the crystals and the weak
emissions deriving from the synthesis #>**',

B) The most widely used synthetic route is thermolysis or thermal decomposition of
precursors in high—boiling organic solvents ***%?2 This route, despite the
synthetic advantages that it gives (almost always a pure hexagonal phase #>#°,
with very narrow size distributions? and small diameters #*°) to the particles,
needs harmful precursors, a carefully controlled inert atmosphere and high
temperature, making this synthetic route very hard to manage and prone to
danger in the laboratory.

C) Hydro— and solvo— thermal routes are very simple synthetic strategies that give
generally high quality nanocrystals 103¢#217-221 que to the high temperature and
autogenous pressure that generates inside the autoclave container; however,
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since most autoclaves do not have control over pressure and homogenization,
particles are generally aggregated and bulkier, with sub-micron sizes®*?'":#222%,
Another drawback of this synthetic route lies in the long reaction kinetic
(sometimes more than 24 hours are needed to complete one synthesis %*°) needed
to complete the formation of the materials.

Microwave-assisted synthesis uses homogeneous heating, which generates
crystalline solids in few minutes and that gives the freedom for controlled
morphology and size of the derived product through an accurate tuning of
synthetic conditions. One requirement for the microwave-assisted synthesis is
the use of a polar solvent as the reaction medium: non-polar or low-polarity
solvents are generally insensitive to microwave irradiation and so the reaction
medium (solvent or mixtures) would not be as effective. Microwave assisted
synthesis incorporates the qualities of both hydro/solvo-thermal and thermal
decomposition routes, with the advantages of homogeneous heating within the
reaction vessel, faster reactions (a microwave assisted synthesis generally ends
within minutes), and lower reaction temperatures, giving uniform-high quality,
pure hexagonal and highly crystalline nanostructures.

Figure 1.25 shows the pros and cons of the various routes to prepare UC-NaYF,
nanocrystals.

Solid state - High-energy milling/crushing, - Low crystallinity of the as-prepared
- Robust reactors (high pressure) materials
- Polydispersity

- Cross-contamination
- Little control over reaction
- Low emissions

e initati - easy synthetic route - No control over phase and size
Co prEC]p]tahon - Generally low-temperature - Poor crystallinity
- Low emissions
H - Control over crystalline phase and size - High temperature (over 300°C)
HIT (ngh - Good luminescence - Harmful synthetic precursors
Temperat‘ul“e - Uniform size/low polydispersity - (sometimes) poor crystallinity or
Thermolvsis) - Number of nucleation and growth models contamination from by products of the
- thermolysis
- Rigorous control of the atmosphere
Solvothermal - Good erystalline phase control - No control over size (generally sub-
- Good Iuminescence micron or micron sized aggregates)
- Autogenous pressure generation (helps - No reaction control (requires preparation
crystallinity of precursors
- Robust autoclave vessels - Lower T ascompared to HTT
- Ease of use (widely used synthetic route for - No agitation (mostly)
nucleation and growth of a number of - No nucleation and growth modeling
inorganic nanocrystals. - longreaction times
Microwave assisted - Short reaction times - Difficult scaling up to larger systems
- Highly crystalline solids - Scarce quantities of precursors and
(SDIVOthEI'IﬂEII) - Autogenous pressure generated (lower than limited solvent volumes
pure ST) - Only highly polar solvent can be used
- Focused and local heating (no heat gradients) (hydrothermal synthesis better than
- Agitation included solvothermal)
- Possibility of different temperature ramps - Difficult (sometimes) cleaning of

prepared materials

Figure 1.25: NaYF,4:Yb,Ln principal synthetic strategies, strengths and weaknesses
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The most studied reaction for the synthesis of high-quality, nano-sized, bright
NaYF,:Yb,Ln up-converters is certainly high temperature thermolysis. The large
numbers of crystal nucleation and growth models of NaYF,:Yb, Ln, published in
literature, are mostly limited to this synthetic route ?%%04216:224

In this PhD work, we are especially interested in the solvothermal route because of
the easy procedure and high crystallinity and brightness of the nanomaterials.
However, to date, solvo-thermal modeling of UCNPs nucleation and growth has not
been thoroughly studied yet, due to the intrinsic difficulties given by the limited
control over reaction conditions, lack of visual observation and the thermal inertia of
the reactors and the different pressure/temperature conditions that are found in
autoclaves as compared to the glassware-based syntheses.?®

The lack of detailed models for nano-sized UC materials under solvothermal
conditions is giving an opportunity for a deeper study of the nucleation and growth of
nano-sized NaYF4: Yb, Ln. It is known that preparation of such crystals, under
solvothermal conditions, generally form micro or sub-micro sized systems 32?122
(see Figure 1.26).

10.0 pHm

Figure 1.26: SEM images of NaYF, hydrothermally synthesized at 220 °C for 48 h*

As described before, the crystal transition phases pass from re-dissolution of
sacrificial cubic nanostructures that evolve into hexagonal nanostructures, according
to Ostwald ripening process, and, suddenly, the continuous enlargement of the latter
to form large crystals. However, the process of blocking the hexagonal structure to
nano-sized crystals especially under solvothermal synthesis is very difficult to
manage, due to the inner systematic drawbacks depicted above, and to not well-
defined phase transition parameters. These parameters depend on the employed
solvents, on the complexes formed by precursors, the solvent-exposed environment

around the lanthanides and the temperature and pressure®**'%? jnside the vessel.
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In literature, UC NaYF, nanocrystals prepared by solvothermal routes have a wide
particle distribution, going from 5 nm to 500 nm and more®*. Furthermore, the small
particles (of around 5 nm) are mostly cubic a-crystals ***, while the brighter p-crystals
have very big sizes (200-500 nm)**. The lack of small (< 50 nm) hexagonal UC
crystals under solvothermal conditions, then, opens up the doors for the study of the
hexagonal crystal formation'*, nucleation and growth under solvothermal conditions.
In addition, since the cubic to hexagonal transition process is still poorly understood,
the study of UC pure hexagonal nanocrystals becomes intriguing because of the
possibility of offering new parameters affecting transition such as the influence of
time, temperature, direct or inverse emulsion system, and so on. Understanding these
effects on the nucleation and growth of solvothermal synthesis of nano-sized up-
converting crystals can provide a valid strategy to elucidate the phase diagram from
both the solid and the solution point of view 243750.194220

Despite the large number of studies published, one of the biggest challenges that the
scientific community at large is facing, up to now, is to find an efficient and scalable
synthetic route for the preparation of pure, nano-sized and brightly emitting
B-NaYF4:Yb, Ln crystals.

Chemical strategies for surface modification of UCNPs

The most efficient synthetic methods for NaYF, nanoparticles yield hydrophobic
materials®**®?'°. However, water-dispersibility is needed for the major fields of
application of UCNPs. Surface modification strategies have been designed mostly for
improving nanocrystals” surface architecture®"##1% to switch from hydrophobic to
hydrophilic surfaces®®®, and to functionalize nanocrystal surface, **®""2" in sight
of bio-technological marketable opportunities, offered by biochemical and medical

exploitation of the up-conversion phenomenon?"%0.82160.185

Numerous methods have been reported as employable strategies to efficiently render
the UCNPs dispersible in agueous systems. These surface modification technigques not
only help in switching between hydrophobic and hydrophilic surfaces, but also, in
some cases, reduce or eliminate emission quenching effects due to the very defective
surface, and protect them from external quenching agents. These strategies can be
divided into four categories and include:

- (A) chemical modification of the hydrophobic (typically oleate) ligand on the
surface,

- (B) addition of an extra layer,

- (C) addition of a thin shell on top of the UCNP,
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- (D) complete replacement of the original ligand by another one.

Of these ligand functionalizations, ligand oxidation under heavy conditions, addition
of amphiphilic compounds between the hydrophobic tails, are reported but by far the
most used is core-shell or core-multi shell nanocrystal engineering.

Surfactant-based layers have a direct impact on UCNPs™ emissions 8 and besides,
they leave the emitting core exposed to the liquid-solid interface, and so to a number
of quenchers that can dim emission brightness.

Core-shell architectures, on the other hand, are robust and relatively small, protect the
core from directly touching the solid-liquid interface and greatly reduce core-related
surface defects, coalescence between neighboring.

The main drawback is that the slightly larger dimension of the crystals ® can be

detrimental in some cases **’*. Core-shell (or core—-multi-shell) designs reduce the
concentration of surface defects, and, at the same time, the shell layer acts as a
protective shield from external quenchers ®'"** The reduced number of surface
defects, moreover, enhances emission reducing the vibrational quenching due to
occupation of surface atom vacancies with atoms pertinent to the shell layer: the
result is shown in higher luminescence and, therefore, efficiency. Successive shells
onto the UC core can be made of soft matter (often polymers) **"?%, functionalized
silica, metals (e.g. Au, Ag)**’, and functional oxides (TiO,, SiO,, ZrO, etc...) "**%9%%,
However, the most employed shell is the matrix (NaYF,), with different (or not)
lanthanide doping in an effort to modulate wavelength color’"*%,

UCNPs and its native ligand Shell Application Ref
NaYF,Yb, Tm/Er@Oleate Sio, Imaging, drug delivery 7
NaYF,Yb, Tm/Er@Oleate/SiO, TiO, Dye sensitized solar cells, photocatalysis 58922
NaYF,:Yb, Tm@oleate Au Plasmonic-UC modulation 229
NaYF,:Yb,Er@oleylamine Ag Imaging, photothermal therapy 280
NaYF,:Yb, Tm/Er@ Oleate NaGdF, Dual Fluorescence and MRI 77,231
NaYF,Yb,Tm@ Oleate, NaYF, Multiple applications 228

Table 1.5: core-shell architectures and applications for different UCNPs.
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Core shell engineering is also used in other aspects: emission enhancements (emission
can be many-fold more intense under core-shell architectures ??%), emission color
modulation and tuning 2"**>*%, or selective enhancement of one specific emission, at
the expense of the other emissions, driving emitting paths in one or a few directions
as, for example in Shen et al.?*2, Moreover, core-shell structures have been designed
with the aim of using UC emission monochromatically.”*® The shells were filled with
wavelength-selective bypass filters, which have permitted monochromatic light from
different regions of the visible spectrum using core-shell UCNPs (see Figure 1.27).
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Figure 1.27: Scheme of selectively filtered radiation of upconverting nanoparticles Adapted
from Zhou et al.”**,

The main field of application for core-shell UCNPs architecture is without doubt the
biochemical field. However, other fields such as photocatalysis, photovoltaic devices,
security or sensing may have a good use for core-shell UCNPs architectures.

Mono-chromatic narrow-band emissions can be useful, in fact for a manifold of
technologies such as smart screen, smart coatings, sensing, biomedical fluorescent
labels and heterogeneous photocatalysis. Moreover, they can find application in
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pharmacological formulation for a more precise detection of the immune response to
active components for cancer detection
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1.6 Justification of the research work

The hydro(solvo)thermal synthesis of inorganic crystals is not a new synthetic
technique. The main strength of this technique relies on the relatively high
temperature and pressure of the vessel in which the crystals are grown. The main
drawbacks, as we depicted above, are the great thermal inertia, the lack of visual
observation and long reaction times for the preparation of the crystals. This synthetic
route is generally used for growing large crystalline systems and porous systems such
as zeolites and metal organic frameworks (MOFs) ***. However, lately, this route has
served for the preparation of several inorganic nanomaterials, including the very
small quantum dots (QDs) 2*. The advantages it has to offer over the classic
glassware-based synthetic techniques include the larger scalability of the reaction
products and the relative high pressure within the vessel, which lead to the formation
of highly crystalline materials.****?. The high pressure is formed from the autogenous
evaporation of high-temperature boiling mixtures (or solvents) and facilitates the
conditions for the germination and nucleation of the crystals; secondly, the
thermodynamic regime operating in this process permits higher quality nanocrystals.

Despite all of these advantages, however, very few reports have been written with the
aim of describing the formation of the crystals within the autoclaves, and even fewer
studies describe a rational model for limiting the crystal size in a solvothermal
procedure.

To obtain high-quality, pure hexagonal phase Lanthanide doped NaYF, nanocrystals,
through solvo-thermal synthesis is still challenging because it either gives small-sized
(size of about 5 nm) cubic UCNPs or large crystals between 200 nm to 500 nm, even
more. The former lack efficient emissions while maintaining a small size, suitable for
biological and technological nano-based applied research; the latter definitely show
pure hexagonal phase, however they are too big for nano-based technology especially
for biological and biomedical-based tagging experiments.

In the context of this work, then, a synthetic route for the synthesis of NaYF,:Yb,Ln
has been studied and a scheme of crystal growth has been formulated. This work
attempts to rationalize a systematic study of a reported synthetic route for UC
nanocrystals in solvothermal mixtures *"*°*"%?% This work intends to impact the poor
literature by trying to understand the effect of various reaction parameters on the
nucleation and growth models for these experiments.



Rationale Design of Inorganic 45
Up-converting Nanophosphors towards Advanced Optical Applications

Besides this fundamental work, the inclusion of the synthesized UC nanocrystals of
20 to 50 nm in soft-matter matrices was investigated. In literature, there are many
reports™*?¥”?* on supramolecular systems embedding a wide variety of optical
nanocrystals such as plasmonics 2*°, QDs***?* or carbon nanotubes®****. Inspired by
these works and a recent references based on near-infrared light-sensitive
supramolecular gels®®, we decided to prepare supramolecular systems from
Naphtalimide (Naf)-based, hand-made fibrillary networks incorporating the
previously synthesize UC nanocrystals. The luminescence dependence of the system
was studied as a function of the temperature and the sol-gel transition.

With the aim of increasing the surface functionality of the UCNPs, core-shell systems
based on silica and functionalized silica—coated UCNPs were also performed. The
core-shell structures were prepared in a two-step reaction, changing from oleic acid
(OA) to polyvynilpirrolidone (PVP) and successively transforming into core- silica
shell architectures. The switch from hydrophobic to hydrophilic surface and the
optical activity of the materials was evaluated.

Great attention, today, is also paid to drug-delivery novelties and poly-functional
mesostructured systems. Drug-delivery systems are generally based upon micron-
sized vesicles prepared in a variety of fashions from bio-polymers®’ or bio-based
organic surfactants®® and so on, that encapsulate a variety of functional nanoparticles
and drugs®*. Generally, spotting-delivery composites, including UCNPs, amphiphilic
biopolymers are used®®?'. Under this premise, and knowing the importance that
UCNPs are recovering in bio-based imaging, and the ease of their bio-
compatibilization, encapsulation of the as-synthesized UCNPs within bio-surfactants
based vesicles was studied. The formation of the bio-surfactant vesicles passes
through a series of pH changes. Some experiments were done in order to successfully
incorporate the up-converting nanocrystals inside these biosurfactant microcapsules.
The most relevant outcomes of these experiments will be exposed in this PhD
manuscript.

Finally, the novelty of microwave-assisted (MW) synthesis, which limits the heat
gradient due to fast and homogeneous heating, has been used in the formation of
UCNPs. This novel synthetic route has always shown to produce very small-sized
structures. However, only cubic or mixed phase crystals were discovered for
NaYF,:Yb,Ln nanoparticles under micro-wave heated reactions™****%? The main
drawback of this synthetic route is the use of highly polar solvents which may act as
solvent and reactant and change the compound composition. Despite this, the
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interaction of MW heating with polar solvents opens up the possibility for low
temperature syntheses****¥22 and very fast crystal growth kinetics ***9#822 \hich
dramatically diminish reaction times compared to solvothermal ones. Therefore, the
last part of this PhD work is devoted to prepare NaYF,:Yb,Ln nanoparticles of small
size and pure hexagonal phase by using microwave-based procedures.
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1.7 Objectives of the present work
The aims of this work are:

To shed light on the formation of B-NaYF,:Yb, Ln (Ln= Er, Ho, Tm) nanocrystals,
benchmarked with pure NaYF,, under solvothermal conditions, establishing
connections between crystal phase and size of the UCNCs with reaction parameters,
and to suggest a nucleation-growth model. Experimental findings will be analyzed in
order to demonstrate size and structure(s) relations and relative optical activity.

Secondly, particular applications of the solvothermal UCNPs will be presented:

Q) A one-pot synthesis of composite systems formed of Naphtalimide-based
fibrillary monomers and solvothermal UCNPs. UCNPs included Yb as
the sensitizer (hence 980 nm radiation of excitation will be used) and
Er/Tm as the chosen activators. The energy transfer between the
NaYF,:Yb,Tm and the organic chromophore anchored onto the fibrillary
monomers will be study as a function of the temperature and, specifically
on the sol-gel transition temperature.

(i) A bio-based application of the solvo-thermal prepared UCNPs will deal
with the incorporation of nanocrystals into glycolipid-based pH-
dependent vesicles with the aim of studying the entrapment of the
crystals within the vesicles and determining the robustness of the
composite in solution, through optical — based studies, dynamic light
scattering (DLS) and kinetic experiments. The study will comprise DRX
study of the encapsulated UCNPs, in order to understand if the pH-
dependency of the vesicles” formation will ruin the nanoparticles
crystalline structure.

Finally, this work will describe the formation of pure hexagonal nanorods through
MW-assisted synthesis. This study will identify a potentially exploitable feature of
the synthetic route, which will permit post-synthetic coating: the possibility of coating
the nanorods post-synthesis will permit ease of dispersion and therefore freedom of
choice of the solvent dispersions dependent upon the fate of the UC nanorods
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Chapter 2

Rationalizing Crystals Size and Phase:
Impact of Several Reaction Parameters
on the Solvothermal Synthesis of
NaYF,.Yb,Ln
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2.1. Solvothermal synthesis of UC Nano NaYF4:Yb,Ln

2.1.1. Fundamentals and antecedents

Rabenau defined hydrothermal synthesis as the use of water as a solvent in a sealed
reaction container when the temperature is raised above 100 °C. Clearly the definition
can be extended further to solvothermal chemistry being the use of a sealed reaction
vessel and temperature above the boiling point of the solvent used. Under these
conditions, autogenous pressure (i.e. self-developing and not externally applied) is
developed. The pressure within the sealed reaction container is found to increase
dramatically with temperature, but also will depend on other experimental factors,
such as the percentage fill of the vessel and any dissolved salts.*

Solvothermal synthesis is one of the most used synthetic bottom-up routes for
preparation of several inorganic nanomaterials.® It presents advantages over glass-
based synthetic techniques, such as the formation of autogenous pressure which helps
the formation of crystals, and these conditions of higher pressure at a defined
temperature are impossible, or, at least very hard to reach (or handle) with normal
laboratory glassware reactions (risk of glass breaking, explosions...) because the
solvent or the mixtures must be above their boiling points."” The formation of the
autogenous pressure, therefore, need a very robust and thick autoclave systems, built
to be resistant to the dramatic conditions arising in solvothermal reactions.

The autoclave armatures are built with stainless steel, in order to be resistant to
corrosion and provide the necessary safety conditions to handle the conditions of
pressure and temperature under which the reaction is carried. Within the stainless
armature is lodged a Teflon-lined reactor where the reaction takes place. The Teflon
plastic gives chemical inertia to the system (hard to react even at very acidic or basic
conditions), avoiding container-based reaction contamination. The passages to build
the complete autoclave system are presented in Figure 2.1.

TS

Figure 2.1: The mounting steps for the autoclave vessel ready to be introduced in the oven.
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The autogenous pressure formed within the sealed autoclave system under high
temperatures is generated by the vapors of the solvent or mixtures which are often
beyond their boiling point, through a gas-liquid equilibrium and depends directly
from the solvent or the mixture of solvents and the chemicals dissolved within. For
each model of Teflon-lined vessel, there is a maximum value of filling or maximum
filling factor (defined by the factory maker) to avoid over-pressurization of the
autoclave. In general, it ranges between 65-75% of the vessel’s capacity.

In most cases, it is possible to estimate pressure at the reaction temperature through
parametric models™’, depending on the solvent or mixture used and its (or theirs)
physico-chemical characteristics. The most useful parameter to estimate the pressure
is the acentric factor, first proposed by Pitzer® as a measure of the amount by which
the thermodynamic properties of a particular substance differ from those predicted by
the Principle of the Corresponding States. This principle strictly applies only to a
fluid (liquid or gas) comprised of spherical molecules. Fluids containing nonspherical
molecules, or those with polar groups, show systematic deviations in their
thermodynamic properties from their spherical counterparts. It is these deviations
which are correlated with the acentric factor.

The acentric factor is defined as:

® = =1.000 — log;o 22 2.1)

Where -1.000 is a coefficient (that may vary depending on the deviation of the solvent
from being formed of spherical molecules) and where P¢ is the critical pressure and P,
is the vapor pressure at temperature T where T/T® = 0.7 and T° is the critical
temperature. (http://www.thermopedia.com/content/287/).

In terms of practical considerations, when hydro(solvo)thermal synthesis is employed,
the most revealing physico-chemical data are those describing the pressure developed
inside a sealed reaction vessel as a function of percentage fill of the container and the
temperature employed. Figure 2.2 shows a graph obtained from these data (using
water as only solvent) and demonstrates first the dramatic rise in pressure when high
percentage fill of reaction vessel is used, and second how the pressure inside the
reaction container can be controlled by choice of temperature and/or the volume of
solvent used. Modeling pressure and temperature within solvothermal autoclaves
synthesis permits to draw improved phase diagrams for the crystallization of
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nanomaterials; most modern autoclaves, however, permit to read directly the inner
vessel temperature and pressure.

3200

B %
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Figure 2.2: Pressure as a function of temperature and percentage fill of water in a sealed
vessel (from Rabenau)."

The hydro- and solvothermal process is used to prepare materials with different
geometries, sizes and morphologies (thin films, bulk powders, single crystals and
nanocrystals with 1D, 2D and 3D extension), which can be controlled by
manipulating the solvent supersaturation, concentration of the reagents, reaction time
and temperature, etc. This method can be used to prepare thermodynamically stable
and metastable states including novel materials that cannot be easily formed from
other synthetic routes.*'®*" Besides the great versatility for inorganic crystals’
synthesis, other advantages include scaling-up of reactions and promotion of larger
recovery yields.***3

However, as all synthetic routes, this one is not, as well, exempted by drawbacks.
Most common autoclaves lack of stirring device and do not allow homogeneous
mixing during reaction; furthermore, do not permit an accurate reading of reaction
conditions of pressure and temperature: To have an estimate idea of the temperature it
is possible to read the nominal temperature on the screen of the ovens. However, in
most cases, this assumption cannot be valid; an inhomogeneous heat gradient in the
oven heating room must be considered. This heat gradient may substantially change
the synthetic conditions within the reaction vessel.

Moreover, the strict limitations inherent to construction of the autoclave reactor lack
of direct observation of the reaction evolution (e.g. color changes, bubble formation,
rapid evaporation, formation of precipitates etc.). Another variable, which must be
set, is reaction time because the thermal inertia of the autoclave (slow cooling rate of
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the stainless steel recipient) does not permit a perfect control on the real reaction end-
point.

Furthermore, the use of relatively high temperatures, very often far beyond the
boiling points of common solvents, makes solvothermal syntheses need high-boiling
solvents: low-boiling solvents will tend to escape under gas form. This issue will limit
the range of usable solvents for the solvothermal synthesis, and force the scientists to
think through the reaction and the conditions to use to reach the desired materials.

