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Upconverting Nanoparticles

Upconversion (UC) refers to nonlinear optical processes in which the

Ang

sequential absorption of two or more photons leads to the emission of

light at shorter wavelength than the excitation wavelength (anti-Stokes
type emission). In contrast to other emission processes based on
multiphoton absorption, upconversion can be efficiently excited even

at low excitation densities. The most efficient UC mechanisms are

present in solid-state materials doped with rare-earth ions. The
development of nanocrystal research has evoked increasing interest in

the development of synthesis routes which allow the synthesis of highly

efficient, small UC particles with narrow size distribution able to form
transparent solutions in a wide range of solvents. Meanwhile, high-
quality UC nanocrystals can be routinely synthesized and their solu-
bility, particle size, crystallographic phase, optical properties and
shape can be controlled. In recent years, these particles have been

discussed as promising alternatives to organic fluorophosphors and

quantum dots in the field of medical imaging.

1. Introduction

In linear optics it is assumed that optical properties are
independent of the intensity of the incident light. The
expression “nonlinear optics” is usually used to describe all
other phenomena for which the optical properties of the
material depend on the radiant flux density of the exciting
light. Nonlinear optics, an integral part of contemporary
optics, is based on a number of nonlinear phenomena and
processes. Photon upconversion (UC) is one such phenom-
enon and is characterized by the conversion of long-wave-
length radiation, for instance infrared or near infrared (NIR)
radiation, to short-wavelength radiation, usually in the visible
range. The upconversion process proceeds by different
mechanisms, which are summarized and discussed in detail
in several review articles!'" and can be roughly divided into
three classes: APTE effect (for addition de photon par
transferts d’energie), later also named ETU for energy-
transfer upconversion,** excited-state absorption (ESA),
and photon avalanche (PA). It is worth mentioning that the
expression “upconversion” is sometimes used to describe the
consequence of these mechanisms, that is, the conversion
from long-wavelength to short-wavelength radiation, and
sometimes for a specific mechanism itself.

All three mechanisms are based on the sequential
absorption of two or more photons by metastable, long-
lived energy states. This sequential absorption leads to the
population of a highly excited state from which upconversion
emission occurs. In the case of ESA, the emitting ions
sequentially absorb at least two photons of suitable energy to
reach the emitting level (Figure 1). In ETU, one photon is
absorbed by the ion, but subsequent energy transfer from
neighboring ions results in the population of a highly excited
state of the emitting ion (Figure 1). Energy-transfer steps
between two ions, both in excited states, leading to emission
lines at short wavelength were first mentioned by Auzel in
1966.17
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Figure 1. UC processes for lanthanide-doped crystals: a) excited-state
absorption, b) energy-transfer upconversion. —e—«: photon excitation,
----- : energy transfer, ——: emission. Reproduced from reference [47]
by permission of The Royal Society of Chemistry.

ETU and ESA should not be confused with two other
nonlinear optical processes, simultaneous two-photon absorp-
tion (STPA)!"*' and second-harmonic generation (SHG),
which is efficient if coherent excitation sources with suffi-
ciently high power are used." ™ Several early reviews
focused on the synthesis and application of upconversion
phosphors. 15161

Important requirements for photon upconversion, such as
long lifetimes of the excited states and a ladder-like arrange-
ment of the energy levels with similar spacings, are realized
for certain ions of the d and f elements. A large number of
suitable hosts doped with transition-metal ions (3d, 4d, 5d)
have been reported to show upconversion, for example
Ti2+_,[17,18] Ni2+-,“9’22] M03+-,[23‘241 Re4+_’[23‘25,26] or Os‘”-doped
solids.””% Actinide-doped materials have also been inves-
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tigated with respect to upconversion.”* These systems
require low temperatures, show poor optical properties, and
are therefore at present mainly a subject of basic research.

High upconversion efficiencies even at room temperature,
however, are observed for lanthanide-doped solids. The most
efficient UC phosphor to date, Yb**- and Er**-doped NaYF,,
was introduced by Menyuk et al. in 1972 and Kano et al. in
19736 Owing to their outstanding properties, UC materials
have been proposed for several applications, such as
lasers,"3=7 solar cells,®™ wave guides,®*" and display
devices.*!