All those issues can be partially overcome through iterative analysis of reaction
parameters, which can lead, finally, to a nucleation and growth model of
nanomaterials in function of the solvothermal parameters, solvent mixtures and
inorganic precursors.

Solvothermal synthesis is, generally, a slow process (hours, if not days), as already
described, and in those conditions, the crystal formation is mostly thermodynamically
controlled. However, the synthesis of small nanoparticles in solution is essentially a
kinetically controlled process."”° Therefore, special precautions must be taken into
account when the crystal presents two or more lattice structures that are both stable:
shorter times and low temperatures lead to the kinetically more stable phase and
larger times and higher temperatures promote the phase transition towards the
formation of the thermodynamically stable phase, and often accompanied of large
sized-crystals.

In any case, solvothermal syntheses produce agglomeration and/or coalescence and
polydispersity of the nanocrystals. Sometimes, polycrystallinity is an easy outcome
from wrongly estimated conditions of nucleation and growth of nanocrystals. All
these issues arise, among other reasons, because of the lack of agitation during
solvothermal reaction.

Solvothermal preparation of upconverting nanostructures based on rare-earth ions
doped NaYF, was developed by Wang et al. mentioning it first in 2005 and studied
with more details in 2006™* The reaction was based on liquid—solid—solution (LSS)
growth of the particles. The synthesis was based on a phase transfer and separation
occurring at the interfaces of the liquid—solid and solid—solution phases. The LSS
reaction was initially thought for the preparation of small nanoparticles of noble
metals to use as plasmon resonators. However, this LSS phase transfer and separation
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process was extended to the synthesis of nanocrystals with a variety of compositions,
including up-converting NaYF,, when including NaF or NH,F as source of F ions.”

This hydro(solvo)thermal route used sodium linoleate, linoleic acid, and ethanol
which were added to agqueous solutions of lanthanide nitrates, as precursors at the
core of the particles, and NaF or NH4HF; as source of Fluorine. In the first case NaF
was used also as a source of Na™ ions. Reactions were performed at 100-200°C for
about 8-10 h. The obtained NaYF, NPs were easily dispersible in nonpolar solvents
such as cyclohexane and toluene and showed a spherical morphology with a very
narrow size distribution, tunable from 6 to 10 nm by increasing the reaction
temperature from 100 to 180°C. *°

C,HsOH + RCOOH
Liquid

Reactions

(RCOO0),M ==—— RCOONa Solid

Na+

uonesedess aseyd

N Lgey
"q
AL
Reactions

Ml‘l+

\ Solution
C,HsOH + H,O

Figure 2.3: Liquid-solid-solution phase transfer synthetic strategy. Adapted from Wang et al.
14

Although the LSS method brought improvements to the size and morphology of the
NPs, the NaYF, particles obtained were synthesized in the a-phase with relatively
low luminescence intensity.

The preparation of up-converting NaYF, structures through hydrothermal synthesis
has been reported to create either very small (about 5 nm in diameter) nanoparticles
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with cubic lattices'” or very large structures (from about 200 nm to more than 2 pm)
with hexagonal phase'®*°, as shown in Figure 2.4.
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Figure 2.4: Hydro(solvo)thermal synthesis of UCNPs size 6-10 nm cubic (upper left: TEM
image and upper right: XRD pattern, adapted from Wang et al.**) and large (2.2-2.7 pm)
hexagonal crystals (lower left: SEM image and lower right: XRD pattern, adapted from Tan
etal.’?)

Zhang and coworkers have reported hydrothermal preparation of up-converting
NaYF,, studying several parameters, and using oleic acid as stopper for the growth of
the nanomaterials. Variation of several parameters has permitted to obtain various
geometries and phases, as in Table 2.1. This study has allowed drawing a shape-
parameter dependent plot where each of the geometry can be related to a particular
variation of parameters.

Composition Tem?oe(l:';atu " Time (h) Phase Shape Size (nm)
NaYF, 100 12 Cubic Polyhedron 5.1+1.6
180 48 Hexagonal Disk 90£13x510+21
230 12 Hexagonal Tube 250+£15x500+17

Table 2.1: Phase, shape, and size of NaYF, nanocrystals under different synthesis conditions.
Adapted from Zhang et al.?°
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Riman and coworkers have shown that under hydrothermal conditions, large crystals,
rod-shaped of 2.2-2.7 um have been formed, and whose aggregation/optical
properties are strongly dependent on the surfactant binding the surface of the
crystals®™.

Li and coworkers have prepared several NaMF, where M were rare-earth metal ions,
including Y*" under hydrothermal conditions, obtaining hexagonal, micrometer-sized
structures and studying the growth of the crystals and the effect of the surfactants
binding the surface.”

However, not so many studies have been provided with solvothermal chemistry for
the preparation of upconverting NaYF, nanocrystals. The most representative
example of hydro(solvo)thermal synthesis is reported by Li and coworkers> who
reported on a general “liquid-solid-solution (LSS)” (previously presented by Wang
and coworkers') strategy for the synthesis of monodisperse nanoparticles, whereby
the reaction, phase transfer and separation take place at the interfaces.

To address the issue of spatial confinement for the formation and growth of
small-sized nanomaterials, the use of labile precursors and surfactants such as
ethylenediamine tetraacetic acid (EDTA)?, cetyltrimethylammonuim bromide
(CTAB)® or oleic acid (OA)* have been included. In the latter case The
authors attributed this to the binding of the OA surfactant to surfaces that are parallel
to the c-axis of the growing crystallites, which renders the epitaxial growth along the
<001> directions and results in nanorods.”*

A more interesting strategy is the use of water in oil (W/O) or oil in water (O/W)
emulsions (figure 2.5).” The microemulsion method, for the preparation of
nanoparticles utilizes the fact that the small size of reverse micelles, produced by
certain combinations of water, oil (usually simple long-chain hydrocarbons),
surfactant (which are amphiphilic molecules that are composed of long-chain organic
molecules with a hydrophilic head and lipophilic tail), and an alcohol- or amine-based
cosurfactants. These three-component systems are subject to continuous Brownian
motion and thus frequent collisions, even at room temperature. A relatively small
fraction of these collisions, e.g. one in thousand, results in the formation of a short-
lived dimer, that during its ~100 ns lifetime permit the two aggregated reverse
micelles exchange the contents of ions / crystallites dissolved within their aqueous
cores before decoalescing, resulting in the eventual equilibrium distribution of all the
contents®. In the preparation of nanoparticles of a definite shape/geometry, particular
attention is placed on surfactants, which are often used to stabilize emulsions, and
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generally are the ones that can specifically bind to particular crystal facets, leading to
an alteration of the surface energies of the crystallographic structures and their
relative growth rates®.

e

O/W W/0

Figure 2.5: O/W and W/O emulsions (https://www.toppr.com/guides/chemistry/surface-
chemistry/emulsions/).

The choice of surfactants in the emulsions is crucial for the formation of nanocrystals
with specific surface properties. In fact, the use different surfactants lead to different
results that alter the physical properties of the final product™ as compared to naked
particles. In Figure 2.6, the optical effects on UC microcrystals emissions provided by
different organic surfactants capping the surface of the crystals are described.™

Unmodified Polyvinylpyrrolidone

Surface-modified Visible Em.

particles
3 2500 1 4  Infrared Exc. % An, %R reduced
e [ { — k (An ~ 0.02-0.08)
£ 2000
g 2o ‘ /
£ )
E 1500 2 T e < Noice
1000 - ‘ ] negligible R
500 |- A .
} \ )/ {
0 b Sy #1
400 450 500 550 600 650 700 Surface capping agent

Wavelength (nm)

Figure 2.6: Effects of the surfactants grafted on the surfaces of UC microcrystals in the
morphology (A- SEM images) and optical emission (B- UC emission spectra). C) Schematic
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representation of reducing reflectance losses by reducing refractive index mismatches with
surface capping agents®.

It is evident, for example, that the grafting of polyvynilpyrrolidone (PVVP) promotes a
significant enhancement of the UC emission in comparison to the “naked” crystals
and those coated with trioctylphosphine or PEG-monooleate. These NaYF, crystals
show approximately the same size (2.20 to 2.7 um) and are prepared under
hydrothermal conditions: this article clearly shows how difficult it is to maintain
matter at the nanoscale under hydrothermal route.

There are few examples for the solvothermal preparation of up-converting
nanoparticles. Wang and coworkers have presented a solvothermal LSS route for the
preparation of up-converting B-NaYF, with sizes of about 30 nm***and Tian and
coworkers have studied the inclusion of Mn?" ions as controlling ions for the
preparation of hexagonal nanocrystals in inverse microemulsions®®. He and co-
workers”” have prepared solvothermal prepared up-converting nanocrystals using
fluorinated ionic liquids as source of F reactive medium. However, even though these
studies have been poured out in the literature, still, the formation of pure hexagonal
NaYF, is not completely clear. The efforts presented in this dissertation are devoted
to shed some light into the formation of NaYF, nanostructures under LSS conditions
and in microemulsions.
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2.1.2. Synthetic procedure

The synthetic route employed in this study is based on the one reported by Wang et
al.** in which a two-steps solvothermal synthesis of hexagonal NaYF,:Yb,Er
nanoparticles (labelled herein as UCNPs) of about 50 nm is described (see Figure
2.7). This protocol was selected because, as mentioned before, it was promising to
obtain smaller sized, fully hexagonal NaYF,:Yb,Ln with diameter below 50 nm.
Therefore, modifications of the as-reported route have been studied in this PhD work
to identify parameters that could lead to the formation of pure hexagonal UC
nanocrystals.
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Figure 2.7: Characterization data for NaY7gF4:Ybg20,Ero02 Nanocrystals: (a) TEM image, (b)
SAED pattern, (c) powder XRD pattern and (right) proposed mechanism for the formation of
NaREF, nanoparticles at a solid—liquid interface.?*

The first step of the synthesis is to prepare labile complexes of Y**, Yb* and Ln**
(with Ln: Er, Tm, Ho) stearates from lanthanide nitrates and stearic acid. In a second
step, these labile complexes are converted into crystalline NaYF,:Yb,Ln through a
solvothermal process that includes their emulsification in a mixture of water-oleic
acid-ethanol ternary system using NaF as source of sodium and fluorine ions. It must
be noticed that, using NaF as contemporary source of sodium and fluorine, and since
the stoichiometry in the final crystal is Na:F 1:4, NaF can either be weighed as same
equivalents of yttrium (intended as the sum of yttrium and the lanthanide ions) or as
the total amount of F~ ions needed (which is 4 times higher in Na* ions). At the end,
the choice is either to leave the system being F~ defective, or in excess of Na" ions.
The excess of sodium ions has been reported to be driving the formation of the UC
NaYF,: Yb, Ln mostly in cubic lattices?*, even though, recently it has been
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discovered, in a high temperature decomposition process, that joint action of NaCl
and NaF or NH,F and NaOH help the transition from cubic to hexagonal®® (figure
2.8), therefore, in this case study the option of being F~ defective (with equimolar
quantities of sodium and yttrium) was selected.

o o u}
i 151 | 2 35:1
z £
z i h Ao 2 H 4.5:1
z E

. F (Na):Y ratio
Low el High
Cubic-to-hexagonal transition Size reduction

Figure 2.8: Conversion of cubic - phase to hexagonal - phase particles after heating for 30
min at 300 °C. (a) XRD patterns and (c) the corresponding TEM images of the nanocrystals
obtained via the “separate-method” by varying Na:Y molar ratios from 1:1 to 4:1. (b) XRD
patterns and (d) corresponding TEM images of the samples by varying the F:Y molar ratios
from 3:1 to 5:1. Diffraction peaks corresponding to a-NaYF, are marked with square boxes.
A gradual decrease in diffraction peak intensities for cubic - phase is observed as a function of
increased Na(F):Y ratio. (e) General trend of phase transition from cubic to hexagonal and
particle size as a function of Na(F):Y ratio. Scale bar: (c, d) 50 nm for TEM images.?®
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The three components emulsion (water, oil and an alcohol), usually called pseudo-
emulsion, plays a determinant role on the nucleation/growth of UCNPs, and it also
determines the crystal phase. Therefore, attempting to address nucleation and growth
of nanocrystals under this solvothermal route passes through the iterative, accurate
and precise analysis of various reaction parameters.

In this study, parameters such as W/O ratio, temperature, time, nature of the emitting
Ln* ion and alcohol carbon chain length, have been investigated in order to
understand crystal growth and propose a rationale model for the crystal formation.
Crystal geometry, phase and size are evaluated through Le Bail
(http://www.xrd.us/services/quantificatin.htm) analysis from XRD patterns.
Morphology of the materials was evaluated from transmission electron microscopy
(TEM). Optical activity of the as-prepared materials was studied under 980 nm
irradiation through a continuous wave diode laser pumped at different power
densities. Color sensation of the emitted radiation is determined through the model
provided by the Comission Internationale de | Eclairage (CIE) in 1931%. If required,
dispersion of solids was performed in cyclohexane solutions when covered with oleic
acid and in water or ethanol after surface modification, as it will be explained later.

The stoichiometry of the synthesized compounds is NaY ..., YbyLnyF, with x=0.2 and
y=0.02 in the case of doping with Er** or Ho®* ions, and y=0.005 for Tm* ions. Pure
a- and B-NaYF, crystals were also prepared as benchmarks of the two crystalline
structures by controlling the temperature and time of the solvothermal treatment. The
cubic structure was obtained at 150°C for 8 hours and the hexagonal one at 200°C for
48 hours, respectively.


http://www.xrd.us/services/quantificatin.htm
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Step 1. Synthesis and characterization of Y3+,Yb3+ Ln3+ stearates

The first step of the reaction is the formation of Y,Yb,Ln stearates. The preparation of
the lanthanide stearates is reported later on.

Preparation of Y,Yb,Ln stearates

15 mmol stearic acid (C17H3s02), with 3.9, 1, and 0.1 mmol Y,Yb, Er/Ho
nitrates respectively or 3.975, 1 and 0.025 mmol Y,Yb,Tm nitrates and
100 mL absolute EtOH were placed into in a two neck round bottom
flask. After 20 minutes under reflux (65°C) and vigorous stirring, a clear
and homogeneous solution was obtained. In the meanwhile, a soda
solution was prepared with 15 mmol of NaOH, 5 mL of water and 10
mL of EtOH. The soda solution was then added dropwise into the clear
refluxing lanthanide solution. The deprotonation of the stearic acid,
provokes the formation of a non-soluble salt (mixed Y,Yb,Ln stearates)
through the complexation of the metal cations in solution. The soda
solution is carefully added dropwise in order to control the rate of the
saponification process. Upon completion of the acid-base reaction, the
temperature is raised to 80 °C and the reaction system is homogenized
under vigorous stirring for 30’. The hot suspension is rapidly filtered
under vacuum. The solid is washed twice with abundant EtOH and
once with water to remove impurities and soluble byproducts. The
product is finally dried at 75°C overnight and grinded with an agate
mortar to be used as a powder for the following step.

Characterization of the mixed Y,Yb,Ln stearates product was performed through
ATR-FTIR (Attenuated Total Reflection — Fourier Transform Infrared Spectroscopy)
and TG-DTA (Thermo Gravimetry coupled to Differential Thermal Analysis).
Samples were compared with pure stearic acid and similarly prepared sodium
stearate. FTIR spectra were obtained in solid state under ATR conditions since ATR
is a non-destructive technique (as compared to KBr pellets) and it is possible to
recover sample after measurement to perform further analyses. TG-DTA analysis has
been performed from room temperature to 900°C at a heating rate of 10°C/min under
air atmosphere. Due to the very poor crystallinity of the solid, XRD (x-ray
diffraction) analysis is discarded as structural technique of choice, and both
alternative techniques are useful to determine the composition and the structure of the
stearate salts which are going to be used successively in the solvothermal step, whose
scope is the preparation of the UC nanomaterials.
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ATR-FTIR provides enough structural information thanks to the determination of the
main vibrations for the Y,Yb,Ln stearates. These vibrations are found between 1500
and 800 cm™, but probably the most significant vibration from the structural point of
view is the one associated to the coordination sphere around the metal centers, i. e.
the (R-CO,)s-M structure.

TG-DTA, instead has a more compositional role, since the thermal behavior is related
with the mass loss during heat treatment and its thermal transitions. The mass loss is
mostly driven by the decomposition of organic constituents, while the thermal
transitions may involve the metal centers and the strength with which is bound to the

stearate ion.

1) ATR-FTIR

Figure 2.9 shows the ATR-FTIR spectra of the three samples: stearic acid,
sodium stearate and mixed lanthanide stearate precursor (note that only the
results for the Y-Yb-Er (St); precursor are presented in this section because
the discussion is similar for Y-Yb-Tm and Y-Yb-Ho stearates).
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Figure 2.9: ATR-FTIR spectra of stearic acid (black line), sodium stearate (red line)
and Ln(St); (Y-Yb-Er stearate) (blue line).
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Comparing the three IR spectra there are few differences that underline the
compositional features of the products:

2)

b)

d)

the stearate salts show residual crystallization water/solvent since a weak,
broad band appears at 3440 cm™ (stretching vibration of hydroxyl) and is
not seen in the acid form (solid as well).

The C-H stretches at 2847 cm™ appear to become slightly less intense in
stearate salts and when the carboxylate is bound to a metal center.

The stretching vibration of carbonyl peak shows the usual shift between
acid form and salts that is detected in other organic acids®: in the acid
form it takes place at 1700 cm™, while in the salt forms it shifts to
(asymmetric stretching vibrations) 1559 cm™. Similar shifts have been
previously detected between the acid form and the derived complexes
from organic ligands such as in the work of Papageorgiou and
coworkers®3*. Figure 2.10 shows a sketch of the Y(Ln)(St); chemical
structure.

AN

Figure 2.10. Chemical structure of Y(St);

The peak multiplet at 1436 cm™, due to C-O (symmetric stretching
vibrations) of the carbonyl shows much higher intensities in the salts
because of the higher dipole moment of the deprotonated carboxylic
group. The band found at 1301 cm™ in the carboxylic acid form is not
seen in any of the metal salts. Therefore, it may be linked with the
deprotonation of the carboxylic group, and this may confirm the higher
intensity stretches at 1436 cm™ for the metal salts forms. In other words,
the band at 1301 cm™ is due to a particular vibration of the C-O-H of the
carboxylate group, but the higher intensities at 1436 cm™ result from C-
O-M higher stretching forces, eliminating the H-bonding between the
C=0 and C-O in the CO,H groups.

The fingerprints IR zone (usually the one below 1000 cm™ up to 400 cm®
1) shows diminished intensity and a limited shift of the peak at 939 cm™
which is found at 927 and 921 cm™ (out-of-plane bending vibration of
hydroxyl) respectively for the Na* and Ln*" salts. The shift is due to
bending vibrations of hydroxyl moieties. and shows higher energy for the
Ln** form of the stearate as compared to sodium or hydrogen bound
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carboxylate. Probably these vibrations are due to the mayor quantity of
water in the Ln(St); or because the water is more tightly bound to metal
moieties in Ln(St); than in the Na(St); and, clearly is much more visible
in the acid because the carboxylic acid moiety.

2) TGA-DTA

The results of TGA and DTA analysis for the three analyzed samples are
shown in Figure 2.11.
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Figure 2.11: TGA and DTA curves of stearic acid (black), sodium stearate (red) and
Ln(St); (Y-Yb-Er stearate) (blue)

The overall trend in the TGA curves consists on a significant weight loss due
to the combustion of organic moieties in the three samples, which are
associated to exothermic peaks in the DTA curves. However, the stearic acid
decomposes much faster. Around 85% of its mass is burned in one step at
around 265°C, as registered in the DTA curve (exo peak), and the residual
15% of weight is progressively decomposed below 500°C. It is important to
note that the stearic acid is a pure organic compound that completely
decomposes at the end of the analysis, and that it is solid at room temperature
that melts at ~60°C (endothermic peak without weight loss in TG).

On the contrary, the sodium and mixed lanthanide stearates have the most
important weight loss at higher temperatures (between ~350 °C and ~450°C).
Considering both TGA and DTA curves, it is noticeable that the sodium salt
has some gradual decompositions (~15% of weight loss in total) at 200°C,
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278°C and 333°C (three exo peaks), but the most important process of
combustion takes place at 450°C, associated to a weight loss of 68%.

In the case of the mixed lanthanide stearate, it shows better thermal stability
(up to 300°C). Then, the organic combustion occurs in a stepwise way: there
is mainly a three-step weight loss of 74% in total, accompanied of three
exothermic peaks at 355, 420 and 440 °C. This thermal behavior underlies a
more complex combustion process for the mixed lanthanide precursor related
to the different affinities of the stearate ligand for the three different cations
composing the salt.

A last remark, the respective 18% and 17% of weight remaining at the end of the
analysis for the sodium and lanthanide salts, corresponds to the respective metal
oxides formed after decomposition of the stearate ligand. In the case of NaSt the
percentage fits quite well with the expected final amount of Na,O (20.2%) but in the
case of Ln(l11)St; the experimental amount is lower than expected (27%). This data
reveals that a non-negligible amount of byproducts such as sodium stearate (not too
much since the TGA-DTA analysis should show it) or even lanthanide hydroxide
compounds are included in the precursor. The missing amount of lanthanides oxide
can be due to the great sensitivity to moisture of the Ln(NO3); salts which did not
permit an accurate weighing of lanthanide ions, since the overall weight is tampered
by a great amount of water. However, Yan and co-workers found that the composition
of NaYF4:Yb/Er nanocrystals varied with the reaction time via thermal
decomposition of the lanthanide trifluoroacetate precursor®® and Yi and colleagues
reported a similar phenomenon when preparing NaYF4:Yb/Er nanocrystals in the
presence of ethylenediaminetetraacetic acid by a hydrothermal method.* In the latter
case, this effect was ascribed to the change in composition to different coordination
abilities of lanthanides to EDTA, thus affecting supersaturation and precipitation
processes which are the key to the formation of nanocrystals under such synthetic
processes.*® To rationalize the lack of accurate elemental Ln measurements, Liu and
coworkers pointed out®: “Presently, the dopant concentration of UC nanocrystals is
typically estimated from the amount of the lanthanide precursors added to the
solution, assuming that all the lanthanides are homogeneously doped into the
nanocrystals after the reaction. 7%

The results coming from the analysis of the IR spectra and of the thermal analysis
show an effective coordination between the stearate and the lanthanide ions and
therefore the solid stearate mixed salt can be used as lanthanide precursor for the
successive solvothermal formation of the UC NaYF,4:Yb,Ln nanoparticles.
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The principal feature of this compound as UCNPs precursor is the poor crystallinity,
which may suppose a low-ordering of the solid with a random dispersion of the
lanthanide within it. Moreover, a non-negligible quantity of byproducts can be still
trapped within the solid. A more exhaustive analysis of the precursor could clarify its
composition but this is not the goal of this study. Furthermore, at this moment of the
thesis, we are reproducing the synthetic procedure published by M. Wang et al. in
Materials Letters 63 (2009) 325-327.

It is important to mention that the presence of Na stearate in the lanthanide precursor
may affect (increasing) the total quantity of sodium in the synthesis, since the
solvothermal protocol uses NaF as source of sodium and fluorine for the formation of
the UCNPs. This excess of sodium would favor the formation of cubic crystals, as
mentioned in the introduction. Therefore, a detailed study of the conditions for the
formation of high-quality UCNPs, with pure hexagonal lattices must be performed in
order to understand the role of various parameters influencing the solvothermal
formation of the crystals, as well as an analysis of the optical activity of the as-
prepared crystals and derivation of the emission mechanisms for each of the
parameter analyzed in this study. The study of synthetic parameters such as reaction
temperature and time, nature of the lanthanide (active ions), influence of the W/O
ratio and the length of the alcohol chain used as co-solvent, is useful in the definition
of model for the formation of crystals under solvothermal synthesis.
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Step 2. Solvothermal treatment

The second step is the solvothermal treatment of a pseudo-microemulsion containing
all the chemical elements to make the formation of NaYF,:Yb,Ln nanocrystals with
the up-converting properties. A general description of the synthetic procedure is
shown below.

Preparation of NaYF4:Yb,Ln nanocrystals

In a general procedure, 20 mL of water, 10 mL of oleic acid, and
30 mL of ethanol were mixed at high speed stirring to get a
water/oil/alcohol 3-components pseudo-emulsion. Then, 1.9156 g of
the as-synthesized Y,Yb,Ln stearate and 0.4200 g of NaF were added.
The mixture was stirred for 15 min, transferred to a 123 mL Teflon-lined
acid digestion Parr autoclave, sealed, and solvothermally treated at
different temperature (between 150 and 200 °C) for different reaction
times (8 h, 16 h, 24 h or 48 h) in an oven. After cooling, the precipitate
(nanocrystals of NaYo.78F4:Ybo.20,Er/HOg 02 OF NaYo_795F4:Ybo,20,Tmo_oos)
were separated by centrifugation, washed with ethanol and water for
four and two times, respectively, and then dried at 60 °C for 12 h (yield:
0.1466 g, ~71%).

The experimental conditions of the solvothermal treatment were changed and
products were studied using various characterization techniques such as XRD (x-ray
diffraction), TEM (Transmission Electron Microscopy), and spectrofluorometry, to
understand the effects of the reaction parameters on the formation of crystals and on
their optical activity. This study is explained in next section 2.2.

Different reaction temperatures, from 150°C to 200°C, and four reaction times, 8h, 16
h, 24 h and 48 h, for the solvothermal treatment were chosen as conditions of study
for the determination of the crystalline phase. Composition of the emulsion was also
varied to understand the formation of the crystals within different emulsion
conditions. In all cases, the total volume of the emulsion was kept constant (60 mL)
but the relative volume of the three components was varied. Furthermore, different
lanthanide activators were chosen as Er, Ho and Tm (Er and Ho in 2% molar ratio and
Tm in 0.5% molar ratio, replacing Y atoms in all cases; Yb molar ratio was constant
at 20%). The ionic radii and size of the doping lanthanides has also an influence on
the hexagonal vs cubic stabilization. Finally, the alcohol chain length was also
changed from ethanol (2 C atoms) to butanol (4C atoms) to see their effects on the
emulsions and on the product crystallinity.
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2.2 Influence of reaction conditions on nanocrystals
formation

2.2.1. Reaction temperature and time

The conditions of the solvothermal treatment, i. e. temperature and time of residence
at that temperature are critical factors driving the formation of the a and  phases in
the NaYF,:Yb,Ln materials. First, time and temperature were established for the
preparation of pure NaYF, as benchmarking conditions. The first essayed conditions
were the ones reported by Wang?*, 150°C for 8 hours. However, our results disagreed
with the ones appeared in the reported manuscript. Under these conditions, our
system exhibited pure cubic (o)) phase, as shown in Figure 2.12 right (JCPDS card 06-
0342 pattern). As previously mentioned, the hexagonal phase is obtained under
thermodynamic conditions. Therefore, the temperature and time of the solvothermal
treatment was increased and, after several tests, pure hexagonal p phase was found at
200°C for 48 h. The experimental and theoretical XRD patterns are shown in Figure
2.12 left (JCPSD cards 016-0334). These two reaction conditions were found to be
the ones to independently get the two lattices as single phase. Between these
conditions, a mixture of both a and f crystals was obtained.
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Figure 2.12: left - pure hexagonal NaYF, prepared by solvothermal synthesis at 200°C and 48
h and right - pure cubic phase prepared after 150°C and 8h of synthesis. Miller indices for the
crystal planes and JCPDS standard patterns are included for each structure.

Once established the limiting boundaries of temperature and time for the solvothermal
synthesis, it is important to determine how doping influence the formation of the
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hexagonal crystals, which is the targeted phase (the most optically efficient).
Therefore, lanthanide-doped NaYF, syntheses have been performed at 8, 24, 36 and
48 hours at 200°C degrees. Figure 2.13 summarizes the results from the powder XRD
patterns and their quantitative profile analysis from Le Bail refinements.
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Figure 2.13: XRD patterns of the products obtained at 200°C with different reaction times: a)
Full spectra; b) Enlargement of the spectra showing the (111) and (200) peaks from cubic
phase; ¢) Enlargement of the spectra with a shift from cubic (220) peak to the hexagonal (210)
peak; d) Graphical representation of the hexagonal to cubic ratio with reaction time.

Le Bail profile analysis (http://www.xrd.us/services/quantificatin.htm) is a
guantitative phase analysis from XRD patterns of polycrystalline materials. It is a
simple, yet powerful, method to quantify relative crystal phases or crystalline and
amorphous amounts in multiphasic or poorly crystalline mixtures. The method relies
on the simple relationship:

Sp(ZMV)p

P sy P

where W is the relative weight fraction of phase p in a mixture of n phases, and S, Z,
M, and V are, respectively, the Rietveld scale factor, the number of formula units per
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cell, the mass of the formula unit (in atomic mass units) and the unit cell volume (in
A®). The advantages of this quantitative analysis include:

» The calibration constants are computed from reliable structural data, rather
than by laborious experiments

> All reflections in the pattern are explicitly included for calculation

» The effects of preferred orientation and extinction are reduced, since all
reflection types are considered

» Crystal structural and peak profile parameters, particle statistics,
microabsorption, etc. are refined as part of the same analysis.

The XRD patterns of Figure 2.13 reveal a gradual conversion from the cubic lattice to
the hexagonal one in the system treated at 200°C with increasing time of solvothermal
treatment from 8 to 48 hours.

This conversion is clearly observed in the changes of (111) and (200) planes (XRD
peaks located at 28° and 32.5°) of the cubic structure. These peaks show a slight shift
to lower angles (higher d-spacing), concomitantly to a diminution in intensity with
increasing reaction time (Figure 2.13b). These diffraction lines disappear in the
pattern of the powder prepared after 48 h of synthesis, sign that the cubic phase is no
longer present, and two new peaks appears at 30° and 30.7° (from (110) and (101)
planes) from the hexagonal structure. Further proof of the phase transition is found
from the shift of the (220) plane position (peak located at 46.9°, from the powder
prepared after 8h of treatment) of the cubic lattice towards the position of the
hexagonal peak (210), which appears in the pattern of the powder prepared after 48
hours of treatment (Figure 2.13c). The profile of this peak for the patterns taken after
24 and 36 hours indicates that mixed a + B phases are formed, with different relative
guantities, as confirmed from the full profile quantitative analysis. The results of this
analysis are graphically represented in Figure 2.13d.

This experiment has proven that the kinetically stable cubic phase transforms into
hexagonal structure when the system operates under thermodynamic regime. Thus,
reaction time and temperature will be fixed to 48 hours and 200°C (conditions to form
pure hexagonal crystals) and other parameters will be varied towards understanding
nucleation and growth of nanocrystals.

The B-NaYF, sample prepared under these selected conditions shows large-spanned
crystals, with irregular shape and sizes ranging from 200 to 400 nm (see Figure 2.14).
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These sizes are too large for most of the biological and technological applications. A
suitable range of size would be between 15 and 80 nm?**3* in order to get a good
compromise between optical UC efficiency (which increases with size) and
dispersibility (much easier in small nanoparticles). In this view, our further attempts
will try to reduce size of the crystals maintaining the pure hexagonal phase, through
modification of other reaction parameters.

200 nm
R

Figure 2.14: TEM image of the B-NaYF, crystals prepared at 200°C and 48 hours.

2.2.2. W/O0 ratio from pseudo-emulsions

The synthetic route chosen for the preparation of pure B-NaYF,:Yb,Ln NPs makes
use of pseudo-emulsions. The composition of the three-component mixture
determines the nature of the micelles, which acts as template for the nucleation and
growth of nanomaterials. The standard procedure (described in the blue frame, step 2)
is based on a pseudo-emulsion of 10 mL of oleic acid, 20 mL of water and 30 mL of
ethanol, but a poor control of the crystal formation was demonstrated (undefined
morphology and large particle size of 200-400 nm). With view of a better control on
the crystal formation process, this section explores the influence of the W/O ratio, and
next section (2.2.3), the nature of the alcohol on the structural features.

Pseudo-ternary emulsion systems are generally composed of two insoluble liquids
and a third one soluble in both liquids, which helps the mixing of the other two
components. The formation of micelles is settled while stabilizing the mixture. To
achieve the micellar system, amphiphilic substances are widely used since they
promote one-phase emulsions that contains liquids that, otherwise, will not mix?.
Several surface tension-active substances can be exploited depending on the nature of
the emulsions: surfactants®®, alcohols®, water-soluble polymers (such as
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polyethylenglycol (PEG) or polyvinylpirrolidone (PVP))*¥” and so on. These
substances present, generally, a polar head and a large hydrophobic tail which help
mixing the more polar solvents such as water with apolar organic solvents. These
micellar systems are widely found in creams, gels, and many other products with
industrial and commercial value.

In our work, the pseudo-emulsion composed of Water/Oleic acid/Ethanol (with oleic
acid as oil phase) is used as template to limit the growth of the crystals, and also as
source of ligands (oleates) that form organic coatings around the surface of the
nanomaterials. Furthermore, this particular composition has a good resistance to high
temperature and pressure®,

In this study, samples of NaYF,:Yb,Er (because the optical activity was further
evaluated) with different water to oil (W/O) ratios (¢) were prepared according to the
optimized conditions of reaction time and temperature (200°C for 48h). The definition
of W/O ratio is

o =22 .100 (2.3)
Voa
Note that Vi, + V4 = 30 mL and V;,; = 60 mL (ethanol volume was kept constant),
in order to maintain similar filling factors which would significantly affect the
nanomaterials preparation.

The values of the studied W/O ratios were 12.5% < ¢ < 87.5%. Relative amounts for
each component is presented in Table 2.2, where values of ¢, volumes of the
emulsions components and the relative molar fractions (y) are listed.

@ (W/O, %) Vuater( (ML)  ywater  Veton (ML) %eton  Voa(mL) XoA

0.0 0.00 0.00 30.00 0.858 30.00 0.142
12.5 3.75 0.263 30.00 0.643 26.25 0.094
33.3 10.00 0.490 30.00 0.459 20.00 0.051
41.7 12.50 0.550 30.00 0.410 17.50 0.040
50.0 15.00 0.598 30.00 0.371 15.00 0.031
58.3 17.50 0.638 30.00 0.338 12.50 0.024
66.7 20.00 0.672 30.00 0.311 10.00 0.017
87.5 26.25 0.736 30.00 0.259 3.75 0.005
100.0 30.00 0.764 30.00 0.236 0.00 0.000

Table 2.2: water to oil ratios, volumes and molar fractions of the various components in the
pseudo-emulsions. The ¢ ratios at 0 and 100% were calculated for completion.
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Figure 2.15 presents the ternary diagrams relative to the different amounts of water,
oleic acid and ethanol. The red line connecting the squares define the oil and water
boundary in changing the W/O ratio, since the alcohol volume quantity is held
constant. The green arrows pointing the calculated extremes representing 0% water
and 0% oleic acid have been added to complete the water/ oil boundary. These points
have not been experimentally explored, due to change in reaction medium: these
represent 2-components mixtures instead of 3-components ones, therefore changing
synthetic reaction medium.

Under low water content, the 3-components emulsion mixes completely, up to a
maximum: at ¢=33.3% liquid-liquid boundaries (or turbidity) are not detected at
naked eye. Beyond this point, and increasing the amount of water and reducing the
amount of oil, the formation of turbidity is observed.

/‘EtO H

Figure 2.15: Ternary phase diagram showing the emulsions prepared in this study. The green
arrows indicate the calculated points. Inset: (Left) the sample of standard procedure with
W:O:E 1:2:3 (volume ratio) as representative water in oil emulsion; (Right) the sample of
W:O:E 2:1:3 (volume ratio) as representative oil in water emulsion.

This visual change is associated to the transformation from inverse micelles (water
into oil) to direct micelles (oil into water) as shown in Figure 2.15. In the first case,
the tails of the fatty acids are joint together in a homogeneous organic medium and
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the heads form small pools of water, where the crystal is expected to grow confined
(see left inset of Figure 2.15). On the other hand, large amounts of water the organic
tails are joined together forming the apolar micelles, while the carboxylic polar heads
points outwards in a more watery medium (see left inset of Figure 2.15). Under these
conditions, the confinement of the water for the formation of the nanocrystals is much
less effective and it is expected that larger-spanned crystals are formed, with a major
probability of exhibiting hexagonal phase, which is the most usual phase in large
crystals.

\ Surfactant head
“ ) ——— Co-Surfactant head

N\
Surfactant + Co-Surfactant tails

oil

Figure 2.16: Formation of (a) direct micelles in O/W dispersions and (b) inverse micelles in
WI/O dispersions of 3-component mixtures.

The water to oil ratio is therefore a critical parameter for the formation of the nuclei
and crystal growth, as well as the stabilization of either cubic or hexagonal phase.
Thus, a complete study on XRD and TEM was performed on the samples with
0=12.5%, 33.3%, 41.8%, 50%, 58.3%, 66.7% and 87.5%. Figure 2.17 shows the
XRD patterns of all these samples and a selection of the most representative TEM
images for fixed W/O ratios.
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Figure 2.17: XRD and a selection of TEM images of W/O and O/W synthesized nanocrystals.

From XRD results, it can be stablished 3 different regions: (i) at low water content (¢
< 33.3%) the samples exhibit a significant amount of cubic phase; (ii) at intermediate
water content (41.7% < ¢ < 58.3%) the hexagonal phase greatly predominates even
though some remaining cubic crystals are present; (iii) at large water content (¢ >
66.7%), only hexagonal phase is present. Therefore a continuous increase of the
water/oil ratio pushes towards the formation of hexagonal crystals (as hypothesized
above), and concomitantly an increase in size of the crystals is found, as illustrated in
the TEM images of Figure 2.17. Another interesting feature is that, at very large
amounts of water and very little oil, it is possible to find a hexagonal to hexagonal
transition. The relative intensity of the peaks at 30° and 30.7° degrees (planes 110 and
101 respectively) dramatically changes as proof of the modified hexagonal crystal
structure. It has been claimed®®* that in pure fluorite-like crystals order-disorder
lattice atom placements can occur and it is described as hexagonal to hexagonal
transition at relatively high temperatures and pressures; this explanation may fit
perfectly the observation of our findings, even though, however, it is not aim of this
work to prove or disprove this theory.

Average crystallites size analyses were performed on the XRD patterns through
Scherrer’s relation
K2
= BcosO

(2.4)
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where K is a dimensionless shape factor, with a constant value of about 0.9 and f is
the line broadening, using, respectively, the (111) and (100) peaks at 27° and 17° for
cubic and hexagonal cells. It was observed that the two crystal structures grow with
different pace (see Figure 2.18). At very low water content (¢ =12.5%), the average
crystallites of both phases have similar size (around 3.5 nm); but quickly the
hexagonal crystals show larger sizes than the cubic for a defined ¢. The cubic crystals
grow with a slower pace as compared to the hexagonal counterpart. Moreover, for ¢
>58.3% the cubic phase vanishes and only large B-crystallites are found. The
hexagonal phase reaches a maximum around 14 nm, and then stabilizes at very high
water contents. This can be attributed to stabilization of the crystallites following the

order-disorder transition between hexagonal lattices.
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Figure 2.18: Scherrer’s average crystallite size for a- (green) and B- (red) phases in function
of the water fraction.

Concerning particle size analyzed by TEM (and not the average crystallite responsible
for the XRD patterns), it can be noticed that at low W/O ratios, the crystals show
cubic morphology with sizes ranging from 20 to 40 nm and some bigger distorted
particles probably formed from two or more merged cubic nanocrystals. At higher
W:O ratios (1.75:1.25), the crystals are more rounded a sizes comprised between 50
nm and 70 nm. At the highest W:O ratio (2:1), the crystals exhibit hexagonal shape
(with some heterogeneous morphology) and sizes of 150-200 nm.

Summarizing the principal results from this section, low W/O ratio normally form
purely a, or mixed a and B phases crystals with average diameter ranging from 20 to
40 nm; aggregation of crystals increases accordingly to the water content. The
increase in aggregation results in sintering of larger-sized crystals, which are the
derivation of many nanocrystals fused together. Consequent to this enlargement of the
crystals, pure hexagonal lattices are found. The spatial constriction of the crystals in



90

Rationale Design of Inorganic
Up-converting Nanophosphors towards Advanced Optical Applications

direct emulsions is not so effective in forming small up-converting nanomaterials
with pure hexagonal structures.

The polydispersity and heterogeneity of the deriving nanocrystals is a difficult issue
to overcome even though the use of microemulsions. At least, the use of inverse
emulsions provides mixed o+ nanocrystals with sizes under 50 nm, which is an
interesting result for technological purposes. On the other hand, O/W emulsions,
while forming pure hexagonal crystals, produce large sized crystals, which are not of
interest for our purposes.**** Therefore, for the rest of the study, UCNPs will be
prepared under solvothermal conditions only under W/O conditions, in order to be
applied toward advanced optical applications.

Comparing hexagonal crystals prepared at ¢=66.7% and 87.5%, under same relative
doping concentrations of lanthanide ions, and synthetic conditions, provokes an
hexagonal to hexagonal transition phase that can be explained through an order-
disorder transition in hexagonal structures. Analogous results were found in pure
NaYF, under heavier conditions of temperature and pressure and under synchrotron
light®®*. These experiments, as well as the change in alcohol carbon tail are crucial
for understanding crystals formation and permit to draw a proof-based model that
explains the crystal formation under those conditions.

2.2.3. Alcohol chains length in pseudo-microemulsions

The use of different alcohols plays an important co-solvent role on the stability of the
prepared emulsions. It is long known that short chained alcohols have a partially
disruptive effect on the stability of the emulsions and alter the monomers-micelle
equilibrium®. On the other hand, however, large alkyl-chained alcohols act,
sometimes, as surfactant and increase micelle stability 0 Their concentration, as well
as the nature of their carbon backbones (linear alkyl chains versus ramifications),
affects the whole ternary mixture, changing the energy of formation (or disruption) of
micelles.”*** More frequently, the use of large alkyl alcohols is used for the
preparation of inverse emulsions, because of their surfactant activity, placing their
polar heads sticking together with the polar carboxylic groups within pools of water,
while the relatively large tails blend between the fats tails, forming a uniform
medium, as shown in Figure 2.19.°“> The use of large-tailed alcohols usually
enhances the compactness of the micelles, and so, their stability. This effect results in
a shifting of the monomer-micelle equilibrium, toward the formation of the
products.****
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Alcohol chain lengths can have an effect on the formation of different geometry of
micelles.** #2444 Therefore it is important to evaluate morphology, crystallinity and
relative phase (or mixture of phases) of the obtained powders and the crystal relative
size.

Taken this into account, alcohol chain lengths were tested in an effort to understand
how different alkyl chain would affect NaYF,:Yb,Er crystal formation. The linear
tails were changed between 2 C atoms and 4 Carbon atoms (i.e. Ethanol, 1-Propanol
and 1-Butanol). Obviously, since the lowest-sized crystals were prepared under
inverse-emulsions conditions (¢=33.3%), therefore the alcohol chain length was
changed under these water-to-oil conditions, and its volume was constant (30 mL).
Table 2.3 reports the volumes and molar fractions (y) of the alcohols — based
emulsion at ¢ =33.3%.

Alcohol Vwater(ml—) L water VAIcohoI(mI—) X Alcohol VOIeicAcid(mL) XOleic Acid

EtOH 10 0.490 30 0.459 20 0.051
1-PrOH 10 0.546 30 0.400 20 0.057
1-BuOH 10 0.585 30 0.351 20 0.064

Table 2.3: Volumes and molar fractions (X;) of the pseudo-emulsions.

During the synthesis, an increasing turbidity of the ternary mixture was observed,
mainly due to the greater insolubility of the larger-chained alcohols in water. Figure
2.19 shows the ternary diagram for EtOH, 1-PrOH and 1-BuOH inverse emulsions
with ¢ = 33.3%. Insets show relative images of these emulsions. We have to take into
account that the volume of alcohol in the synthesis is very high and it makes a
significant change on the nature of the pseudo-emulsion.
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Figure 2.19: Ternary phase diagram for inverse emulsion with different alcohols: 1) W:O:E
1:2:3; 2) W:0:1-P 1:2:3; 3W:0:1-B 1:2:3.

The XRD patterns of the as-prepared NaYF,:Yb,Er samples exhibited in all cases a
predominant hexagonal B-phase, but with some different a-to-f ratio depending on
the nature of the alcohol (see Figure 2.20). Indeed, longer the chain length is, higher
the hexagonal phase.

TEM images of the three samples revealed important differences in particle size and
morphology. EtOH inverse emulsions promote the formation of 20-40nm-sized (in
average) pseudo-cubic nanocrystals, as described before. However, 1-PrOH leads to
heterogeneous morphologies and sizes, including undefined-shape particles between
20 to 80 nm and large submicrometric rods, which result from uncontrolled growth of
the crystals. Finally, 1-BuOH induces the formation of um-sized rods, deriving from
a different geometry of the micelles and the extensive epitaxial growth of the NaYF,
structure.

This behavior responds to a completely different nature of the micellar system. The
EtOH helps the stabilization of pseudo-spherical micelles or droplets of water inside
the organic matrix, where the small nuclei growth up to a limited size. Some
coalescence of micelles can be responsible for the apparition of several particles with
slightly higher size. However, in the presence of 1-PrOH and especially in 1-BuOH,
the micelles are not stable anymore and the system rearranges as big laminar
structures, in which micrometric crystals are formed. Furthermore, the trend in which
the cubic phase quantity declines in favor of the hexagonal follows the order EtOH >
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1-PrOH > 1-BuOH, confirming that the larger is the crystal, the more hexagonal is the
crystal phase.
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Figure 2.20: XRD and TEM images of nanocrystals prepared with EtOH, PrOH and BuOH

2.2.4. Influence of the emitting Ln(III) ions on the formation of

nanocrystals
Analogously to the other parameters analyzed up to now, preparation of
NaYF,:Yb, Tm and NaYF,:Yb,Ho in inverse emulsions was studied with the goal of
tuning the color of the emissions and to investigate if there is some effect on the
crystal formation driven by the lanthanide nature, as stated by F. Wang (Figure 1.24
from Chapter 1.°°

The samples doped with thulium or holmium were prepared under the same reaction
conditions used for NaYF4:Yb,Er, and XRD patterns and TEM images of these
samples are compared in Figure 2.17. The morphology of the crystals is similar but
Tm-based nanoparticles are smaller in size, between 15 and 25 nm, as compared to Er
and Ho-doped ones (20-40 nm in average). Furthermore, XRD of Tm**-doped up-
converter reveals a higher percentage of cubic phase in this sample as compared to
Ho®* and Er** -doped samples. Indeed, the intensity of the cubic/hexagonal peaks
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decreases in the order Tm > Ho > Er, and this result agrees with the aforementioned
dependence of the stability of o or B phases with the size of the nanocrystal.
Furthermore, according to the general trend of phase transition from cubic to
hexagonal as a function of ionic radius (or polarizability) of the lanthanide dopant
ions*®, Tm** has higher tendency than Er** and Ho®* towards cubic phase, which is
consistent with our experimental observations.