The availability of cheap semiconductor lasers together
with the rise of nanoscience increased interest in the design of
suitable synthesis procedures for nanocrystalline upconver-
sion materials. In analogy to semiconductor nanocrystals
(quantum dots), the aim was to synthesize small UC nano-
crystals with high luminescence efficiency that form trans-
parent solutions in a wide range of solvents. In comparison
with bulk luminescent material, small luminescent particles
show a classical drawback, namely poor luminescent effi-
ciency. Core-shell architectures helped to overcome this
problem (see Section 3.4). Dispersible upconverting nano-
phosphors show only low cytotoxicity,”>** and since excita-
tion with NIR-light causes only a very low autofluorescence
background of the biological materials, they seem to be a
promising alternative for organic dyes or quantum dots in
biological tagging experiments.

As the development and investigation of UC nanophos-
phors has become an essential part of materials science,
several reviews have already been published.*”**"l This
Review presents the current state of affairs in the area of
lanthanide-doped UC nanocrystals, with emphasis on the
synthesis and investigation of lanthanide-doped nanoparticles
(NPs). Despite the fact that the number of published articles
related to this field has increased dramatically and therefore
interferes with the clarity, one aim of this account is to give an
almost complete general survey with respect to the relevant
literature.

Markus Haase received his PhD in 1989
with Prof. A. Henglein from the Technical
University in Berlin. After postdoctoral
research at UC Berkeley with Prof. A. P.
Alivisatos, he moved to the Philips Research
Laboratories in Aachen, Germany. In 1996,
he joined the group of Prof- H. Weller at the
University of Hamburg, where he finished
his Habilitation in 2001. He received the
Nernst—Haber—Bodenstein Prize of the
Fi® Deutsche Bunsengesellschaft for Physical
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2. Selection of Suitable Dopants and Host
Materials

An inorganic upconversion phosphor consists of a crys-
talline host and a dopant (usually lanthanide ions) added in
low concentrations. The dopant provides luminescent centers,
and the host lattice with its crystal structure provides a matrix
to bring these centers into optimal position.”**? The ion-to-
ion distance and spatial arrangement is especially important
in the case of so-called sensitized luminescence, as will be
discussed in detail in Section2.2.2 (ETU mechanism).>
Many lanthanide-doped host materials are able to emit
visible light under NIR excitation, but highly efficient
upconversion requires a good tuning between host lattice,
dopant ions, and dopant concentration.

2.1. Choice of Host Lattice

The choice of the host lattice determines the distance
between the dopant ions, their relative spatial position, their
coordination numbers, and the type of anions surrounding the
dopant. The properties of the host lattice and its interaction
with the dopant ions therefore have a strong influence on the
upconversion process. With regard to the ETU mechanism
(Figure 2), Er*! is excited into the *F,, state in two steps. The
’H,,, and the “S;, states are populated by nonradiative
multiphonon relaxation steps. From these levels, the ion may
either return directly to the “I;s, ground state or may first
populate the *F,, state by an additional nonradiative multi-
phonon relaxation step. In the first case green light is emitted,
in the second case red light. To achieve efficient excitation of
the 2H,,, state and, hence, intense upconversion emission, the
*I,4, state must be strongly populated. In other words, an
efficient upconversion process benefits from a long *I;;,
lifetime.”>¥ In fluoride materials, long lifetimes of the excited
states are commonly observed because of the low phonon
energies (ca. 350 cm™)®! of the crystal lattice (Table 1).
However, lattice impurities may increase the multiphonon
relaxation rates between the metastable states, thereby
reducing the overall visible emission intensity.’> Small non-
radiative losses are also observed for lattices containing heavy
halogenides, but these materials suffer from low chemical
stability. Metal oxides present the desired chemical stability,
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Carl von Ossietzky University of Oldenburg
and received his PhD in 2001 with Prof. M.
Weidenbruch for his work on organogerma-
nium compounds. As a postdoctoral fellow,
he moved to the Institute of Material Sci-
ence (IWT) Bremen, German Aerospace
Center Cologne, and to the University of
Osnabriick. Since 2004 he has been a
researcher in the group of Prof. Markus

e Haase. His research interests are closely
connected with materials science and include
{ the investigation of alternative synthesis
routes to known compounds as well as the synthesis of novel inorganic
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Figure 2. Energy-level diagram, upconversion excitation, and visible
emission schemes for the Yb*"-sensitized Er** and Tm®" systems.
Arrows indicate radiative and nonradiative energy transfer and multi-

phonon relaxation processes. Reproduced from reference [59] Copy-
right Wiley-VCH 2004.

Table 1: Highest phonon lattice energy of commonly used matrices for
rare-earth ions. Reproduced with permission from reference [56]. Copy-
right Wiley-VCH 2007.

Material Highest Phonon Energy [cm™]
phosphate glass 1200
silica glass 1100
fluoride glass 550
chalcogenide glass 400
LaPO, 1050
YAGH! 860
YVO, 600
LaF, 300
LaCl, 240

[a] YAG: yttrium aluminum garnet.

but conventional oxygen-based systems often exhibit large
phonon energies above 500 cm™'P°! (Table 1).

Host lattices based on cations like Nat, Ca** and Y** with
ionic radii close to those of the lanthanide dopant ions
prevent the formation of crystal defects and lattice stress, and
therefore generally Nat and Ca®" fluorides are superior host
materials for upconversion phosphors.’"-%2! The upconversion
efficiency of, for instance, NaYF,:Yb*" Er*" is 20 times higher
than that of La,05:Yb*",Er*" and 6 times higher than that of
La,(M0Q,);:Yb*",Er**®) Nevertheless, Yb**,Er’* doped
phosphors based on oxide type matrices are also commer-
cially available™ and were used, for instance, by Kuningas
et al.l°®-6"
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Among the fluoride hosts, hexagonal NaYF, (3-NaYF,) is
the most efficient host material for green and blue upconver-
sion phosphors known to date.!:!!:31:%7] The UC efficiency of
the green emission in hexagonal-phase NaYF,:Yb*"/Er’" is
approximately 10 times stronger than that in cubic
NaYF,:Yb**/Er** % The question why it is superior to all
other host materials in terms of upconversion luminescence
efficiency was thoroughly investigated, particularly by Giidel
et al.P! Tt could be shown that the generally high emission
intensities of this phosphor originate from the interaction of
dopant ions located on two different lattice sites.’"]

Especially in the case of small particles, we must take
additional effects into consideration. Since additional non-
radiative pathways exists for ions at or near the surface and
even for ions in the core of the particles,®™®!! quenching is
possible even when pure fluoride matrices are used.[*!]

2.2. Dopant Systems Available for Upconversion
2.2.1. Single Doping

Owing to the long lifetime of the excited states, an excited
lanthanide ion may sequentially absorb a second photon of
suitable energy at comparatively low excitation densities and
reach an ever-higher excited state. If within one ion energy
gaps between three or more subsequent energy levels are very
similar, sequential excitation to a highly excited state is
possible with a single monochromatic light source, since each
absorption step requires the same photon energy. Lanthanide
ions with an energy-level structure suitable for this type of
excitation include Er*", Tm**, and Ho", which are currently
the most common emitters (activators) in upconversion
phosphors.*”! The efficiency of the upconversion process is
particularly high for Er**, where a similar energy gap of about
10350 cm™! exists between two subsequent pairs of energy
levels, namely between the “I;;, and “I;5,, states and between
the “I;,, and the *F,, states (Figure 2, left). In addition, the
energy difference between “Fy,, and “I,5, states is in the same
region, and hence at least three different transitions in Er*"
ions are induced by IR photons of the same energy, thus
leading to emission of green and red light (Figure 2, left, and
Figure 3a—c) after the sequential absorption of two photons.

Figure 3. Photographs of the upconversion luminescence in 1 wt%
colloidal solutions of nanocrystals excited with 973 nm light. a) Total
upconversion luminescence of the NaYF,:20%Yb**,2%Er**. b,c) The
same luminescence through red (b) and green (c) color filters. d) Total
upconversion luminescence of the Yb**, Tm**-doped sample. Repro-
duced from reference[59]. Copyright Wiley-VCH 2004.
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Blue emission is observed in systems doped with Tm*" after
the absorption of four photons (Figure 2, right, and Fig-
ure 3d). Several reports are focused on the synthesis and
investigation of (single) rare-earth-ion-doped nanomateri-
als’[69,74,82—174]

Since 4f-4f transitions are Laporte-forbidden, inefficient
absorption of the exciting light can be a serious problem,
especially in the case of thin samples of lanthanide doped
materials. In principle, the absorption can be improved by
increasing the concentration of the lanthanide dopant in the
material. But radiationless deactivation can occur, and the
process of cross-relaxation severely limits the range of useful
dopant concentrations. The upper limit of concentration
depends on the exact distance of the lattice sites occupied by
lanthanide ions, but in most upconversion materials the
concentration of Er'* does not exceed 3% and of Tm*" not
about 0.5%. At these concentrations, however, the absorp-
tion of light is insufficient, which hinders the practical use of
these materials as phosphors.”! To increase the absorption of
lanthanide-doped phosphors, the materials are often addi-
tionally doped with strongly absorbing ions called sensitizers,
which should also ensure efficient energy transfer to the
activator.