2250

2000 4 «
NaYF,:Yb,Er C
1750 - -
1500 4 1
12504 NaYF,:Yb,Ho G
1000 3 ;

750 4

Intensity (Counts)

i

3, "
500 e
250 l J NaYF,:Yb,Tm Lg ,.“’:< /0 Ay
u.l L J\‘ .“\A POVO V- ' o

vvvvvvvvvv

T
15 20 25 30 35 40 45 50 S5 60 &5 o 75 @80

26 (degrees)

Figure 2.21: Yb*/Ln*" patterns for respectively Tm*", Er* and Ho* doped NaYF,
nanocrystals and relative TEM images.

In Figure 2.20, the particle size distributions of the Er*" and Tm*" doped crystals
(Ho* doped nanocrystals size distribution is very close to Er** doped one) estimated
from TEM images are presented. The graphics clearly shows that most of the
nanocrystals for the thulium system range from 10 to 30 nm and, in the case of the
erbium and holmium doped systems, the diameter of nanocrystals ranges mostly from
20 to 50 nm. The mean value was 224+8 nm and 37412 nm for Tm- and Er-doped
NaYF, nanoparticles, respectively.



Rationale Design of Inorganic 95
Up-converting Nanophosphors towards Advanced Optical Applications

Frequency
Frequency

10 20 30 40 S0 10 20 30 4 50 6 70 8

Particle ciameter (nm) Particle size (nm)

Figure 2.22: Particle size distribution of NaYF,:Yb,Tm (left) and NaYF,:Yb,Er (right) NPs.

2.2.5. Analysis of the optical response

The analysis of the optical activity will use fluorescence spectroscopy principles and
the color sensation theory to describe the experimental findings and associate the
variation of color coordinates for the emission spectra of the UC solvothermal-
prepared phosphors. In this section, the effects of the different synthetic parameters
on the optical response of the NaYF,:Yb,Er system will be analyzed.

The up-converting processes that lead to the visible emissions (mainly in the green
and red regions) of nano-sized NaYF,:Yb,Er upon NIR excitation are very well
known and described in Chapter 1*. The emission intensities and the ratios of the
various emissions depends on the doping levels, excitation power, preparation
temperature and time, organic impurities and nature of the matrix host. In this study,
the concentration of the dopants (2% Er and 20% Yb molar ratio), the excitation
power and the presence of oleate molecules at the surface of the crystals were kept
constant. However, the presence of a and/or B-NaYF, crystal structures and the
crystal size will affect the phonon energy and the number of defects, which can alter
the green-to-red ratio of the erbium UC photoluminescence.

The electronic transitions of Er*" ions responsible for the green emissions are
Hy1—*l155 (at 523 nm) and *Sz,—*l15, (at 546 nm):; while the red one (centered at
656 nm) is originated from the *F¢,—"l15), transition. All those three transitions come
from the relaxation of ladder-arranged excited states of Er** ions, upon pumping
photons from the ’F., excited state of Yb® ions, that arise from the sequential
absorption of NIR (980 nm) photons. As aforementioned, all the parameters studied
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in the crystal engineering of the nanostructured NaYF,:YDb,Er had an influence on the
red to green intensity relations.

For instance, the water-to-oil ratio controls the o/p phase quantities, the morphology
and size of the crystals, which directly relates with lattice phonon energy and
therefore vibrational, non-radiative emissions. Figure 2.23 shows the UC
photoluminescence spectra of the NaYF,:Yb,Er nanocrystals prepared with different
W/O ratios upon excitation at 980 nm (1W laser). The green-to-red ratios (G/R) were
calculated by integrating the spectral intensity of the green (*Hyy,—"*l15, at 523 nm
and *Sz,— 115, at 546 nm) and the red (*Fg,— 115, at 656 nm) emissions.

A general trend was observed (Figure 2.23): the green-to-red ratio increases from
~0.6 to ~3.5 with the increase of W/O ratio, hence with more hexagonal character of
the crystal powders. During the cubic-to-hexagonal transition, an atom-lattice
rearrangement modifies the inter-atomic distances between Yb and Er ions.
Therefore, the most important mechanisms involved in the up-conversion processes
for our chemical composition (ESA and ETU contributions) are affected, providing
different green-to-red ratios. It is interesting to notice that samples exhibiting pure [3-
hexagonal phase (p=66.7% and 87.5%) shows a similar value of G/R, which could be
the maximum value (around 3.2) that can be reached under our experimental
conditions.
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Figure 2.23: Up-conversion fluorescence spectra (Aexe= 980 nm and pump density: 105
W/cm?) of the Er,Yb-doped NaYF, samples prepared with different W/O ratio. Inset:
Representation of the relative ratio of the areas for green and red emissions. Error bars are

represented by the standard deviation.
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The mechanisms mentioned in the first chapter, draw general schemes for the
proposed mechanism of emission. These mechanisms are most likely the one
happening in up-converting nanocrystals (non TTA), in which, for example, green
and red emissions are often simultaneously obtained in Yb*~Er** co-doped systems
with an overall yellow output. Yellow and blue colors are commonly observed in
Yb*-Ho*and Yb*-Tm*co-doped systems as well, as a result of multiple,
simultaneous transition. Each of them is governed by a multi-photon absorption
mechanism. Alteration of the emissions intensities and fine tuning of the color output
is one of the primary efforts in science in order to meet the requirements of various
optical technologies, such as light emitting displays and multiplexed biological
labeling, meaning that it is possible to manipulate emission mechanism to tune the
outcoming visible light.**** However, to do so, many tricks can be used in order to
manipulate the optical output main color, including Ln concentrations and crystal
structure manipulations.

As seen in the first chapter, NaYF,:YDb,Er shows two distinct crystal structures, whose
emission depends both on the local crystal field of the lanthanide which partially
allows the parity 4f-4f forbidden emissions through odd-parity configurations and the
spatial distances between sensing and actuating ions, which modifies the mechanisms
underlying the main color of the emission.® It is known that a- and B- NaYF,:Yb,Er
have distinct emission efficiency and colors, with a-structures that often presents
main emission in the red region of the visible spectrum, while B-structures show main
emission in the green region of the visible spectrum.*®

Known that NaYF, structures present different emission colors and efficiency, it
looks obvious that each structure will present different emission intensity relations,
which can be tuned upon manipulation of the mechanism of emission.* It is well
known that fy, is influenced by several factors, such as doping levels, excitation
density, preparation temperature, oxygen impurities, crystallinity, surface ligands, and
defects.*

In a- NaYF4:Yb,Er it has been noticed that the G/R ratio decreases correspondently to
an increase of size of the nanoparticles. It was suggested by Suyver and coworkers™
that the saturation of emissions that takes place at high power densities proves that the
up-conversion process in a- NaYF4,:Yb,Er is a sensitized up-conversion process
involving Yb**and Er®** rather than a purely ESA- type process involving only Er**.*

However, Mai and coworker point out that the non-radiative decay of such



98

Rationale Design of Inorganic
Up-converting Nanophosphors towards Advanced Optical Applications

nanocrystals might be partially correlated with the influence between the surface
defect, ligands, and surface Er® ions. As the ratio of the surface defects increases
with decreasing size of the nanocrystals, the non- radiative decay is enhanced.*
Quantitatively, it was found that shrinking crystal surface from about 13 to nearly 5,
the fyr was diminishing from 0.63 to 0.13 in a- NaYF,:Yb,Er nanocrystals, and this
result was addressed to few factors such as inclusion of oxygen atoms (partial
oxygenation) to multiple surface defects.*

The same group describe the change in fy, for f- NaYF,:Yb,Er nanocrystals, under an
excitation of 980 nm which reveal an increase of the ratio concomitant with the
increase in the size of the nanocrystals. This result can be linked to a change in
mechanism, passing from low pumping to high pumping density provoked from a
pure 2-photon emission (low pumping density) to a partial 3-photon mechanism (high
pumping density). The change in emission mechanism was proved by pump-power
experiments.”® In this article is described that on the basis of compositional
optimization for such nanocrystals, the intensity ratio of green to red emission (fy )
reaches a maximum of about 30.

Comparing those results with our findings, we report that we found for nearly pure
cubic crystals values were about the same found from Mai and coworkers*® (fyr~ 0.5)
at very low water fractions. However it rapidly increases with the purification of
phase and the switching from reverse to direct micelles, and with their consequent
increase of size. This can be either due to a change in the emission mechanism or to a
better distribution of sensing and actuating lanthanides within the crystals. However,
we suggest that both the increasing in size and the consequent purification of crystal
phase have a larger impact on the alteration of the G/R ratio because of the
increasingly smaller number of surface defects and larger amount of actuating
lanthanides pro capita within the crystals and not on the surface (quenched).

The color coordinate diagram (CIE1931) of the previous spectra is depicted in Figure
2.24. There is a clear tendency: the UC emission color of the sample prepared with
the lowest W/O ratio (¢=12.5%) is red (sample with the smallest particle size and the
highest amount of cubic phase) and continuously goes towards greener colors, as the
hexagonal phase and crystal size increases. As expected, a similar position in the
diagram is found for the pure hexagonal samples of =66.7% and 87.5%. The small
variation of these two last samples can be attributed to the hexagonal-to-hexagonal
crystal variation upon the order-disorder transition mentioned previously.
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Figure 2.24: CIE 1931 color diagram for the various W/O ratios-prepared NaYF,:Yb,Er
nanocrystals.

The most important feature in the analysis of the UC emission spectra of the crystals,
prepared with different alcohols as co-solvents, is the relation of the size and
crystalline phase to their fluorescence. Figure 2.21 shows the up-converting spectra of
the solids prepared using EtOH, 1-PrOH and 1-BuOH, the relative TEM images and
the relative CIE 1931 color coordinates. Note that the pump power was adapted in
order not to saturate the detector. Furthermore, the relative intensity of the spectra,
(even using the same concentration of nanocrystals in suspension) is affected not only
by the optical efficiency of each sample, but also by the tendency of crystals to
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deposit (especially important effect in BuOH-sample) at the bottom of the vial or
cuvette.

The results from the optical response agree well with the previous conclusions: the
greater the crystal size and the hexagonal phase, the higher the green-to-red ratio and
consequently, greener the color of the emission. The precise values of the green to red
ratio are 1.5, 2.9 and 3.0 for the EtOH-, 1-PrOH-, and 1-BuOH-prepared crystals,
respectively. Therefore, the visual color in the CIE 1931 diagram go from green-
yellow to a green.

1-BuOH

PL Intensity (A.U.)
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Figure 2.25: Up-conversion spectra and a selection of TEM images for the EtOH, 1-PrOH
and 1-BuOH solvothermal-prepared solids. On the inset the CIE1931 color coordinates for the
spectra of NaYF,:Yb, Er under different co-solvent taken at 0.75 W.

Tuning the main emission for NaYF,:Yb,Ln was performed using different elements
(and relative gquantities) as actuators. The extended light emitting elements, such as
Tm®*, Ho®* and Er* ions, were incorporated as Ln ions in order to modulate the
green, red and blue regions of the visible spectrum. Both Er** and Ho®* codoped
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nanocrystals emits mostly in the green region of the spectrum, while Tm-codoped
crystals emits mainly in the blue region. The three UC PL spectra and the transitions
attribute to each emission bands are shown in Figure 2.26.
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Figure 2.26: Photoluminescence spectra (Ae=980nm, 1W) of the up-converting nanocrystals:
1 Yb,Er; 2 Yb,Ho; 3 Yb,Tm-doped NaYF,. CIE 1931 XYZ color coordinates are shown: the
color coordinates were obtained at the same lasing power of the spectra.

Pump-power experiments on the solvothermal-prepared NaYF,:Yb,Ln nanocrystals
doped with Er, Ho and Tm have been performed in order to go further in the UC
mechanisms of each system. The equation (1.1) of the Introduction chapter relates the
intensity of one particular emission band (which varies with the laser pump power)
with the number of photons absorbed by the sensing ions responsible for this
emission. Thus, the slope of a log—log plot of intensity vs. excitation power density
will provide the number of photons related with the UCPL. The results are shown in
Figure 2.27.
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Figure 2.27: (Upper) Up-converting stacks of spectra for nano-NaYF,:Yb, Tm, NaYF,:Yb,Ho

and NaYF4:YDb,Er; (Lower) log—log plots of intensity vs. excitation power density for plots of
Ho, Er and Tm-doped systems.

The slope for the green and red emissions of Er** and Ho®* based up-converters show
slopes close to 2, and the slope of the blue emission of the Er®* doped crystals is close
to 3 (as seen in the Figure 2.25); indicating that the UC mechanisms pass through a 2-
or 3-photon absorption process, as ideally expected.

It turns out to be more critical the explanation of the experimental results for the Tm-
based up-converters. Ideally, the slopes of the UV (around 350 nm) and blue (around
450 nm) emissions should be around 3, since the high energy of the emitted light for
these Tm*" emissions depends mainly on 3-photon absorption process. However, the
experimental slopes are closer to 2. Instead, for the red (650 nm) and NIR (800 nm)
emissions, the slopes can quite correctly describe the ideal 2-photon absorption
process. The slopes that diverge greatly from the ascribed number of photons
underlay significant limitations attributed to, probably, the polydispersity of the
crystals and, also, to the difference in emission efficiency between hexagonal and
cubic structures in NaYF,:Yb,Ln. The significantly smaller crystal size and the high
presence of cubic phase in Yb,Tm-doped UCNPs than in Yb,Er/Ho-doped NPs, can
be an important issue on the detection of the number of photons. It is possible that the
reduced number of active Tm** ions per particle (just 0.5% of Tm instead of 2% in Er
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and Ho-doped NPs) and its smaller size increases the surface to volume ratio and the
amount of defects. Therefore, those factors affect greatly the slopes for Tm-based UC
processes.

2.2.6. Nucleation and growth model for solvothermal synthesis
of UCNPs

Vast literature on diverse nanoparticles prepared via solvothermal routes is
reported”®?3**: however when comes to up-converting nanocrystals, and in
particular NaYF,:Yb, Ln, only micro-sized and sub-micro sized crystals are generally
found **%°!, or very small, cubic ones. The synthetic route that was followed in this
study was taken from one of the first articles reporting the formation of pure
hexagonal, highly-crystalline, bright, nano-sized (average size of ~25 nm) up-
converting NaYF, crystals via solvothermal approach.? Despite numerous attempts
of reproducing the same exact reaction, the pure hexagonal phase was not reached;
therefore, a complete study of the different solvothermal conditions was performed.
Furthermore, the nucleation and growth model proposed in that report, which is based
on the formation of nanoparticles at the solid-liquid interface (with solid phase:
mixed Y,Yb,Ln-stearate precursor, and liquid phase: the water-ethanol-oleic acid
solution), was somehow limited.

According to the results of this PhD thesis, a more plausible explanation of the crystal
formation will be proposed in this section. Briefly, the mixed metal stearates, in
contact with the triphasic emulsion, dissolve and dissociate as charged species. Then,
the lanthanide ions together with the fluoride and sodium ions previously dissolved in
water start to form the first nuclei of a-NaYF,:Yb,Er in the water phase. Then, a
controlled growth of the crystals in the polar medium takes place, and after a critical
size, the a-nanocrystals transform into [3-nanoparticles.

The optimized synthesis was mainly focused in the water:oil ratio of 1:2 (¢p=33%)
because inverse micelles (small droplets of water in the oil phase) are formed,
providing a spatial confinement for the nucleation and growth of the crystals. Even if
several synthetic parameters have been evaluated, pure hexagonal phase was never
completely reached. Furthermore, the particle size distribution was not so narrow than
the one obtained by the most used thermal decomposition synthetic procedure.
Nevertheless, the size of the crystals was adjusted to a distribution between 20 nm
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and 50 nm, at least less than 80 nm, which was one of the goals that were attempted
during this project, and their luminescence was more than acceptable.

The model presented here proposes the formation of nanoparticles with sized below
100 nm, through inverse micelles at low W/O ratios; on the contrary, at high water
content, the formation of direct micelles takes place, so losing spatial constriction and
large crystals are found. The former case generally produces mixed o+f phases with
70-80% hexagonal nanocrystals, and the later conditions provide 100% hexagonal
crystals but with sizes of larger than 200 nm. A schematic representation of this
model is shown in Figure 2.28.

200 C,48h
—

P

Increasing W/O ratio

Figure 2.28: Direct (upper diagram) and inverse (lower diagram) micelle formation at high
and low water-to-oil ratios. Blue and red are water and oil phases, respectively; orange spheres
represent polar heads, and the white squares and hexagons represent a- and p-NaYF, crystals.

The use of ethanol, at low W/O ratios helps the mixing of the tri-phasic emulsion. On
the other hand, at high W/O ratios, the ethanol contributed to a disruptive effect on
the micellar structuration, leaving oleic acid monomers in the aqueous medium and
not as micelles®®****?, This effect can lead to uncontrolled crystal growth and
polydispersity. Then, crystals fuse together under the conditions of high pressure and
temperature, and epitaxial growth of the crystals.

The formation of “direct” or “inverse” micelles explains, therefore, both the size and
the phase of the crystals. At low W/O ratios, under which the formation of inverse
micelles confines water “micro-pools” within the polar heads that clusters around,
where the ions “meet” and form kinetically stable crystal germs first (cubic) which,
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successively grow until an hexagonal lattice is formed. If the aqueous medium is
highly confined in inverse micelles, some cubic crystals do not reach the critical size
to form hexagonal nanocrystals, maintaining the cubic structure due to a distribution
of sizes of the micelles.

Under high W/O ratios, the formation of direct micelles clusters the tail of the lipids
(OA molecules) and maintains the polar heads toward the water medium, which is
found in larger quantity. The water phase contains all the ions (Na*, F, Y**, Yb* and
Ln* ions) necessary to form the cubic crystal germs, under the solvothermal
conditions, and these small nuclei grow and coalesce giving to large hexagonal
lattices because of the lack of space confinement.

In the optimized conditions (low W/O ratio, with inverse micelles), the nucleation of
crystals takes place in the water micelles but in the water-oil interlayer***®?*, In that
case, two different mechanisms can be simultaneously responsible for the crystal
growth and cubic-to-hexagonal transformation.

The first one implies that a-crystallites incorporate ions (Na*, F', Y*, Yb*" and Ln*"
ions) with the stoichiometric ratio at the surface, giving an epitaxial growth of the
crystal lattice. At a certain point, the diameter of the crystals increases as much as that
the cubic to hexagonal transition is the only way to lower the energy of the crystals at
the pressure and temperature conditions (Figure 2.29, mechanism 1).

2
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Figure 2.29: Mechanisms of formation of cubic to hexagonal transitions for the formation of
hexagonal crystals (1) addition of extra ions within cubic germs; (2) two cubic germs that fuse
together and transform into hexagonal crystals to lower their energy

In that case, the size of the crystals (o or ) are limited by the diameter of the micelles
and also to the amount of ions dissolved in the same micelle to growth. However,
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since the solvothermal reaction is assumed to be a dynamic system (even if the
reactors have no stirring), there is another possibility for the crystal growth:
coalescence. In essence, two or more cubic crystals can coalesce and form larger
crystals which quickly transforms into hexagonal lattice due to energetic stabilization
(mechanism 2 in Figure 2.29). Both competitive mechanisms are possible and cannot
be discarded in the explanation for the formation of mixed-phases solids.

This model of nucleation and growth provides an alternative mechanism to the one
reported by the authors® and reflects in more accurate the experimental evidences.
Other authors®®?* already pointed out that it was not possible to obtain pure
hexagonal UC NaYF,Yb,Ln at temperatures lower than 180°C under similar
solvothermal conditions, because the thermal energy fed and the relative autogenous
pressure are not strong enough to ensure the cubic-hexagonal phase transition. This
work disproves, then, the findings reported by the authors of our protocol, in which
the B-crystal formation was carried at 150°C for 8 hours.

The alcohols chain length also affects the stability of emulsions and ultimately the
crystal formation, as shown in Figure 2.30. The increase in the alcohol chain length
alters the micellar geometry and gives to small (few nm) isolated particles in the case
of using EtOH, more aggregated particles for the synthesis with 1-PrOH, and
micrometric sintered rods when using 1-BuOH. The hexagonal character was
increasing with the particle size. The formation of large rods can derive from an
“indefinite” epitaxial growth or from a change in geometry of the inverse micelles,
from spherical to tubular/laminar. 1-PrOH may enhance the number of micelles
containing smaller crystals and has the effect of making them stuck together, resulting
in rod-like aggregates of nanoparticles. It can be considered as an intermediate result
between the mixed phase nanoparticles (EtOH) and the pure hexagonal large
microrods (1-BuOH).
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Figure 2.30: Effect of alcohol chain length on the nucleation and growth of the crystals.
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2.3. Surface modification of solvothermal-prepared
UCNPs

This solvothermal route leaves the crystals covered with an oleic acid layer which
hinders bio-chemical applications since does not permit their dispersability in water.
To switch between hydrophobic and hydrophilic surfaces, especially for bio-medical
applications, several surface modification strategies have been developed in literature,
from ligand exchange®** to core- shell and core-multiple shells*****°. Attempts to
switch surfaces of nanomaterials were performed in this PhD thesis using a protocol
reported by Van Veggel et al**. The procedure is included in the blue frame.

Surface modification of NaYF4:Yb,Ln

First, a suspension of 1% in weight of oleic acid-coated UCNPs in
toluene was prepared. 200 pL of this solution were added to a 5 mL
solution 1:1 of dichlorometane (DCM) and dimethylformamide (DMF),
in which 75 mg of polyvynilpirrolidone (PVP) (a water-soluble polymer)
were previously dissolved. The clear solution is refluxed for 6 hours at
80°C, after which 60 mL of diethyl ether was added to induce
precipitation. The water-soluble particles are centrifuged at 4500 rpm
for 5 minutes, and washed with ether.

This protocol permits, as well, prepare core-shell architectures from the
PVP-grafted UCNPs, and cover them with a thin shell of SiO2 using
TEOS (tetraethoxysilane) as starting precursor. To achieve this goal,
the PVP-decorated UCNPs recovered from the centrifuge are dissolved
in 6.5 mL of absolute ethanol, in which 280 pL of concentrated NHs and
65 pL of 10% weight TEOS in EtOH were mixed. The system was
stirred overnight, then centrifuged at 4500 rpm for 5 minutes and
washed with ethanol.