2.2.2. Codoping: Systems with Activators and Sensitizers

In the case of upconversion phosphors based on Er*" or
Tm?*!, the most widely used sensitizer for 980 nm light is the
Yb*" ion. The energy separation of the *F;, ground state of
Yb** and its °F5, excited state matches well the transition
energy between the *I,;,, and *I;5, states and also the “F,, and
*I,1p, states of Er*", thus allowing for efficient (quasi-)resonant
energy transfer between the two ions. Usually, Yb*" is
codoped into the lattice in high concentrations (18-20%).
Yb*' is also the standard sensitizer for Tm?"-doped upcon-
version materials, in which the energy of four 980 nm photons
is transferred from the Yb*" ions to one Tm*" ion (Figure 2).
Bothion couples (Er**/Yb*" and Tm**/Yb*") show the highest
upconversion efficiency when doped into hexagonal-phase
NaYF, (B-NaYF,). Apart from high upconversion efficien-
cies, the emission of Yb*",Er’* codoped phosphors saturates
only at high excitation densities. Saturation is found at
100 Wem ™ for NaYF,:Yb**,Er**.'] Many reports on
Yb*" Er*t- and Yb™,Tm**-doped nanocrystalline*#+46.52.5.
S04 TITATSTIOT0ILB2IT6262 and  macrocrystalline™ "
65.66,68-70.120,166,204.208.263-292] e onversion phosphors have been
published. Yb*" is a common sensitizer not only for Er*", Tm*"
systems but also for Ho*>*?*! and Pr***/ ions. The activator—
sensitizer concept can also be applied to transition-metal ions.
For instance, Cs,NaYCl;:Os*" Er*t or Cs,NaYbCl,:Mo**
showing energy transfer between Er** and Os*" and between
Mo*" and Yb**, respectively, were investigated by Giidel and
co-workers.>>”!
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3. Synthesis, Growth, and Properties of Rare-Earth-
Doped Nanocrystals

3.1. Nanocrystals Based on Oxidic Materials

There have been numerous reports on the properties of
nanocrystalline upconversion materials that are based on
lanthanide-doped oxide hosts,[336:57:6465.71.82.84.85.87-92.94-96.95
105,127,128, 167,180, 181,190, 197-199.202,205.209.219,220,256.262.278.296-332]  Gavyeral
classes of materials have been investigated, such as binary
oxide host lattices, 894167180 18LIT19.30] ternary oxide host
lattices,™'®! phosphates,’®! vanadates,* molybdates,*™ tita-
nates,® zirconates,®' silicates,”*¥ hydroxides®”** and
oxysulfides.!!?-33:334]

In 2003 we reported the first observation of photon
upconversion in transparent colloids.®™ The green and red
emission bands as well as the absorption spectrum can be
taken from Figure 4. The Er**-doped LuPO, and YbPO,

) g4 [ v Er”
st/‘z
0.3
A 02 1 4SS/ ZHl l’;F'//Z 4F5.’2,3y’22H‘) 2
o T
0.0 J_J\/"/
b) *
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Figure 4. a) Absorption spectrum and assignments of the
YbPO,:5%Er™ colloid. b) Upconversion luminescence spectrum and
assignments after excitation at 10230 cm™' (see arrow) with a laser
power of 300 mW. Reproduced from reference [64]. Copyright Wiley-
VCH 2003.

nanoparticles were prepared by coprecipitation in a method
analogous to that used to prepare LaPQO,:Ce*", Tb** and
CePO,:Tb*" nanocrystals.’*¢ Bulk LaPO,:Ce** Tb*" is a
commercially applied lamp phosphor.’* 38 Redispersible
Er**-doped YVO, nanocrystals were synthesized in a hydro-
thermal process by Kong and co-workers.® Surface modifi-
cation of rare-earth-doped Y,0O; nanoparticles leads to water-
redispersible NPs.’' Despite their comparatively low upcon-
version efficiency, this type of NP is still in the focus of
scientific investigation®™ ¥ and has already been used for
applications in bioimaging™**! (see also Section 5).
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3.2. Nanocrystals Based on Fluorides

Fluorides as host lattices for upconversion fluorescent
particles benefit from many properties (see also Section 2.1),
and the most frequently synthesized and investigated upcon-
version fluorescent NPs consist of fluoride sublattices.