The same procedure was used to make a second shell of Phenyl-SiO»
(core:shell:shell Ln,Yb:NaYFs@SiO,@Ph-SiOy) for usage in analytical
applications. For the second layer, a mixture 3:1 wt/wt of Phenyl-
triethyloxysylane (PTEOS) and TEOS was used. Then, 33 uL of this
mixture were added to a 6.5 mL EtOH dispersion of the as-prepared
core-shell system, under reflux at 100°C for 2 days, to ensure complete
attachment of the silica shells to the particles.

The as-prepared particles were characterized by FTIR and TEM in order to make sure
that the ligand exchange was successfully performed without affecting other
structural parameters, and their up-converting properties were further analyzed.
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FTIR spectra of the UCNPs coated with different ligands and shells are shown in
Figure 2.31.
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Figure 2.31: FTIR spectra of the UCNPs coated with Oleic Acid (pink line), with PVP (blue
line), with a shell of SiO, (red line) and with two shells Ph-SiO,@SiO, (black line). Asterisks
are the vibrations of the PVP which are visible also in the SiO, coated ones. Hashes are the Si-
O-Si vibration of SiO..

The comparison between the pink (OA-UCNPs) and blue (PVP-UCNPs) FTIR
spectra reveal that the exchange from oleic acid to PVP is complete in the first step of
the protocol. In fact, no peaks derivable from the oleic acid moieties were found in
PVP-coated UCNPs. Furthermore, the presence of PVP molecules is confirmed by the
strong peak of the carbonyl at around 1665 cm™ that is absent in OA-coated UCNPs.
The spectrum of Ln,Yb:NaYF,@SiO, (red line) shows the characteristic Si-O-Si
stretching bands at around 1050-1100 cm™, confirming the formation of the silica
shell around the up-converter core, although some residual PVP units are still
entrapped in the solid. The UCNPs with the second shell prepared from TEOS and
PTEQOS show a cleaner FTIR spectrum, with a more pronounced Si-O-Si vibration,
and the complete removal of residual PVP molecules. The most intense bands
associated to the phenyl group, i.e. the CH stretching at 3080-3010 cm * and the C=C
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stretching in the region 1625-1430 cm*, are not easy to detect, probably due to the
low concentration of phenyl species in the solid.

Images taken with a transmission electron microscopy (TEM) (Figure 2.32) show that
the UCNPs were homogeneously coated with a small shell (~2 nm thickness) of PVP
polymer after the first ligand exchange treatment as shown in the inset from Figure
2.32 left. However, TEM images reveals that the experimental procedure for the silica
coating requires significant improvement, since instead of having a nice core-shell
architecture, the system is better described as aggregates of amorphous silica, in
which the UCNPs are entrapped. Despite of the aggregation, however, surface
modification shows no alteration of the UCNP crystallinity and helps to render them
soluble in water or polar solvents.

Er,Yb:NaYF,@PVP Er,Yb:NaYF,@SiO,

Figure 2.32: Electron microscopy images of the UCNPs after ligand exchange with PVP and
after coating with SiO,.

Finally, the up-conversion photoluminescence of the surface modificated
Er,Yb:NaYF, samples dispersed in a polar solvent such as EtOH was performed upon
irradiation at 980 nm with 2W laser power. The UCPL spectra of all samples show
the characteristic emission profile of Er transitions previously described. The most
important effect on the optical response is the significant enhancement of the PL
intensity in all the spectral range when the sample is coated with SiO, and Ph-
SiO,/SiO,. The substitution of organic ligands (both OA and PVP) by inorganic shells
that prevents the quenching effect from CH and OH species as well as the decrease in
the surface defects would explain the clear improvement of the emission intensity. In
fact, we can notice that the Er,Yb:NaYF,@SiO, sample has a lower emission intensity
than the sample with double silica coating, which can be attributed to the presence of
residual PVP molecules. So, even if the core-shell architecture was not properly
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developed, the silica “coating” or imbibition offers benefits to the up-converter
nanoparticles. However, another point that is also important to mention here is that
the systems with the more hydrophilic shells (increasing in the order
OA<PVP<Si0,<SiO,@Ph-SiO,) provide a more stable suspension in the solvent and
avoid the issues of sedimentation during the optical measurement.
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Figure 2.33: Emissions of NaYF,:Yb,Er covered with different layers and dispersed in EtOH.
Inset: intensity relation between OA coated UCNPs in cyclohexane (black) and EtOH (red)
(Aexc. =980 nm and 2 W laser power).

Therefore, when comparing the UC spectra of OA-coated nanoparticles dispersed in
cyclohexane with the same concentration, a significant improvement (between 3 and
4 times) of the optical signal is detected. So, in conclusion, the intensity of the UC
luminescence is affected by so many parameters that it is not always an easy task to
analyse it in a simple way.

As conclusion of this section, surface modification of UCNPs is important for
dispersing crystals in different solvents in sight of the application that is needed. In
this study, the protocol for PVP ligand exchange was successful but further studies
are still necessary to optimize the process of silica coatings in these solvothermal



112

Rationale Design of Inorganic

Up-converting Nanophosphors towards Advanced Optical Applications

prepared UCNPs. These issues are still ongoing and will be continued to pursue
optimization of the process.

2.3

Conclusions

The aims of this work was first to shed light on the formation of B-NaYF,:Yb, Ln
(Ln= Er, Ho, Tm) nanocrystals under solvothermal conditions, establishing
connections between crystal phase and size of the UCNCs with reaction parameters,
as well as to study the structure(s) relations and relative optical activity.

Experimental findings shows that:

1)

2)

3)

The reaction time and temperature, as well as O/W relations are critical
parameters to control for the formation of UCNPs. The reaction conditions to
get pure hexagonal structures requires at least 48 hours at 200°C. Below this
time and/or temperature, cubic phase is always present. The study on the
W/O ratio has demonstrated that low W/O ratios conduce to the generation of
inverse micelles, which confines the spatial growth of the crystals, giving to
nanoparticles between 20 and 50 nm mixed o,3-phase. In high W/O ratios,
the larger content of water promotes the formation of direct micelles and
larger crystals (between 200 and 400 nm) but pure hexagonal phase are
formed. Alcohols, used as co-solvents within the emulsions have shown to
have an effect in inverse-emulsion conditions: in fact, increasing the C-H
linear chain from Ethanol to 1-BuOH, the nanoparticles show more
aggregation and finally larger-spanned rods morphology. The formation of
rods can be explained either through a change in emulsion geometry or
through an increased epitaxial growth rate.

The optical UC response for the NaYF,: Yb,Er system revealed that the more
is the cubic character, the more intense the red emission are, meanwhile the
green band increases with the hexagonal character.

The emissive properties of the up-converters can be tuned by changing the
lanthanide ions; however, the particle size is affected by the nature and
quantity of the lanthanide. In particular, NaYF,;:Yb,Ho and NaYF,:Yb,Er
prepared under same conditions show almost the same size, while
NaYF,:Yb,Tm are significantly smaller.

This study shows one of the first examples on the solvothermal preparation of up-
converting nanoparticles of sizes comprised between 20 and 50 nm with strong up-
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converting activity. This work can be used as a starting point for the future
preparation of large quantities of pure hexagonal NaYF, nanocrystals.
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Chapter 3

Applications of solvothermal-prepared
NaYF,;:Yb,Ln UCNPs
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3.1 IR light-harvesting hybrid soft materials

3.1.1. Introduction and motivation

Up-converting nanoparticles have a long list of applications presented in literature: in
biological®, biochemical*®, medicinal®® and pharmacological’® field of science, as
well as in technological fields such as forensic'™*?, temperature control®**"
photocatalysis'®, solar cells and photovoltaics'®, sensors®***', hybrid optical
systems™®, and so on. Nevertheless, the development of transparent and easy-to-shape
materials showing multiple light conversion effects remains a challenge for the
deployment of new technologies in the fields of light emitting diodes™® field-emission
displays®, plasma display panels® and luminescent solar concentrators (LSCs)?. In
these fields of application, transparent hybrid materials exhibiting the unique

properties of the up-converting systems have been investigated in the last decade®.
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Figure 3.1. A) UCNPs nanoplatelets used for light harvesting in DSSC solar cells'® and B)
broad band IR (left) NIR absorption of antenna complex — coated UCNPs and their visible
emission. Notice the steep increment in visible emission under a fairly low concentration of IR
harvesting molecules (right)®.

B)

onsit

Photolumine scence int:




Rationale Design of Inorganic 119
Up-converting Nanophosphors towards Advanced Optical Applications

Embedding inorganic nanocrystals within an organic matrix had conferred to
conventional materials a new dimension that offers new possibilities for exploiting
novel applications®* . To date, it is relatively recent the discovery of hybrids formed
by organo or hydrogels trapping various optically active, inorganic nanocrystals.
Organic and supramolecular gels have been proved to be interesting scaffolds for the
entrapment of luminescent inorganic nanoparticles thanks to their properties: self-
organization, gel-to-sol low temperature transition and reversibility, high solubility of
the monomers in a large list of solvents with different polarity, and so on®3* (see
Figure 3.2).
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Figure 3.2. Basic properties of transparent supramolecular gels

Trapping photoluminescent nanocrystals within supramolecular gels has gained
attention for the new interactions of the compounds with the light. Various kind of
inorganic nano-phosphors have been found embedded within the organic matrix: from
quantum dots (QDs) to SPR (Au, Ag, etc...) nanoparticleszg'szfgr’. Moreover, recently,
gels have been used in light and energy harvesting, either alone or with an inorganic
moiety trapped within the fibers network® . Intercalation of inorganic emitters
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within an organic matrix has shown a whole new type of materials, with interactions
with light that differ from the standalone starting materials. As an example, it has
been reported that the Au nanoparticles' plasmon quenches the emission of the DDOA
(2,3-DidecyloxyAnthracene) when embedded in this fluorophore-based gels.* These
hybrid materials have shown great potential as candidates for biological and industrial
applications thanks to their low cytotoxicity?® and high biocompatibility™, in the first
case, and as templates for the fabrication of organic electronic devices in the second
case®.

Despite of the huge amount of combinations to exploit up-conversion, very few works
of hybrid complex gels entrapping these nanophosphors were reported in literature.
The first article reported an homogeneous entrapment of up-converting NaYF,:Yb,Er
and NaYF,:Yb, Tm nanocrystals in polypeptides, to tune the RGB emissions. In this
case, the transparent gel acts as a passive scaffold for the homogeneous dispersion of
the nanophosphors. The second paper goes more into the details on the possible
mechanisms of an energy transfer between the emissions of UCNPs NaYF,:Yb,Tm,
and a matrix gel composed of 1-cyano trans-1,2-bis(3’,5'-bistrifluoromethyl-
biphenyl)ethylene (CN-TFMBE). This compound was both a monomer that formed a
fibrillary gel and a fluorophore capable of absorbing the UV radiations from the
Yb,Tm-doped systems upon NIR irradiation. Results of this article have shown that
the particles are found externally attached to the gel’s fibers but not within the gel
matrix; it is mentioned, but not explained the mechanism with which the gel matrix
can act as a Rayleigh scattering network, as compared to a solution of UCNPs under
the same conditions of irradiation.

a) UCNP: Core-shell NaYF4:TmYb nanoparticles
(core = NaYF4:0.5mol % Tm3+:30 mol % Yb3+; shell = NaFY4)
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Figure 3.3. Images from reports about soft hybrid systems with up-conversion effects. Left)
a) The chemical structure of the gelator and the UCNPs used to prepare the supramolecular
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gel. b) UV-vis absorption (in red) and emission (A exc = 348 nm). Furtjer details in Tong et
al.®® (Right) Pictures of free-standing PVOH-HMDI/DMF/DMSO organogels irradiated with
a 2 mW green HeNe laser at 543 nm (power density = 350 mW cm™). The sample shown in a)
and b) contains PdMesolX (2-10° M) and DPA (10% M) and emitted a clearly visible blue
upconverted light, even under ambient illumination. The samples shown in c) and d) contain
only PdMesolX (c, 2-10° M) or DPA (d, 10°M) and display diffracted porphyrin
phosphorescence (c) or excitation light (d)*.

These supramolecular gels show great promises for the up-conversion applications
(Figure 3.3) that their chemical nature may bring: self-healing, self-assembling
materials, with new optical properties can be used as sensors, optical traps, drug
delivery media (pH-driven) and scaffold for retaining of optical emitters for
photodynamic therapies. However, despite these advantages, TTA upconverting
complex systems show limited use since a) they are poorly soluble in water — which
limits their use in biomedicine, b) although the up-conversion process is efficient, the
metal complex acting as annihilator is will greatly reduce efficiency over time due to
degradation of the organic matter, c) fairly higher energy irradiation sources (usually
in the visible) and d) photobleaching over time.**® Up-converting nanocrystals —
containing gels show much more promises thanks to their robustness (nho
photobleaching for hours), low excitation source and ease of surface manipulation
which can ‘tune’ their dispersability in different solvents. Furthermore, their use in
biomedicine has a rather large history in the scientific literature. Also, their intense
emissions can be tuned from blue to red to green*® depending on the crystal structure
and hence the mechanisms underlying the principal emissions.***

Driven by the possibilities of manipulating IR radiation using UCNPs in soft
materials, this chapter of the PhD thesis addresses the synthesis and characterization
of a new hybrid supramolecular system based on a fibrillary network embedding the
up-converters previously prepared by the optimized solvothermal route. This soft
system is able to absorb both UV and NIR radiations and convert into visible
emissions, what could be of interest to explore new areas of application in energy,
photonics, photocatalysis, sensors, and so forth.

In particular, an organogel made of a fluorescent supramolecular network containing
naphthalimide (NAF)-based fibers and nano-sized NaYF,:Yb,Tm crystals has been
chosen as ideal candidate to study the encapsulation of the up-converters, which
should have improved stability towards UCNPs aggregation. On the other hand, the
optical communication between the organic gel and the nanocrystals is expected. The
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choice of NaYF,:Yb,Tm is not casual: the 1,8-naphthalimide unit introduced in the
gelator monomer is a well-known fluorophore presenting light absorbance at Ay =
340 nm and emission at Ama = 410 nm, as shown in Figure 3.4b). NAF-based hybrid
gels could then be excited by the UV emissions of Tm** ions (emission band at ~350
nm), upon 980 nm irradiation (Figure 3.4a)). Furthermore, the fluorophore would
emit in a region (around 410 nm) where the UCNPs do not emit. A last aspect that
will be addressed is the reversibility of the sol-gel transition and their optical response
during that process.
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Figure 3.4: a) Emission spectrum of the NaYF,:Yb,Tm powders prepared by solvothermal
route. b) Absorption (dashed line) and emission (solid line) of the pure NAF-based gel upon
Aexc=340 nm. ¢) Jablonski diagram for the electronic transitions associated to the UC system of
Yb*/Tm** pair and the energy transfers to the NAF chromophore.
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3.1.2. Synthetic procedure

The synthesis of the hybrid supramolecular gel is described in the blue frame.

Preparation of the hybrid NAF-gels-UCNPs

The hybrid system was prepared as follows: 20 mg of UCNPs (Tm,Yb:NaYF)
were suspended in 2 mL of butanol and sonicated for 5 min in a screw-capped
vial. Then, 6x10”° mmol of the organic gelator molecules were added and the
closed system heated to 80 °C until it was completely solubilized. The system
was left cool down until room temperature for 10 minutes and the hybrid gel
was formed. The samples were prepared in cylindrical glass vials with different
sizes, and the gel dimensions ranged from 10-15 mm diameter and 5-20 mm
height.

Figure 3.5 shows the synthetic procedure to produce the UC hybrid system. In
essence, the monomer (or gelator molecule) represented with a red dot/square has the
ability to self-assembly into long fibers, and includes the 1,8-naftalimide unit, which
is a chromophore responsible for the optical communication between the matrix and
the UCNP. The UCNPs are simply entrapped in the gel matrix during gelification.
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Figure 3.5: scheme of the sol- gel formation of the hybrid system

In few minutes, the composite hybrid gel containing the up-converting nanoparticles
trapped was obtained. The gels were translucent as can be seen in the inverted vial
from Figure 3.4 under visible light. Upon UV and IR irradiation, an intense
fluorescence of the material is detected at naked eye (Figure 3.6).
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Figure 3.6: Photographs of the hybrid soft UC system under visible light, UV light (UV lamp)
and NIR diode laser (980 nm)

3.1.3. Results and discussion

The structure of the hybrid gels were analyzed with OsO, staining-TEM to check if
the microstructure of the gel is affected by the presence of the nanoparticles. Different
photoluminescence (PL) measurements were performed to study the optical
communication between the two constituents of the hybrid system. Temperature
dependent PL experiments have been performed in order to determine a gel-sol
transition and luminescence has been evaluated through the range of temperature used
(10-90°C).

Transmission electron microscopy of the xerogel revealed the usual entanglement of
micrometric fibers observed commonly in supramolecular gels and also the
homogeneous dispersion of the UCNPs within the gel matrix, as shown in Figure 3.7.
The thickness of the fibers depends on the cooling speed during the gel formation.
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Figure 3.7: TEM images of NaYF4:Yb, Tm UCNPs within the gel network and/or fibers

Very little aggregation of the phosphors was seen, and therefore we can be safe to
assume that light scattering was not observed because of large objects were found
within the fiber network.

The hypothesis of optical communication between the NIR-activated nanoparticles
and the chromophore unit of the supramolecular gel was followed by fluorescence
spectroscopy (Figure 3.8). The system responded as initially foreseen: upon excitation
at 980 nm, the UV bands from Tm®" ions disappear from the emission spectrum.
Furthermore, a new band around 410 nm (from the chromophore) appears when the
UCNPs are embedded within the gel network. The intensity of this band is low, but
this is attributed to the low quantum yield of naphtalimide unit. This result is a
confirmation that an energy transfer occurs and that the UCNPs are always nearby the
organic chromophore.
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Figure 3.8: Overlay of the emission spectra of pure Tm,Yb:NaYF, nanocrystals (dotted line)
and the UC hybrid gel (upon 980 nm excitation). Intensity at Ama for both systems is
normalized to 1.

In order to understand if the transfer is reversible, few thermal cycles with
temperatures between 15 and 90°C were performed through a Peltier system,
equipped with water circulation cooling system. The recorded intensity shows that the
gel emission is temperature dependent, as seen in Figure 3.7. Interestingly, the hybrid
system only originates IR-promoted emission at 410 nm in the gel state, being this
process cancelled when the gel is disassembled at 80 °C, a behavior directly related to
the aggregation induced emission properties of the organogelator compound.

The system showed good reversibility and several heating-cooling cycles could be
performed, restoring the upconversion to 410 nm at low temperatures (Figure 3.9).
Consequently, the system formed by UCNPs-gel constitutes a thermally regulated
light upconverting soft material.
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Figure 3.9: (top left) A: Naf-based gel under UV light; B: Naf-based composite emission
under 980 nm irradiation and C: sol emission of the UCNPs at 980 nm irradiation (high
temperature); (top right): scheme for the temperature dependent UC PL emissions for the
hybrid UCNP-gel system; (down left): 410 nm emission of the Naphtalimide emitters in Naf-
UCNPs composites and (down right) Reversibility of the emission intensity with several
cycles of cooling and heating between 15 and 90°C.

This reversibility of the organic fluorophore of the gel with relatively small range of
temperature may open several different scenarios for exploitation of this effect, as for
example in temperature sensors, biological applications and bacterial cleaning of
surfaces.

It is important to remark that the light emitted by UCNPs at ca. 350 nm is absorbed
by NAF chromophore either when the hybrid system is in the gel state (at 30°C-
assembled) or in the sol state (80°C-disassembled). This fact has implications for the
mechanism of energy transfer taking place in the system. At 80°C the fibers are
disassembled and spatial proximity between UCNPs and naphthalimide units is
precluded, discarding a dipole-dipole energy transfer mechanism like resonance
energy transfer (RET).>® Therefore, a photon reabsorption process, also known as
inner filter effect, emerges as the most plausible mechanism for energy transfer
between UCNPs both in gel and solution states although RET can’t be discarded to
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take place in the former case. The inner filter effect has been used in sensing
applications based on UCNPs.

Concomitantly, it has been found a 475 nm Tm*" emission band increase, which
depends on the sol-gel transition. Variable temperature studies were carried out for
suspensions of the UCNPs in butanol in the presence and absence of NAF
organomolecule. Figure 3.10 represents the variation in intensity of the 475 nm Tm®"
emission with temperature.
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Figure 3.10: Variable temperature study of the emission intensity at 475 nm of UCNPs
(suspended in butanol) and hybrid UCNPs-gel. Values are normalized taking as reference the
intensities measured at 90 °C for both systems (Aee = 980 Nm).

Clearly, an about 6-fold increment of intensity is found for the emission at 475 nm.
This can be explained considering the gel as scattering matrix that permits the light to
travel through the fibers and reaching further particles, which ultimately and
simultaneously emit.

With these promising results, some other hybrid gels including UCNPs were prepared
with NH,-NAF-based fibers but using erbium ions instead of thulium ions. The
choice of the lanthanide and the amino-derived chromophore corresponds to the
overlap between the absorption of the amino-NAF and the blue emission of the
erbium ions from the UCNPs. In this gel, the energy transfer was not so evident as in
the previous hybrid system because of the low intensity of the blue emission in the
NaYF,:Yb,Er crystals (see Figure 3.11). In this case, the emission appearing around
405 nm from the *Hg,— 115, transition disappears when the UCNPs are embedded in
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the hybrid gel. These results proofs that there is an optical communication, however,
it is difficult to follow all the previous studies with this system.
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Figure 3.11: Normalized spectra of NaYF,:Yb,Er suspension (green) in 1-BuOH and within
the NH,-Naf gel (blue). Cirlce shows energy transfer between the *Hy1 — 115, and the gel
matrix under 980 nm irradiation

Probably the most striking result from this NH,-NAF gel trapping Er-doped UCNPs
is the huge scattering effect of the fibrillary network responsible for the transport of
IR energy to UCNPs and the bulb-like green emission of the whole gel, as shown in
Figure 3.11. This effect was not so intense in the system with NAF and Tm-doped
nanocrystals. A possible explanation for this special scattering effect would be on the
structural arrangement of the matrix and the distribution of the UCNP within the gel.
TEM analysis showed how the fibers are cross-linked like “stars”, instead of long
fibers, and the UCNPs are not well dispersed but aggregated and entrapped
unhomogeneously within the branched structure, as seen in Figure 3.12. Probably, the
aggregation of the nanoparticles increases the emission intensity and also the
branched structure helps to scatter the light, giving to the special high emitting soft
material. Some repeated cycles of high and low laser output was performed in both
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hybrid systems (with thulium/NAF and erbium/NH,-NAF), and the effect was fully
reversible (Figure 3.12).

ErYb:NaYF, NPs entrapped
in NH,-Naf derived gel

Increasing laser power >

Figure 3.12: Images of the hybrid NH,-NAF and NaYF,:Yb,Er gel: the green emission of the
gel (in a inverted vial), TEM images from different parts or the gel system and the dependence
of the emitted light with the laser power (Ae.=980 nm).

A keynote worth to add is that, despite of the IR radiation, which increments
temperature itself, no degradation/dissolution of the gel or solvent evaporation was
observed even at very high power densities.

3.2  Glycolipids-based vesicles entrapping UCNPs

3.2.1. Introduction and motivation

Encapsulation of various inorganic nanocrystals in vesicles of various nature,
from biopolymers® *** to surfactant-based systems® *°, has been one of the mayor
discovery in biotechnology, because of the vast potentialities as drug delivery and
imaging carriers for the vesicles. These vesicular systems are capable to keep matter
within their hydrophobic core and to travel around water-based systems. Their
assembly/disassembly is an easy process and most of the time is reversible.®

10,54-59

The use of biosurfactants in non-deterging, materials science related applications is a
recent research field that takes into account the astonishing and multivalent, yet
unknown, properties of some of these compounds. In particular, bio-surfactants such
as glycolipids have been studied for surface functionalization and/or encapsulation of
different nanoparticles (iron oxide,* gold nanoparticles®, etc.). Sophorolipids (SL),



Rationale Design of Inorganic 131
Up-converting Nanophosphors towards Advanced Optical Applications

which are biologically-derived glycoconjugates with a well-defined molecular
structure have several advantages over other bio-surfactants. These compounds,
whose open acidic form is highly suitable for nanoparticle stabilization®, are readily
obtained by a fermentation process of the yeast Candida bombicola (polymorph
Starmerella bombicola) in large amounts. The final carbohydrate coated nanoparticles
represent interesting potentially biocompatible materials for biomedical applications.

With these applications in mind, a study focused on the formation and stability in
water medium of bio-surfactant based vesicles®®® to trap oleic acid-coated up-
converting nanoparticles has been performed.

3.2.2. Synthetic procedure

Encapsulations of oleic acid capped nanocrystals were performed in water, medium
used to prepare the vesicles which formation is granted upon steady changes of pH,
using glycolipids as starting precursors after few pH manipulations. The glycolipids
were supplied by the laboratory “Laboratoire de Chimie de la Matiére Condensée de
Paris”. The chemical structure of the glycolipid is represented in Figure 3.13.

The synthetic procedure cannot be included in this PhD Thesis because the protocol
was developed by another research group and it is not allowed to report it in this
Thesis (it is under process of patenting/publication).

The pH changes promote onion-like multi-walled vesicles that present hydrophobic
volume able to encapsulate the UCNPs either within the hydrophobic core or
anchored between neighboring vesicles. The results were analyzed with XRD, cryo-
TEM, up-converting luminescence and DLS measurements. For this study, Yb,Er
UCNPs were chosen as luminescent materials of choice because of the strong green
and red emission of the Er ion.
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SL-C18:1

OOH

Figure 3.13. Chemical structure of the glycolipid employed for the study.

3.2.3. Results and discussion

In order to make the XRD measurements of the encapsulated nanoparticles, these
have been lyophilized under low temperature and pressure. In the XRD patterns of
Figure 3.14, we can observe that the UCNPs do not lose their crystallinity (mixed
cubic and hexagonal phases) when encapsulated in the glycolipid vesicles, despite the
pH manipulations. The cryo-TEM image shows the onion-like structure of the
vesicles with some UCNPs entrapped inside the vesicles and in between the vesicles.

——Er@UCNPs
—— Er@UCNPs encaps

Intensity (Counts)

L ,
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Figure 3.14: Left: XRD patterns of the as — prepared UCNPs and after encapsulation; Right:
cryo-TEM of the glycolipid-based vesicles.
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After all the pH manipulations made for the encapsulation, a ligand exchange
between the free glycolipids and the oleic acid moieties on the surface of the
nanoparticles might be induced. To ensure that no exchange occurred, DTA
experiments were made on the particles after being free from vesicles thanks to a
drastic pH change. Figure 3.15 resumes the DTA curves.

The DTA curves are pretty clear: a ligand exchange can be excluded because the as-
prepared UCNPs and the “freed” UCNPs present a very similar thermal behavior
(exothermic decomposition of oleic acid molecules between 200 and 350 °C), whilst
the glycolipids show three intense peaks at higher temperatures (between 350 and
550°C) where the UCNPs do not provide any thermal process.

15 o

—GC-18:1
——ErYb-NaYF4-0A
——GC-18:1-Encaps-UCNPs

T 1T 1 1 1 * T T T T T ©* T 71
50 100 150 200 250 300 350 400 450 500 550 600

Temperature [°C]

Figure 3.15: DTA curves of the GC-18:1 glycolipid (black), the as-prepared UCNPs (red) and
the “free” particles after several pH manipulations.

Once verified some important points, it was interesting to study the stability of the
vesicles including the UCNPs in water. DLS measurements have shown that the
entrapment of OA —coated UCNPs is stable and there is no degradation over long
periods of time (1h), for both the Er,Yb- and Tm,Yb- doped UCNPs, as shown in
Figure 3.16.
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Figure 3.16: DLS kinetic experiments correlograms in 1h 30’. left: encapsulated
NaYF4Yb,Er; inset is representing the correlogram of the bare UCNPs in water; right:
encapsulated NaYF4:Yb,Tm; inset is representing the correlogram of the bare UCNPs in
water.

The “fresh” OA-coated UCNPs in water have no long-life and very quickly
correlograms are no longer showing the same distribution of sizes (see the insets of
Figure 3.16). This result is mainly due to the fact that OA-capped UCNPs are quickly
precipitating and the process shows that increasingly fewer particles are found in
solution until the correlogram no longer shows relation between size and time of
detection. On the other side, the encapsulated UCNPs show correlograms that are
consistent with the same size after more than 1 h and 30’ of suspension.

The systems showed very nice up-conversion emission upon excitation at 980 nm
(Figure 3.17).

Laser 980 nm

A

Tm@UCNPs-GC Er@UCNPs-GC
in water in water

Figure 3.17. Photographs of the Tm- and Er- doped UCNPs encapsulated in the vesicles
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The stability of the suspensions of the encapsulated UCNPs was therefore studied
analyzing the intensity of the up-converting spectra with time upon different forced
sedimentation conditions. The first experiment consist on the use of forced
sedimentation (of the particles) at different centrifugal speeds for 30”. The second
experiment was done using 2000 rpm for different times, from 30” to 5°. After each
centrifugation the surnatants were taken and the spectra recorded under focalized 980
nm continuous wave laser excitation were registered. Figure 3.18 represents the
spectra deriving from the two experiments and their relative decay of the green and
red emissions (measured from the area of the bands) with time.
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Figure 3.18: Up-conversion spectra (A,C) and decay curves (B,D) of the encapsulated Er,Yb-
NaYF, NPs with different centrifugal speeds and different times.

This experiment has shown that while the increase in centrifugal speed enhances
greatly the signal loss due to precipitation of the UCNPs, the time has not as the same
impact: in fact the decays over time of the signal with time are much smoother as
compared to the increase in centrifugal speed. However both experiments show that
the encapsulation of the OA-coated UCNPs within the vesicles is quite good and the
system is stable even at lower centrifugal speeds.
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To address stability, kinetic experiments of free fall sedimentation have been
performed on the same samples. Figure 3.19 shows the spectra derived from such
Kinetic experiments.

—0s
30s

— 0
B —120s

Intensity (A.U.)
Intensity (A.U.)

R T R . . .
300 400 500 BOD OO 8OO 900 300 400 500 600 700 800 900
wavelength (nm) C wavelength (nm)

‘U]-j\ = OA-NaYF YbEr @ GC 18:1
- = * OA-NaYF YbErinH O

90 4
1

Total Area (%)
L]

..........

T T T
o 500 1000 1500 2000 2500 3000 3500 4000

tme (s)

Figure 3.19: A) and B) UC spectra registred at 980 nm excitation during the “free fall”
experiment of the encapsulated UCNPs and water-dispersed OA — coated UCNPs; C) total
intensity decay of the encapsulated (black) and dispersed (red) OA-UCNPs.

This experiment confirm again that encapsulation of the particles is a fairly robust
process: leaving the precipitation process of the nanoparticles alone let, after 1 h of
measurement more than 50% of the total intensity of the UC signals, while at the
same time, the free fall of the OA-coated UCNPs falls below 30%. It is already
known that OA — coated UCNPs prefer to disperse in low-polarity or non-polar
solvents but in this case it has been a good reference system, in water, to prove that
encapsulation still works even after 1 h of continuous laser measurement.

As a conclusion, the encapsulation of non-water dispersable crystals (oleic acid
coated UCNPs) is a powerful method for delivering UCNPs as biolabels through
animal’s cell membranes: the rate of free fall precipitation of UCNPs is low. In fact
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after 1h and 30’ of kinetics, is still detectable more than 50% of the total signal. In
comparison, water-dispersed, non-encapsulated particles, lead to a low 20% signal
intensity detection, meaning that the precipitation of the UCNPs is much faster due to
the coating of Oleic Acid (OA) on their surface which is highly hydrophobic, and
does not allow for long-lived dispersions in water. Centrifugation (called forced
precipitation method) has shown relative stability of the UCNPs, both under low to
high rpm ranges and at 2000 rpm up to 5. In both cases, the signal shows a slow
decay, meaning stability of the complex vesicles-UCNPs, which is also confirmed
from the correlograms obtained from DLS kinetic experiments. At high speed (low
time) or long time at low speed particles fall and therefore, a more significant loss in
signal intensity is found. Despite of it, the effect of the centrifugal revolution rate has
a more pronounced effect as compared to the time-dependent centrifugation
experiment. A plausible explanation of it can be described if it is assumed that, under
high centrifugal speed the vesicles physically break or fall apart, letting the UCNPs
precipitate; at low speed, however, this happens in a very light way, and the complex
system resist up to longer times under fixed speed (2000 rpm).

Despite these results, research on understanding the trapping of UCNPs by
glycolipids needs to undergo further experiments, in fact at the very moment it has
been hard to understand where the UCNPs were placed, if within the vesicles or
between them. Therefore, this research is still going on.
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3.3 Conclusions

Formation of the gels has shown a good inclusion of the UCNPs within the Naf-based
gel fibers and an effective energy transfer, dependent on the temperature-driven gel-
sol transition, which shows that the 350 nm emission from Tm** ions in the UCNPs
activated by IR light is absorbed by the fluorophore, which shows a broad band
peaked at 407 nm. Attempts done with NaYF4:Yb,Er in NH,-Naf-based fibers have
shown more cluster-like distribution of the particles within the gel, but they present
an intense bulb-like emission in the whole hybrid material upon NIR irradiation.

Encapsulation of the UCNPs in vesicles of bio-surfactants has been performed in
view of bioapplications. The effective entrapment was corroborated by DLS kinetic
experiments, which has shown nearly-equal correlograms for more than 1h and 30°.
Furthermore, the UCNPs do not lose their crystallinity despite of the pH
manipulations required for the formation of the composite UCNPs-glycolipid
vesicles. UC luminescence decrease has been used as a featured signal to detect the
stability of the suspensions. “Free fall” experiments shows that the UCNPs
encapsulated in vesicles were giving more than 50% of the total UC signal after 1h
30’, while the emission of the OA-coated UCNPs was reduced as low as 20%. To
deepen into the stability of the composite UCNPs-vesicles in water, experiments of
forced sedimentation were performed with different centrifugal speeds and times. The
main conclusion is that the suspension is more sensitive to the revolutions than the
time of centrifugation.
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Chapter 4

Microwave Assisted Synthesis of
UCNPs and Optical Activity
Assessment
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4.1 Introduction to microwave interaction with matter

and motivation

Microwave-assisted synthesis of inorganic crystalline materials is a relatively recent
route, which provides numerous advantages, such as more homogeneous heating’,
limited reaction times?, relatively high yields®**, ease of scaling — up** and so forth.
The interaction of radiation with matter is already well known, since radiation is
composed of alternating electric and magnetic fields, matter will interact with those,
causing dielectric or diamagnetic losses to be transformed into heat. Dielectric losses
can be attributed to a re-distribution of charges or to charge polarization of the solid.
The loss attributed to dielectric polarization can be divided into several components
that depend on the fact that atoms are charged particles, such as: electronic
polarization, dipole polarization, atomic polarization and interface polarization. This
can be resumed as:

ar=ae+ag+a, +a; (4.1)

Where a; is the total dielectric loss, o, is the electronic polarization, oy is the dielectric
polarization, o, is the atomic polarization and o; is the interface polarization. Each
contribution is frequency — dependent and happens on reaching such frequency.
Figure 4.1 describes the polarization mechanisms and the relative frequency-
dependent spectrum.

Polar molecules, under irradiation of light, tend to rotate when coupling their dipolar
momentum to the magnetic field of the incident radiation. Since the electric and
magnetic fields are alternating in microwaves, this dipolar moment will change
continuously at the frequency of the microwave, and therefore the continuous
alternation of the fields gives continuous rotation to polar molecules (e.g. water)
which are generally used as solvents. When high conductivity materials (such as
metals) are present in the reaction vessels, the absorption of microwave electric fields
will be transformed into heat due to their high electric conductivity, giving a boost in
the reaction temperature. Sometimes it is possible to produce solid state reactions
adding catalytic quantities of metals under microwave irradiation. The quicker and
higher is the absorption of microwave of a material, the more it will heat.
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Figure 4.1: Polarization mechanisms (A) and frequency-dependence of the dielectric losses
(B)°

The rate of absorption of microwave radiation is described in terms of electrical
power per volume:

Pp=w- & &epr- Efins + @ " 1o *Hefr Hins (4.2)

where o is the angular frequency (27v),&, is the vacuum electrical permittivity, € iS
the effective relative dielectric 10ss (€potarizationt€conduction), Erms 1S the effective value of
the internal electric field, p, is the vacuum magnetic permittivity and peg is the
effective relative magnetic loss and H, is the effective value of the internal magnetic
field. The main factor that a material must possess, for an efficient heating is to have
an g comprised between 107 and 5; materials with very low & (<107) have little or
no possibility of heating while materials with €. > 5 will heat only on the surface and
not in the bulk.

There are several reasons why heating through microwave is desirable when
synthesizing nanomaterials:

1. Microwave is a very penetrating radiation:
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when using conventional heating, energy is transferred to the material by convection
and conduction, and this generally creates heat gradients; nonetheless in microwave
heating the heat is transferred to the system by molecular interactions with the
electromagnetic field. Figure 4.2 shows these different ways of heating.

-

Figure 4.2: microwave (A) vs conventional (B) heating. Color bar is temperature, increasing
from blue to red. Adapted from Prado Gonjal and Moran®

The depth reachable by microwave radiation varies depending on the heated material
y other factors such as dielectric and diamagnetic losses, temperature, conductivity,
frequency and power of the microwave radiation, and size and density of the heated
materials.

2. Fast heating method:

The use of microwaves significantly reduces the reaction time of the synthesis with
respect to conventional methods, maintaining properties and most of the times
improving them. Nonetheless, it is worth reminding to be careful not to create hot
spots during this fast heating cycle. Some authors reports increment between 10 and
1000 times of reaction kinetics when using microwave reactions.

3. Selective heating of the materials

Microwaves can be used to selectively heat materials, which is not usually possible
with conventional heating. As said above, depending on the nature of the materials to
be heated, some strong couplers that will absorb (and increment temperature during
microwave irradiation) can be used, until auto-heating of the desired material is
achieved.



Rationale Design of Inorganic 149
Up-converting Nanophosphors towards Advanced Optical Applications

4. Non — thermal effects

Several anomalies due to irradiation with microwaves are called non-thermal effects
and include everything that is different from the conventional heating and that cannot
be foreseen or easily explained by just looking at the heating profiles between the
microwave heating and conventional one.

Microwave heating of solutions is becoming the method of choice production of a
variety of nanoparticles, thanks to its easy scaling-up and focused, uniform heat flux
on the reaction tubes®®. This technique has been successfully proven in the
preparation of nano- and micro-sized inorganic crystals, including simple and mixed
metal oxides but also metal fluorides.

The synthesis of up-converting NaYF,:Yb,Ln by microwave techniques has been
already described in literature, however, either uniform but cubic single-phase NaYF,
crystals or less uniform mixed cubic and hexagonal phases. Therefore, it is of interest,
thanks to the multiple advantages offered by microwave heating, to foster this
synthetic route for the preparation of pure hexagonal NaYF4:Yb, Ln UCNPs with
bright emissions. In this chapter, we present a study addressed to reach pure
hexagonal NaYF4:Yb,Ln (where Ln is Er, Tm, and Th) nanocrystals by using the
reproducible, quick and easy microwave approach.

4.2 Synthetic procedure
Several synthetic conditions for the preparation of UC nanoparticles were attempted,
and crystallinity, relative crystal phase, and size have been routinely studied by TEM
technique. TEM was the technique of choice for characterization of the products due
to the limited amount of sample obtained in each MW-synthesis, which offered a
better description than XRD.

A preliminary study of the synthetic parameters, including different precursor salts,
nature of solvents, microwave conditions, etc... was performed for the sample
NaYF,:Yb,Er as a reference system. In some cases, a mixture of solvents were
necessary to avoid fast boiling or dramatic changes of the reactants concentrations.
Furthermore, post-synthetic coating of the resulting UCNPs were also performed.

Table 4.1 resumes the different tests performed and the outcomes obtained.
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Sample Y and Ln Solvent mixture \Y MW parameters PST Size Crystal
Code Precursors composition (mL) (nm) phase
, 1.0A
s1 Y, Yb,Er(St)s W:EtOH 1:4 3 e SO | 2NoPST | 1015 F"Z‘?”‘
' 3.Cytrate o
. . 30°,300W, 1. OA ~ Fm-3m
S2 Y,Yb,Er(St); W:EG 1:4 3 150°C. 12 bar 5 No PST 10-15 (o)
. . 300W, 12 bar 1.0A Fm-3m
S3 Y,Yb,Er(St); W:BA 1:4 3 5°.60°C/10°.180°C | 2.No PST 10-40 ()
. . 30°,300W, 1.0A Fm-3m
S4 Y,Yb,Er(Ac); W:EtOH 1:4 3 80°C.12 bar 2 No PST 15-20 (@)
. . 30°,300W, 1. OA Fm-3m
S5 Y,Yb,Er(Ac); W:EG 1:4 3 150°C.12 bar 2 No PST 15-20 (@)
1.0A _ P-6 or
s6 Y,Yb,Er(AC)s W:BA 1:4 3 | S00W. d2bar | 5 N oper | XE1S ey
5,60°C/10,180°C | 5" by/p y=60 ®)

Table 4.1: Different synthetic tests performed to prepare pure hexagonal up-converting
nanoparticles through microwave irradiation.

In the table, St stands for Stearate (CisHss0,) anion, Y**, Yb*, and Er*
concentration were respectively 78, 20 and 2% molar; PST is the acronym of post-
synthetic treatment performed in order to coat nanoparticles (using as coating agents:
oleic acid, OA, or polyvinylpyrrolidone, PVP), EG stands for Ethylene glycol and BA
stands for benzylalcohol. The latter solvent is widely used in microwave and
solvothermal procedures either as solvent or as oxidation® /reduction’ reagent for the
preparation of metal” or metal oxides™®° nanoparticles. Sodium fluoride, as for the
solvothermal synthesis, was used as source of sodium and fluorine ions.

The optimized procedure is detailed later on, in a blue frame but in a typical
synthesis, the Y and lanthanide precursors were emulsified in a polar solvent different
from water, while NaF was dissolved in water. Then, the mixture of both solutions
(emulsion) is subjected to microwave treatment. Different conditions of power,
pressure, temperature and time were tested, including one-step and two-steps heating
processes. In the reaction tubes, depending on the solvents mixture, white precipitates
or bulky gels (trapping the UCNPs particles within the organic gel) were obtained.
The powdered solids were recovered by centrifugation but the polymeric bulky/gel
systems were not easy to manipulate and therefore they were placed in a water bath at
80°C to keep them as solution for further analysis. The characterization of their size,
shape and crystallinity of the solids was done by TEM.

A selection of the most representative TEM images and relative SAED diffraction
patterns from different samples are summarized in Figure 4.3.
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Figure 4.3: TEM and SAED images from the microwave-synthesized UCNPs: A) S1 B) S2,
C) S3, D) S4, E) S5, F) S6. SAED images show distances corresponding to corresponding to
cubic lattices in particles (from A to E); and to a pure hexagonal lattice in rods (F).

Stearate-based emulsions (images A, B and C from Figure 4.3) have proven the
formation of small nanoparticles, especially those prepared with EtOH and EG (10-15
nm), and more heterogeneous distribution of size for the samples prepared with
benzyl alcohol (between 10 and 40 nm). In all cases, the samples showed pure cubic
structures, no matter the mixture of solvent used.

Reactions performed with acetates in mixture of water/ethanol 1:4 or water/EG 1:4
(images D and E from Figure 4.3) have shown the formation of nanoparticles with
irregular shape and sizes similar to the ones formed by stearates (15-20 nm), but also
pure cubic structure. In the last sample, the solvent mixture gel and form a hard
gel/plastic matrix which traps the particles, and therefore the particles can be seen as
darker spots in an organic matrix.
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Sample S6 (image F from Figure 4.3), prepared with benzyl alcohol and metal
acetates, is composed of highly uniform nanorods (UCNRSs) of 14 nm diameter x 50
nm length, of pure hexagonal NaYF,. Several attempts have shown that this
morphology is reproducible using same heating-MW conditions and regardless the
chemical nature and quantity of actuators. Therefore, this procedure was selected for
the rest of the study. The details of the procedure are found in the blue frame.

Microwave-assisted UC Nanorods (UCNRs) formation

The stoichiometry of the different compositions prepared by this
microwave route is; NaYogxYbozolnyFs with x=0.02 for Ln:Er**
and Tb*" and x=0.005 for Ln:Tm>".

In a typical synthesis, 0.415 g of Y(Ac)s, 0.140 g of Yb(Ac)s and
0.014 g of Th(Ac)s were dispersed in 2.25 mL of benzyl alcohol by
stirring at 60°C until good homogenization. In another vial, 0.084 g
of NaF were dissolved in 750 pl of MilliQ water (18.2 MQ). Both
solutions were mixed and sonicated for few seconds to give a
complete emulsion. The emulsified mixture is then inserted in the
microwave reactor (CEM Discovery SP-X model) and heated first
5 at 60°C to completely homogenize the precursor mixture and,
then, heated at 180°C for 10 minutes to induce nucleation and
crystal growth. The system is cooled until 55°C under gentle Nz
flow and then left until reaching room temperature.

The bare or “fresh” UCNRs were collected by addition of absolute
EtOH to the reaction tube. The product was washed four times
with EtOH to remove the excess of organics and recovered by
centrifugation (5000 rpm for 10 min). The reproducibility of the
protocol was confirmed up to 5 times, obtaining similar results in
all cases. The synthesis yield was estimated to be ~ 85%.

The great advantage in the use of microwave heating is to post-synthetic coat the
nanoparticles’ surface, with custom-prepared surfactants, able to bind the surface of
the particle. In fact, the prepared nanoparticles are still reactive up to half an hour
after the end of the MW heating, and this reactivity permits the surfactants to be
grafted onto the surface. This post-synthetic coating allows the material to be ready
for solvent-selective dispersions, and subsequent uses in sight of the desired fate for
the UCNR.
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However, to preserve the surface reactivity for the post-treatment coating, the tube
samples must be kept at 80°C (in a water bath) until the selected coating agent was
inserted and let react through sonication.

To prove the possibility of preparing solvent-selective dispersion, and to use
hydrophobic and hydrophilic-capped UCNRSs, the reaction batch is divided in three
parts equally (around 1 mL each). The first batch is coated with 500 pL of 90% oleic
acid, the second one is coated with 500 pL of a PVP aqueous solution (100 mg of
PVP (polyvynilpirrolidone) in 1 mL water), and the third one was left uncoated to
prove reactivity of naked UCNRs, which would have allowed for aggregation and/or
coalescence of the nanorods. The crystals were collected by centrifugation and
washed repeatedly with EtOH and acetone to remove most of the organics and leave
only the coated and uncoated rods. Figures 4.4 and 4.5 resume the procedure and
results for the preparation and functionalization of the nanorods.

Y3+ Yb3* Ln® (Tb,Er,Tm) NaF(aq) Microwave-assisted synthesis  B-NaYF, Yb**/Ln*nanorods

acetates benzyl alcohol . 60°C/ 5 min, 180°C/ 10 min, 300 W » (U CN R)

(101) post-treatment NO post-treatment

{110 ‘ 4
| oy @ Polyvinylpyrrolidone Oleic acid Coalescence
| | | o (PVP) (on) of nanorods
{200) (111 ,r : o
20 0 40 o e 70 a0 Hydrophilic Hydrophobic UCNR
20 (degrees) PVP-UCNR OA-UCNR
Figure 4.4: Synthetic route of the synthesis of pure hexagonal NaYF,:Yb, Ln nanorods and

route for post-synthetic coating. Inset is the XRD pattern, the relative hkl indices and the
JCPSD 016-0334 used as reference for the experimental XRD pattern.

(100)

Intensity (a.u.)

Multiple syntheses were performed in order to have an acceptable sample to be run
under polycrystalline XRD instrumentation. The experimental pattern was compatible
with a pure hexagonal structure obtained from the JCPDS 016-0334 (specially
revealed by the presence of (100) peak at around 16°), therefore clearing once and for
all that the structure of the crystals was fully hexagonal.

The anisotropic growth of the hexagonal particles into rods is generally explained as
an epitaxial growth on the more energetic 0001 plane that tends to accumulate ions
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and lead to a preferred direction of growth for the crystals. The reduced size,
however, is a sign that the quick quench of temperature after microwave annealing,
and the rapid and homogeneous heating provided by the microwaves (which is far
faster than a solvothermal synthesis) allow to stop the growth at the nanoscale, rather
than leaving crystals to an uncontrolled enlargement.

Dimensions of the UCNR were of 14 nm x 50 nm in average as shown by TEM
(Figure 4.5 d) and little polydispersity is found. However, as the TEM clearly shows,
the acetone-dispersed naked rods aggregated and coalesced, and finally precipitated
(Figure4.5aandf)

However, the PVP-water dispersions and the OA-cyclohexane dispersion show fairly-
separated rods (Figure 4.5b and c) and do not present precipitation at all (Figure
4.5.f). The addition of coatings of various nature do not destroy their hexagonal
lattice (Figure 4.5 d).

water acetone cyclohexane

Figure 4.5: TEM images for the PVP, OA coated and uncoated nanorods (A,B,C), SAED
diffractogram (D), size distribution for widths and lengths (E) and dispersion of the nanorods
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in three different solvents (F). Noticeable is the precipitation of the uncoated rods in acetone
due to coalescence (as can be seen in the TEM image (A))

The rods presents uniform shape and are fairly monodisperse, meaning that the
reaction medium and the uniform heating promotes the uniform crystallization. The
ease of coating demands a quick action to avoid coalescence and amplifies the range
of commercial and applicable opportunities for these materials, which can be
dispersed in polar solvents as well as in non-polar solvents.

To test reproducibility of the synthetic method and to tune emissions, several
actuators, such as Er, Tb, and Tm were employed in similar fashion to prepare
nanorods. UC emissions from nano-NaYF,:Yb,Tb has been rarely studied, and only a
couple of examples have been found in literature. Moreover, the most relevant of
those was based on samples composed of cubic (or mixed cubic and hexagonal)
nanostructures.'*!*

The disinterest for the optical UC activity of Yb,Tb relies to the lack of ladder-like
excited energy levels of the Tb ion, and therefore, the mechanism of cooperative
sensitization that must occur has a very low probability, especially when exciting with
a low-energy source as NIR photons. However, this mechanism can be observed in
the MW prepared UC nanorods. The cooperative sensitization mechanism, at
relatively high temperatures happens because Tb ion has emissions that comes
directly either from the °D; and °D, to the ‘F, manifold (J=6,5,4,3). The energetic
distance between the excited and ground states make it possible to get emissions only
if two Yb*" nearby the same Tb actuator absorb simultaneously the IR photons and
directly transfer the absorbed energy the actuating Th*" ions. Since the probabilities of
these transitions are so poor it is of help that this reaction has offered pure hexagonal,
monocrystalline structures, keeping in mind that cubic structures are much less
emissive as compared to pure hexagonal ones in up-converting NaYF, hosts***,
Monocrystalline structure increases the probability of finding the emitting path over
the non-radiative ones.

To test optical activity of the nanorods, UC emission spectra have been recorded
using an infrared laser diode (model RLTMDL-980-2W, Roithner LaserTechnik, 980
nm £ 5 nm, 2 W continuous waveform, stability <5%, laser head 141 x 46 x 73 nm)
as the pump source and the emission spectra were measured at 1 W output with a
focus lens, providing 105 W cm 2 optical power density on the sample. A StellarNet
EPP2000-UV-vis spectrometer was employed for the fluorescence detection in the



156 Rationale Design of Inorganic
Up-converting Nanophosphors towards Advanced Optical Applications

visible region. Figure 3.6 shows the up-converting spectra of the Er and Tm, and,
suprising, the manifold of emissions from Tb is also detected, as consequence of the
cooperative sensitization of the Yb ions.

a .
*D4— "Fs 1 "
) oy T

504 £ IFr‘
5Dy— 7F,
Dy~ 'Fy

“Dy—'Fy
Dy F,

PL intensity (a.u.)

S UCNR(Tm)
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300 400

Figure 4.6: Up-converting optical spectra and relative images of the emitted light (left) a)
Yb,Th:NaYF,, b) Yb,Er:NaYF, and c) Yb,Er:NaYF,. Dieke diagram showing the energy
transfer (upper right) and relative CIE emission colors of the relative upconverting nanorods
(UCNRs) PVP-coated.

4.3 Conclusions

In conclusion, the emulsions of Ln(acetates) in benzylalcohol (BA) are very stable;
upon the addition of a water solution of NaF it forms crystalline germs that grow
anisotropically with limited sizes upon the fast and localized microwave heating. The
fast reaction permits an easy routine scaling through multiple consequent syntheses.
The opportunity offered from the reaction in customize the surface coating of the NR
a posteriori, gives freedom of choice for the possibility of choice of the solvent for
stable dispersions. Coalescence of uncoated particles has revealed post-reaction
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activity of the crystals. Moreover, the change of actuators do not change the
morphology and the crystal phase (pure hexagonal of the nanorods), but only the
length. Thus, tuneable visible colours can be readily prepared by rational selection of
the doping ions. Owing to their small size, excellent crystallinity and good
dispersibility, these nanorods could be used for a wide range of application.
Therefore, it is expected that this simple and ultrafast route to prepare the so-used
NaYF, nanocrystals will be useful for the community working on up-conversion
nanomaterials.
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Chapter 5

Conclusions
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5.1

Conclusions

The aims of this work was first to shed light on the formation of B-NaYF,:Yb, Ln
(Ln= Er, Ho, Tm) nanocrystals under solvothermal conditions, establishing
connections between crystal phase and size of the UCNCs with reaction parameters,
as well as to study the structure(s) relations and relative optical activity.

Experimental findings shows that:

1)

2)

3)

The reaction time and temperature, as well as O/W relations are critical
parameters to control for the formation of UCNPs. The reaction conditions to
get pure hexagonal structures requires at least 48 hours at 200°C. Below this
time and/or temperature, cubic phase is always present. The study on the
W/O ratio has demonstrated that low W/O ratios conduce to the generation of
inverse micelles, which confines the spatial growth of the crystals, giving to
nanoparticles between 20 and 50 nm mixed o,3-phase. In high W/O ratios,
the larger content of water promotes the formation of direct micelles and
larger crystals (between 200 and 400 nm) but pure hexagonal phase are
formed. Alcohols, used as co-solvents within the emulsions have shown to
have an effect in inverse-emulsion conditions: in fact, increasing the C-H
linear chain from Ethanol to 1-BuOH, the nanoparticles show more
aggregation and finally larger-spanned rods morphology. The formation of
rods can be explained either through a change in emulsion geometry or
through an increased epitaxial growth rate.

The optical UC response for the NaYF,: Yb,Er system revealed that the more
is the cubic character, the more intense the red emission are, meanwhile the
green band increases with the hexagonal character.

The emissive properties of the up-converters can be tuned by changing the
lanthanide ions; however, the particle size is affected by the nature and
quantity of the lanthanide. In particular, NaYF,:Yb,Ho and NaYF,:Yb,Er
prepared under same conditions show almost the same size, while
NaYF,:Yb,Tm are significantly smaller.

This study shows one of the first examples on the solvothermal preparation of up-
converting nanoparticles of sizes comprised between 20 and 50 nm with strong up-
converting activity. This work can be used as a starting point for the future
preparation of large quantities of pure hexagonal NaYF, nanocrystals.
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Secondly, particular applications of the solvothermal UCNPs have been addressed:

(M The study demonstrates a good inclusion of the UCNPs within the Naf-based
gel fibers and an effective energy transfer, dependent on the temperature-
driven gel-sol transition which shows that the 350 nm emission from Tm**
ions in the UCNPs activated by IR light is absorbed by the fluorophore, which
shows a broad band peaked at 407 nm. Attempts done with NaYF,:YDb,Er in
NH,-Naf-based fibers have shown more cluster-like distribution of the
particles within the gel, but they present an intense bulb-like emission in the
whole hybrid material upon NIR irradiation.

(i)  Encapsulation of the UCNPs in vesicles of bio-surfactants has been performed
in view of bioapplications. The effective entrapment was corroborated by DLS
kinetic experiments, which has shown nearly-equal correlograms for more than
1h and 30’. Furthermore, the UCNPs do not lose their crystallinity despite of
the pH manipulations required for the formation of the composite UCNPs-
glycolipid vesicles. UC luminescence decrease has been used as a featured
signal to detect the stability of the suspensions. “Free fall” experiments shows
that the UCNPs encapsulated in vesicles were giving more than 50% of the
total UC signal after 1h 30°, while the emission of the OA-coated UCNPs was
reduced as low as 20%. To deepen into the stability of the composite UCNPs-
vesicles in water, experiments of forced sedimentation were performed with
different centrifugal speeds and times. The main conclusion is that the
suspension is more sensitive to the revolutions than the time of centrifugation.

Finally, this work identifies a new methodology for the formation of pure hexagonal
NaYF,:Yb,Ln nanocrystals through MW-assisted synthesis. A preliminary study has
performed to find the optimal conditions of reaction (solvent, temperature, time,
precursors...) for the formation of pure B-NaYF, crystals. Benzyl alcohol, acetate
precursors and a two-steps MW-heating ramp were found to be the ideal conditions to
obtain the desired crystal structure. The morphology of the material was in form of
nanorods of 15 nm x 50 nm dimensions. The proposed route permits a versatile and
fast post-synthetic coating that permit ease of dispersion in various solvents. Optical
activity of the nanorods is good, and also it is worth noticing that under NIR
irradiation is possible to observe the cooperative sensitization mode of the Yb** ions
to stimulate the emissions of the °D, and °D; excited states of Th*" ions to the 'Fy (J =
2,3,4,5,6,) manifold at room temperature. This is one of the first examples reported of
such optical phenomenon in pure hexagonal NaYF, crystals.
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Appendix 1

Metrics
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1. Powder X-ray Diffraction

For the solvothermal synthesis and the microwave nanorods, the instrument used was
D4 Endeavor, Bruker-AXS, with a Bragg-Brentano (6/28) geometry, copper x-ray
source and diffracted axis monochromator and spark detector. It was used under these
conditions: 15-80° angles range, 0.05°/sec step, 1.5 sec accumulation. The
goniometer was controlled with the D4 Endeavor from Bruker AXS (See Figure A-1).
For the Le Bail quantitative Analysis, the MAUD program was used
[http://maud.radiographema.com/].

Figure A-1: The D4 Endeavor powder diffraction instrument from Bruker AXS

2. Transmission electron microscopy

Solvothermal — prepared nanocrystals and the hybrid gels were analyzed with a JEOL
2100 equipped with a LaBg electron gun with a working voltage of 200 KV, and
images were detected with a CCD camera of 11 Mpixels from Gatan, model Orius.
(see Figure A-2 left) To obtain visibility for the organic fibers, OsO, staining was
performed over the samples. The particles were suspended with an opportune solvent
and few drops of the dispersion were deposited over carbon-coated copper or nickel
grids. They were let dry and then analized.

Microwave-prepared nanorods were analyzed with a JEOL JEM-1210 electron
microscope, operating at 120 kV (see Figure A-2 right). The 120 KV JEOL 1210
TEM features a high angular range (Tilt X= % 60°, Tilt Y= % 30°) with a resolution
below 3.2 A. The transmission electron microscope service is equipped with an
analytical specimen holder, double tilt (Tilt X=+ 60°, Tilt Y=+ 30°) GATAN 646 and
a CCD camera ORIUS 831 SC 600, GATAN.
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The modality of preparation for the nanorods samples was analogous to the one used
for the nanoparticles, but using different solvents: the OA- coated nanorods were
dispersed in cyclohexane, the non-coated were dispersed in acetone and the PVP-
coated were dispersed in EtOH for quicker drying. The mean diameter and
polydispersity of each system were determined by counting and sizing over 100 rods
(or particles) from TEM images.

Figure A-2: (Left) JEOL 2100 (UJI) and (Right) JEOL 1210 microscopes (ICMAB-CSIC)

3. Optical spectroscopy

The pump source for all the luminescence measurements was an infrared laser diode
RLTMDL-980-2W module (980 nm + 5nm, 2 W cw, stability <5%, laser head
141x46x73 nm) from Roithner LaserTechnik (see Figure A-3). The laser has a
variable (tunable) output from 0.3 to approx. 2.4 W, with a power density range that
goes from 31 to 252 W/cm? on the sample, after focusing of the laser axis.



166

Rationale Design of Inorganic
Up-converting Nanophosphors towards Advanced Optical Applications

Figure A-3: RLTMDL-980 nm-2W module Roitner LaserTechnik

For the pump-power measurements on the solvothermal-prepared nanoparticles,
dispersions of 10 mg/mL were used, and the luminescence detected between 31 and
157 W/cm? for the Yb/Ln doped NaYF, (Ln=Er, Ho, Tm) and 52 and 210 W/cm? for
the different alcohol-prepared nanoparticles. The detector used was a fiber optic
Black Comet CXR, (StellarNet), with a spectral range between 220 and 1100 nm,
with an optical resolution of less than 1 nm with a slit of 25 pum.

The same setup was used for the determination of the emission intensities (kinetic and
forced sedimentation experiments) of the encapsulated nanoparticles at 105 W/cm?.

For the optical analysis of the hybrid gels, emissions were recorded using a JASCO
FP-8300 fluorimeter detector (equipped with a Peltier thermal system, coupled with
water cooling, temperature range 15-90°C). Figure A-4 shows a diagram of the

apparatus.
i LASER SOURCE
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Figure A-4: Measurement set-up for the hybrid gels.
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The same setup was used for the detection of the luminescence of the nanorods
prepared via microwave. Dispersions were prepared in water or cyclohexane
depending on the coating chosen, at concentration of 10 mg/mL.

4. pH measurements

The pH for the encapsulation was measured through a Crison 20 electronic pH meter.
The formation of glycolipids vesicles was performed in water; same solvent was used
to disperse and encapsulate the OA-coated UCNPs.

5. DLS measurements

DLS measurements of the kinetics for the encapsulated UCNPs and non-encapsulated
UCNPs were performed through a NanoZetaSizer (Malvern) with a particle range size
of 0.3 nm — 10 um, temperature range 0-90°C (see Figure A-5).

Figure A-5: Malvern NanoZS instrument

Dispersions of the glycolipids, UCNPs, and glycolipids-encapsulated UCNPs were
made in water. Encapsulated UCNPs were prepared as follows. 5mg of glycolipids
GC18:1 were emulsified in 1 mL of water, and 5 mg of UCNPs were put before every
pH change.

6. Thermal analysis (TGA/DSC)

TGA/DSC thermal analyses were performed through a simultaneous instrument TG-
STDA Mettler Toledo model TGA/SDTA851e/LF/1600. Temperatures were taken in
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0O, atmosphere between room temperature and 600°C or 900°C. DSC- measurements
were performed through a Mettler Toledo model DSC2 with heat flow measurement.
It has a power inlet of 400W and sample holder with a ceramic sensor FRS6 and
resolves up to 0.04 uW. It can heat up to 700°C. Rate of heating up to 100°C/min.
Figure A-6 show the two instruments used for the thermal analysis.

Figure A-6: TGA instrument (left) and DSC instrument (right) used for the thermal analysis

7. ATR-FT-IR studies

FT-IR was performed through a FT/IR-6200 (Jasco). It can go from about 8000 cm™
to 400 cm™ (see Figure A-7). Maximum resolution is of 0.25 cm™ and a signal to
noise ratio of 45000:1. An ATR stage was used for detecting vibrations on solid
samples.

1l
.
Al

|
A

Figure A-7: FT-IR and microscope JASCO FT/IR 6200
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ABSTRACT: Multimodal light-harvesting soft systems able to
absorb UV-to-NIR radiations and convert into visible emissions
have drawn much attention in the last years in order to explore
new areas of application in energy, photonics, photocatalysis,
sensors, and so forth. Here, we present a new hybrid system
combining a supramolecular photonic gel of naphthalimide-
derived molecules self-assembled into fibers and upconverting
NaYF,:Yb/Tm nanoparticles (UCNPs). The hybrid system
presented here manipulates light reversibly as a result of an
optical communication between the UCNPs and the photoactive
gel network. Upon UV irradiation, the system shows the
characteristic emission at 410 nm from the photoactive organo-

"&v\‘

Gel Reversible
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molecule. This emission is also activated upon 980 nm excitation thanks to an efficient energy transfer from the UCNPs to the
fibrillary network. Interestingly, the intensity of this emission is thermally regulated during the reversible assembly or disassembly
of the organogelator molecules, in such a way that gelator emission is only observed in the aggregated state. Additionally, the
adsorption of the UCNPs with the supramolecular gel fibers enhances their emissive properties, a behavior ascribed to the
isolation from solvent quenchers and surface defects, as well as an increased IR light scattering promoted by the fibrillary
network. The reported system constitutes a unique case of a thermally regulated, reversible, dual UV and IR light-harvesting

hybrid soft material.

B INTRODUCTION

Supramolecular gels based on self-assembled fibrillary networks
are soft materials with significant advantages when compared to
polymeric analogues such as intrinsic revers1b111ty, stimuli
responsiveness, and superior biocompatibility.'~* The increas-
ing attention paid to supramolecular gels is related to their
applicability as new soft materials in areas such as molecular
electronics, controlled release, tissue engineering, or catalysis,
among others.””” Several approaches have addressed the
1nclu51on of photonic functionalities into supramolecular
gels.® For example, gels with chromophore units have been
used as photocatalysts”'® and excitation energy transfer has
been studied in supramolecular gels formed by photoactive
fibers which contained entrapped dyes."'™"® Recently, we
reported orthogonal fibrillization of two fluorescent supra-
molecular gelators.'® Additionally, supramolecular gels have
been used as photon upconversion matrixes based on the
triplet—triplet-annihilation mechanism via organic mole-
cules.'”'® Some studies have also been devoted to hybrid
systems of noble (Ag and Au) metallic nanoparticles (NPs) and
supramolecular networks.'” In this case, supramolecular gels act
as scaffold to support the NPs,**~>* which in some of cases
were prepared in situ,”* *° and can ﬁnd apphcatlon as
antibacterial soft materials®*™>° or catalysts.”” Some studies

-4 ACS Publications  © 2017 American Chemical Society

have evaluated the influence of the molecular gel network in the
photoluminescence of NPs.>'~** Core/shell semiconductor
nanocrystals of CdSe/ZnS, or quantum dots (QDs), have been
incorporated into molecular gels, affording an improvement in
emission quantum yields®® and have been used as sensors of
nitric oxide.*®

In this work, a soft hybrid system based on IR light
upconverting NaYF,:Yb/Tm nanoparticles (UCNPs) and a
fluorescent supramolecular network containing naphthalimide-
derived molecules is described. Bulk upconverting lanthanide-
based crystals have been known for decades, but there has been
a resurgence of their study associated with the preparation of
upconverting nanoparticles (UCNPs) about one decade
ago.””” Manipulation of IR radiation using UCNPs has been
found to be of much interest because the UV—vis output can be
used to promote several chemical processes or to develop a
number of applications in the fields of lighting and displays,
energy, photocatalysis, sensing, bioanalytics, and theranos-
tics.”” " To our knowledge, only two reports concerning the
inclusion of UCNPs in self-assembled organogels are available
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in the literature. UCNPs could be dispersed in a supramolecular
gel matrix formed by a peptide derivative, reinforcing the gel
structure.*® However, the gel matrix was acting as a passive
scaffold. In another report, a photoactive supramolecular gel
formed by a derivative of trans-stilbene experienced energy
transfer from UCNPs.”” Unlike the results reported here, the
reversibility of the hybrid gel was not studied and the emission
of gelator overlapped with that of the UCNPs. In this work,
there is an optical communication between the UCNPs and the
organic chromophore, and the light manipulation process is
found to be fully reversible and associated with the assembly/
disassembly of the gel. Furthermore, the gel provides much
improved stability toward aggregation to the UCNPS.

B EXPERIMENTAL SECTION

The synthesis of the hybrid supramolecular gel is fully
described in the Supporting Information file (SI). In a typical
procedure, the organogelator molecule (labeled as compound
1) and the upconverting NaYF,:Yb/Tm nanoparticles (20%-Yb
and 0.5%-Tm molar ratio replacing yttrium ions in the lattice,
labeled as UCNPs) were first prepared. The hybrid system
(UCNPs-1gel) was prepared as follows: 20 mg of UCNPs was
suspended in 2 mL of butanol and sonicated for S min in a
screw-capped vial. Then, 6 X 10~ mmol of compound 1 were
added and the closed system heated to 80 °C until it was
completely solubilized. The system was left to cool down until
room temperature for 10 min, and the hybrid gel was formed.
The samples were prepared in cylindrical glass vials with
different sizes, and the gel dimensions ranged from 10 to 15
mm diameter X 5—20 mm height.

The characterization by high-resolution transmission elec-
tronic microscopy (HRTEM) was carried out on a JEOL- 2100
LaB4 microscope, at an accelerating voltage of 200 kV, with an
Inca Energy TEM 200 (Oxford) energy dispersive X-ray
spectroscope (XEDS). The gel samples were deposited over Ni
grids coated with a carbon film before TEM observation. The
absorption spectra were measured on a Cary 500 Scan UV—
vis—NIR spectrophotometer (Varian) equipped with an
integrating sphere. The upconversion spectra were measured
using an infrared laser diode (model RLTMDL-980-2W,
Roithner LaserTechnik, 980 nm #+ S5 nm, 2 W continuous
waveform, stability <5%, laser head 141 X 46 X 73 nm) as the
pump source. The emission spectra were measured at 1 W
output with a focus lens, providing 105 W cm™ optical power
density on the sample. A StellarNet EPP2000-UV—vis
spectrometer was employed for the fluorescence detection in
the visible region. Additional experiments on the hybrid system
were carried out in a transparent cuvette using the setup shown
in the SI using a spectrofluorimeter JASCO FP-8300.

B RESULTS AND DISCUSSION

Compound 1 (see Figure 1) is a low molecular weight gelator
derived from 1,8-naphthalimide chromophore. When com-
pound 1 is dissolved in a hot solution of butanol and the clear
solution is left to cool down to room temperature, supra-
molecular gels are formed. The minimum concentration
required for gelation (mgc) was S mM with a transition from
gel to solution (T,,) taking place at 65 °C using a vial inversion
test. Transmission electron microscopy of the xerogel revealed
the usual entanglement of fibers observed commonly in
supramolecular gels (Figure S1, Figure S1 from Supporting
Information file). The 1,8-naphthalimide unit introduced in the
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Figure 1. Overlaid absorption spectrum of compound 1 in butanol
(dotted line) and emission spectrum of UCNPs (4, = 980 nm, 105
Wem™2 optical power density).

gelator is a well-known fluorophore,”® presenting light
absorbance at 4,, = 335 nm and emission at 4_,, = 410 nm
(see Figure 1 and Figure S2). NaYF,:Yb*"/Tm?" upconverting
nanocrystals (UCNPs) prepared following a simple solvother-
mal procedure (see SI)* produce different emissions with
maximum intensity at wavelengths of 345, 35S, 450, 475, and
650 nm (Figure 1) upon excitation at 980 nm. The hybrid
system UCNPs-1gel was designed in such a way that the
absorption of the gelator overlaps with the two emission bands
of the UCNPs located at ca. 350 nm (Figure 1), and an energy
transfer from the UCNPs to the chromophoric residue could
take place (see adapted Jablonsky diagram in Figure S8).
Examination of the fluorescent properties of the pure gel
formed by compound 1 revealed a strong aggregation induced
emission effect upon excitation with 335 nm light.”® This
means that when the gel is heated from 20 to 80 °C a dramatic
decrease of the 410 nm emission is observed, associated with a
progressive gel disassembly (Figure 2). This behavior is
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Figure 2. Variable temperature study of the emission spectra of the gel
of compound 1 (A, = 335 nm). Intensity at 4,,,,, is normalized to 1 for
the spectrum at 20 °C.

opposite to that observed by a 4-amino-1,8-naphthalimide
analogue which was studied by us recently."® Under 980 nm
excitation, the pure gel did not exhibit any emission.

The hybrid system containing the UCNPs within the
fibrillary network has a good translucent/transparent (depend-
ing on the concentration of UCNPs and the cooling rate of the
gel) appearance. Figure 3 left shows the picture of the hybrid
UCNPs-1gel under natural, UV, and NIR light. Electron
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Figure 3. (Left) Pictures of the hybrid UCNPs-1 gel under natural light, UV lamp excitation, and 980 nm laser irradiation. (Right) Transmission

electron microscopy image of the hybrid UCNPs-1 gel.

microscopy revealed that the hybrid material is formed by thin
self-assembled fibers isolated and well-dispersed UCNPs mostly
stacked at the surface of the fibers (Figure 3 right). It could be
argued that the solvophobic oleic acid units covering the
UCNPs provide anchorage points to the surface of the fibers as
described, for example, for the interaction with polymers.51’52

Next, the emission of UV—vis light upon irradiation of the
UCNP-loaded gels with 980 nm IR light was studied. It was
found that the emission of the UCNPs at ca. 350 nm disappears
and the emission band at 410 nm emerges (Figure 4). This is a
consequence of the overlapped emission of the UCNPs and the
absorption of compound 1, as expected.
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Figure 4. Overlay of the emission spectra of UCPNs (dotted line) and
hybrid UCNPs-1 gel (upon 980 nm excitation). Intensity at A, for
both systems is normalized to 1.

Interestingly, the hybrid system only originates IR-promoted
emission at 410 nm in the gel state (Figure S), with this process
being canceled when the gel is disassembled at 80 °C, a
behavior directly related to the aggregation induced emission
properties of compound 1. The system showed good
reversibility and several heating—cooling cycles could be
performed, restoring the upconversion to 410 nm at low
temperatures. Consequently, the system formed by UCNPs-
1gel constitutes a thermally regulated light upconverting soft
material.

It is important to remark that the light emitted by UCNPs at
ca. 350 nm is absorbed by compound 1 when the hybrid system
is either in the gel state (at 30 °C-assembled) or in the sol state
(80 °C-disassembled) (see Figure 5). This fact has implications
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Figure S. Top: Variable temperature study of the emission spectra of
the hybrid UCPNs-1gel (1. = 980 nm). Bottom: Variation of the
emission intensity at 410 nm for the hybrid system UCNPs-1 upon
heating—cooling cycles. The dotted line is used as a guide to the eye
(Aexe = 980 nm).

for the mechanism of energy transfer taking place in the system.
At 80 °C the fibers are disassembled and spatial proximity
between UCNPs and naphthalimide units is precluded,
discarding a dipole—dipole energy transfer mechanism such
as resonance energy transfer (RET).” Therefore, a photon
reabsorption process, also known as the inner filter effect,
emerges as the most plausible mechanism for energy transfer
between UCNPs in both gel and solution states although RET
cannot be discarded to take place in the former case. The inner
filter effect has been used in sensing applications based on
UCNPs.**
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Aside from the previous results, it is noteworthy that the
emission intensity of the UCNPs in the presence of the
supramolecular gel is clearly improved. Variable temperature
studies were carried out for suspensions of the UCNPs in
butanol in the presence and absence of compound 1. As can be
seen in Figure 6, the emission of the UCNPs at 475 nm
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Figure 6. Variable temperature study of the emission intensity at 475
nm of UCNPs (suspended in butanol) and hybrid UCNPs-1 gel.
Values are normalized taking as reference the intensities measured at
90 °C for both systems (1, = 980 nm).

measured in the range 20—90 °C varies weakly, being
moderately higher at low temperatures. However, in the
presence of gelator 1 a very notable dependence with
temperature was detected. It is important to recall that in the
range 20—90 °C a progressive thermal disassembly of the gel
network takes place and the system is converted from a gel to a
solution. For the sake of comparison, it was decided to analyze
the behavior of both samples, with and without gelator,
normalizing the results to the emission intensity measured at 90
°C for pure UCNPs. This seems reasonable because in both
cases free and disperse UCNPs and no aggregates are present.
In this way, the fluorescence intensity at 20 °C in the presence
of the gelator is much higher than that observed in the presence
of UCNPS alone, with a 6-fold increase (Figure 6).

The process was found to be reversible and after a heating—
cooling cycle, the emission was restored to initial values. These
results indicate an improvement of the lanthanide nanocrystals
emission ascribable to their interaction with the fibrillar
network. A plausible rationale for this behavior is based on
the partial isolation from the solvent experienced by the
UCNPs upon adsorption on the gel fibers, avoiding in this way
strong quenching effects from the high vibrational states of the
hydroxyl groups of butanol. Such quenching effects have been
demonstrated uneguivocally in the case of water molecules and
other alcohols.>>*® Tt is also important to mention that the
fibrillary network avoids the clustering of the UCNPs, leading
to a more homogeneous and uniform luminescent material.
Additionally, the scattering of IR light in the supramolecular gel
could also enlarge the interaction of the laser with the UCNPs,
contributing to the observed emission."’

B CONCLUSIONS

We present a new hybrid system combining a supramolecular
photonic gel of naphthalimide-derived molecules self-assembled
into fibers and upconverting NaYF,:Yb/Tm nanoparticles
(UCNPs). The hybrid system presented here manipulates
light reversibly as a result of an optical communication between

the UCNPs and the photoactive gel network. Radiative
excitation energy transfer occurs very efliciently affording a
transformation of the light emitted from the nanoparticles.
Upon NIR radiation, the UCNP’s emission overlapping the
absorption of the gel chromophore is removed and a new
emission from the 1,8-napthalimide acceptor appears at 410
nm. This fact corresponds to a light-harvesting process. This
process is only active in the form of gel as a result of the
aggregation induced emissive properties of the supramolecular
gelator. Reversible gel disassembly is promoted by temperature
changes, giving place to a temperature regulated tunable
photonic soft material. Additionally, the interaction of the
UCNPs with the self-assembled fibers fosters the emissive
relaxation pathways more than nonradiative decays. This fact is
accompanied by a greater exposure of the NIR radiation from
the gel scattering, originating an outstanding improvement of
the emission intensity. This effect can also be ascribed to
isolation from the solvent of the nanoparticles upon interaction
with the gel fibers together with IR light scattering produced by
the self-assembled gel network. Hybrid UCNPs-gel systems
such as those described here are envisaged to be used in
applications related to IR-based sensing or light manipulation in
general, especially taking into account the possibility of their
miniaturization in the form of micro-/nanogels for biomedical
applications.
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ABSTRACT: An ultrafast route to prepare up-converting single -phase NaYF,:Yb**,Ln*"
(Ln: Er, Tm, or Tb) short nanorods (UCNRs) of high quality was developed. This new
procedure affords reactive-surface nanorods that are easily coated by direct injection of
suitable capping ligands. Thus highly crystalline nanorods with excellent UC fluorescence
and good solvent-selective dispersion are obtained, which represents a significant advance in
the field and enlarges their use for biomedical and other technological applications. Unlike
other methodologies, the short reaction time provides a kinetic control over crystallization
processes, and the f-phase and rod morphology is preserved regardless of the optically
active Ln** ion. The UC emission was finely tuned by using the most popular Yb**/Tm>"
and Yb**/Er** pairs. More importantly, UCNRs doped with the unusual Yb**/Tb*" pair,
with no ladder-like energy levels, provided a nice emission upon near-infrared excitation,
which constitutes the first example of phonon-assisted cooperative sensitization to date in

UC B-NaYF,:Yb?**/Ln3* Nanorods

MW synthesis+coating

@A o1 15 reaction time

pure -NaYF, nanocrystals.

anthanide-codoped $-NaYF, nanocrystals (Ln**: Er, Tm,

Yb) are high-brightness near-infrared (NIR) to visible-light
up-converters with great interest in technological applications
across many fields such as photonics, security, sensors, energy,
and biomedicine.”” The key for their effective industrial
integration in commercial devices will be the prospect to
fabricate monodisperse high-quality nanocrystals with nano-
metric size (<100 nm), well-defined shape of pure hexagonal
(p) phase, which affords the highest optical emission through a
facile, cheap, and fast scalable synthetic route. Furthermore, a
one-pot processing to make solvent-soluble dispersions of the
nanoparticles is highly desirable.’

Up-converting nanoparticles (UCNPs) are routinely pre-
pared by thermal decomposition,””” coprecipitation,”” and
hydro- or solvothermal'”'" routes. However, harsh conditions
such as high reaction temperature (>300 °C) and pressure,
long reaction times (6—48 h), or waterless oxygen-free
conditions are usually required, hindering their industrial up-
scaling. Furthermore, NaYF, crystallizes first as a metastable
cubic a-phase with very poor optical activity. The cubic-to-
hexagonal conversion needs to overcome a high free-energy
barrier,'” and a subsequent fast growth of crystals occurs; thus
mixtures of both phases are usually obtained, especially in the
case of small nanoparticles.

Microwave-assisted (MW) synthesis has appeared as an
attractive way to prepare monodisperse colloids with complex
kinetic/thermodynamic control over crystallization pro-
cesses.'”'* Indeed, this route has already been employed to
prepare different fluoride materials.">~'” However, the accurate
attribution of the crystalline phase is difficult in small
nanocrystals and even sometimes avoided by the authors

v ACS Publications  © Xxxx American Chemical Society

5730

because it is a crucial issue in highly sensitive luminescent
systems. Reports concerning UC NaYF, encompass either
small nanoparticles (<8 nm) of the 10-times less efficient a-
phase'®™*° and a/f mixtures*' or pure f-phase prisms’>*> and
long wires™® of micrometric size. Small nanorods of <100 nm,
highly crystalline, and pure f-phase by using a mild and fast
microwave route have never been reported to our knowledge.

An additional advantage of our MW protocol is that a
functional coating can be added upon completion of the
reaction.”* This allows great versatility in designing stable
colloids in solvents of different polarity in sight of the envisaged
application. For example, in biologically relevant applications
such as bioimaging, drug targeting, or nanothermometers,
luminescent nanoparticles must be water-dispersible to be
compatible under physiological conditions.” By contrast, other
technological applications need their dispersion in low boiling
solvents such as cyclohexane to make thin films in miniaturized
designs. This is the case for solar cells, optoelectronic devices,
or anticounterfeiting systems.m’27

Here we present a fast, energy-efficient, and versatile
microwave route to successfully prepare pure S-NaY-
F,:Yb**Ln* nanorods (NRs) surface coated for solvent-
selective dispersions. Along with the so-characterized Er** and
Tm>" ions as Ln®" activators, we focused also on Tb*' ions
because it shows an unusual upconversion process. The
distinctive energy level structure of Tb ions does not match
with the 980 nm excitation. However, the long-lived excited *D,
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Figure 1. Schematic representation of the MW synthesis and post-treatment (PT) coating of the UCNR. XRD pattern of the f-NaYF,:Yb,Tb**
nanorods (f reference, JCPDS card 16-0334).
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level can be populated based on the energy migration
mechanism™ in which two adjacent Yb** ions cooperatively
sensitize one Tb*" ion. This process has been demonstrated in
Yb,Tb-codoped sin%le crystals of SrCl,>” and ceramic glasses
containing LiYbF,,” NaLuF,,*" and NaYF,’” nanocrystals but
very scarcely reported on NaGdF,” and a-NaYF,”* nano-
particles. This approach can also be extended to other
lanthanide ions such as Eu®*, Dy**, or Sm** and afford tunable
emissions spanning from the UV to the visible spectral region.
Thus this simple and universal strategy to prepare NIR-
activated fluorescent f-NaYF, nanorods represents a significant
advance in the field.

Figure 1 summarizes the procedure to synthesize the up-
converting nanorods; the details of the synthesis are included in
the Supporting Information (SI). The precursors and solvent,
F/Y ratio, and MW reaction conditions (T, t) have been
judiciously modified to target nanometric dimensions and the
single P6;/m hexagonal phase, as shown in the XRD pattern of
Figure 1. The reaction conditions investigated to attain the pure
f-phase are summarized in Table SI1 and Figure SII. The
optimized synthesis employs benzyl alcohol and lanthanide
acetates as solvent and Ln*" precursors, respectively.

Benzyl alcohol and benzyl mercaptan have previously been
employed to prepare metal oxides® and sulfides’® by
nonaqueous routes with good results in controlling particle
size but have never been tried for the synthesis of fluoride
crystals. In such studies, the alcohol and mercaptan groups
promoted the metal—oxygen—metal and metal—sulfur—metal
bonds. The synthetic route reported here is not analogous
because the main role of the benzyl alcohol is to act as a
suitable solvent in terms of solubility in water (4 g/100 mL),
thermal stability (boiling point of 205 °C), and probably as
capping agent minimizing the nanocrystal aggregation.
Although a detailed mechanistic study goes beyond the scope
of this communication, the results will be shortly discussed.

The synthesis of the UC nanorods includes a preheating at
60 °C to completely dissolve the lanthanide acetates and the
sodium fluoride in the benzyl alcohol/water mixture (4/1
molar ratio). The use of lanthanide acetates instead of stearates,
which are salts commonly employed in the synthesis of
lanthanide-doped fluoride nanocrystals,”” favors the dissolution
of the precursors without significant coordinating effect of the
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acetate ligand. After 5 min at 60 °C, the temperature is rapidly
increased to 180 °C and kept for 10 min. In this step, the
kinetically controlled nucleation of a-NaYF, seeds and the
nanocrystal growth promoting the a-to- phase®® trans-
formation takes place. Further growth of the thermodynami-
cally favored -NaYF, phase is drastically reduced by a fast
cooling of the reactor.

We further take advantage of the particles surface reactivity
just after the MW synthesis to graft hydrophilic, such as
polyvinylpyrrolidone (PVP), or hydrophobic, such as oleic acid
(OA), molecules on the particle’s surface. A functional coating
was formed by simple injection of the capping ligands into the
reaction tubes, which were kept at 80 °C after the nanocrystals
synthesis to better preserve their surface reactivity. We adopted
this strategy instead of the addition of PVP or OA during the
UCNRSs synthesis because both molecules were demonstrated
to suffer oxidation or degradation processes during the
microwave treatment. The formation of PVP- and OA-capped
UCNRs was verified by FTIR analysis (Figure S12).~*'

Figure 2a shows a TEM image of the bare UCNRs doped
with Tb, as an example. The particles exhibit an anisotropic
morphology with rather uniform transversal size (or diameter)
of ~15 nm and a longitudinal size distribution ranging between
30 and 100 nm (Figure 2e). The rods appear stacked along the
longitudinal axis, forming small aggregates of few NRs. In
accordance to the XRD results, the diffraction rings of the
SAED patterns for the UCNRs (Figure 2d) were indexed to the
p-phase.

In comparison with previous reports in which MW routes are
used to prepare small monodisperse @-NaYF, nanocrystals,"®
our synthesis of f-NaYF, nanorods provides larger but less
uniform particle sizes. The larger sizes are beneficial for the UC
photoluminescence because it is well-established that the
particle size dramatically influences the nonradiative properties
(multiphonon relaxation and energy transfer), reducing the UC
efficiency drastically from values of 13 to 14% to 0.001% in
Er,Yb:NaYF, particles of a few microns to a few nanometers
(<8 nm). This effect is related to the presence of defects at the
surface of the nanocrystals."””*’ Regarding the less uniform
morphology, we can find an explanation on the model of phase
transition reported by Berry.”® We hypothesize that the size
polydispersity would be related to small differences in the
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Figure 2. (a—c) TEM images of the bare, PVP-coated and OA-coated UCNRs, respectively. (d) SAED image from bare Tb-NRs. (e) Transversal
and longitudinal size distribution of Tb-NRs. (f) Dispersion of the Tb-NRs in different solvents.

duration of the stage during which the a particle ripens, before
S particles begin to appear. Therefore, it would be interesting to
explore in the future if mild annealing conditions for a long
time can be used to refine nanomaterials shape. Anyway, the
described methodology provides pure hexagonal nanorods in
extremely short time (15 min) with excellent up-conversion
luminescence intensity.

After coating with PVP molecules (see Figure 2b), the small
aggregates disappear and the nanorods are found isolated with
an average inter-rods distance of ca. 8 nm, a distance
compatible with a uniform PVP coating. In the case of OA-
grafted NRs, the particles also appeared less aggregated than for
the bare UCNR, but the inter-rod distance is not so evident
(Figure 2c). Figure 2f depicts the nanoparticles stability in polar
and nonpolar solvents. The as-obtained rods quickly sediment
in all solvents (acetone is used here to illustrate this fact). In
contrast, the rods coated with PVP are colloidally stable for
months when dispersed in water; similarly, the particles coated
with oleic acid remain well dispersed in cyclohexane.
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Figure 3 shows that the hexagonal crystal phase and the rod-
like morphology are maintained under the same reaction
conditions independently of the emitting lanthanide ion
employed (terbium, erbium, and thulium). This fact highlights
the universal kinetic control of the crystal growth in this MW-
assisted synthesis;, allowing us freedom of choice of multilined
emissions. The Figure also evidences the lanthanide-doping-
mediated crystal growth process reported by Wang, " where the
dimensions of the NRs are little affected by the ionic radius and
dipole polarizability of the substitutional dopant ion (increasing
ionic radius or polarizability Tm < Er < Tb).

The MW-synthesized NaYF, nanorods exhibited excellent
up-conversion emission. Figure 4 shows the photographs of the
three-doped systems emitting visible light (mainly green and
blue light at naked eye) upon 980 nm excitation. The UC
emission spectra of PVP-coated nanorods are illustrated in
Figure 4, left. The optical analysis was done in water
suspensions for convenience because the emissions of the
crystalline nanorods are hardly affected by the coating. The
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Figure 3. TEM images and SAED patterns of PVP-UCNRs doped
with (a) Yb,Tb-, (b) YbEr-, and (c) Yb,Tm-NaYF, hexagonal
nanorods.

spectra display the characteristic emission bands from the f—f
electronic transitions of Tb**, Er**, and Tm>* ions ascribed in
the spectra upon NIR irradiation. These transitions correspond
to the well-established UC mechanism for Er/Yb (two-photon
absorption) and Tm/Yb (three-photon absorption) doping

pairs,” in which the efficient upconversion is associated with

their ladder-like arranged energy levels facilitating the
successive photon absorption (Figure 4, right).

It is remarkable to see the intense manifold emissions from
D,’D; — 7FJ (J =6, S, 4, 3) transitions of Tb** generated by
excitation of two Yb** ions and simultaneous energy transfer at
the ground state "Fg, which then populates the excited *D, and
5D, levels.”* To our knowledge, this is the first example of
phonon-assisted cooperative sensitization in pure S-NaY-
F,:Yb**, Tb* to date.

The visible color emission is efficiently tuned by changing
the activator ion (Tm, Tb, Er), spanning from blue to green
shades, as represented in the color coordinates (Figure 4,
right).

In summary, this work reports a ultrafast, cheap, and easily
scalable microwave route to prepare pure hexagonal NaY-
F,:Yb,Ln** nanorods of small size with strong upconversion
luminescence. The process allows an easy coating with
hydrophilic or hydrophobic molecules to render the rods
dispersible in solvents of different nature. The crystal growth
process is kinetically controlled by the short reaction time and
permits the choice of multiple active ions (Er, Tm, Tb, etc.)
without strongly affecting the nanorods crystallinity, morphol-
ogy, or size. Thus tunable visible colors can be readily prepared
by rational selection of the doping ions. Owing to their small
size, excellent crystallinity, and good dispersibility, these
nanorods could be used for a wide range of application..
Therefore, it is expected that this simple and ultrafast route to
prepare the so-used NaYF, nanocrystals will be warmly
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Figure 4. Left: Images of the emission in powdered samples and relative UC emission spectra for water suspensions of (a) PVP-UCNR(Tb), (b)
PVP-UCNR(Er), and (c) PVP-UCNR(Tm) under 980 nm diode laser excitation. Right: Proposed energy-transfer mechanisms in the Yb:NaYF,
nanorods codoped with Tm®', Er**, and Tb*". The full arrows represent photon excitation and emission processes, while dotted and dashed arrows
represent energy transfer and multiphonon relaxation processes, respectively. Corresponding CIE chromaticity coordinates of the UCNRs.
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received by the big research community working on up-
conversion nanomaterials.
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