3.2.1. Rare-Earth-Doped LnF; Nanoparticles

The optical properties of bulk LaF;:Yb*" Er*F*-31 and
bulk YF;:Yb* Er**?7%31:3%] were already investigated in the
late 1960s and early 1970s, respectively. Depending on the
ionic radius of the lanthanide ion,** the lanthanide trifluor-
ides crystallize either in a trigonal (tysonite LaF; type, space
group P3cl) or an orthorhombic structure (B-YF; type, space
group Pnma).’*¥ At room temperature, the trifluorides of the
lighter lanthanides (Ln =La-Nd) form the trigonal structure
only,?*3%l whereas for the heavier lanthanides (Ln = Dy-Lu)
and yttrium, the orthorhombic structure is observed.?*=%
From Ln = Sm-Tb, the LnF, system is dimorphic.**!

The first synthesis procedures for LaF; nanoparticles were
reported in 2001 by Dang and co-workers®! and by Zhang
etal™! One year later, redispersible LaF; nanocrystals
doped with rare-earth ions such as Eu’', Er’*", Nd*", and
Ho** were synthesized by van Veggel and Stouwdam.[®!
These nanoparticles display luminescence emission in the
NIR region and are therefore of interest for optical tele-
communication.®™ In the following years, an increasing
number of papers on the synthesis of rare-earth-doped
lanthanide trifluoride nanocrystals was published. The syn-

thesis and the properties of YF; nanoparti-
CICS,[58'233’262'283’332’356_358] YbF3 nanocrystals,mé] and
LaF3[178.182, 193,200,217,253,262,355,359-369] and LuF3 nanoparti-

cles®*3 have been intensively investigated.

Yan et al. achieved highly uniform, monodisperse LaF;
nanoplatelets of about 16 nm in size by thermolysis of
La(CF;COO); in a hot oleic acid/octadecene solution.F’ In
one of the most cited articles of 2005, Li and Yan"®! described
a two-step synthesis method for doped YF; nanoparticles. By
doping these particles with the ion couple Yb*'/Er’*, red,
green, and an unusually strong 411 nm blue upconversion
emission band were obtained.”® In double logarithmic plots
of the emission intensity versus excitation intensity, straight
lines with a slope of about two are obtained for the green and
red emissions, thus indicating that two IR photons are
absorbed per emitted photon (Figure 5a;™! see also Giidel
etal. and Yi et al.)’”% For the blue emission, a slope of
three was observed, corresponding to a three-photon process
(Figure 5b;”" see also Giidel et al.)F™

Chow and Yi investigated colloidal LaF;:Yb*" Er’';
LaF;:Yb*",Ho’"; and LaF;:Yb*",Tm*" particles with a small
particle size and a narrow size distribution.”®?! Upconversion
fluorescent trifluoride nanoparticles have not lost their
popularity to date and therefore are still in the focus of
investigation. In 2008 Hu et al. prepared hydrophobic as well
as amphiphilic UC LaF;:Yb*"Er’" and LaF;:Yb*" Ho*"
nanoparticles with an average particle size of 15nm
(Figure 6) in an oleic acid containing aqueous solution.?”)
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Figure 5. Power dependence of YF;:Yb*",Er’" upconversion intensity
shown by double logarithmic plots. a) Emission peaks at 663.5, 552,
and 526 nm. b) 411 nm blue emission peak. Reproduced with permis-
sion from reference [58]. Copyright Wiley-VCH 2005.

Figure 6. TEM images of upconversion LaF;:Yb*",Ho*" nanocrystals.
Reproduced with permission from reference [217]. Copyright American
Chemical Society 2008.

They showed photographs of the upconversion luminescence
of a colloidal solution of LaF;:Yb*",Ho*" in water (Figure 7).

3.2.2. Lanthanide-Doped M(RE)F, Nanoparticles (M = Li, Na, K;
RE =Rare Earth)

The phase equilibrium within the bulk fluoride host
system MF(RE)F; has been intensively investigated and
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Figure 7. Room-temperature upconversion luminescence spectra of
oleic acid treated LaF;:Yb*",Ho*" nanocrystals (2 mgmL™) in cyclohex-
ane and glycol monomethyl ether treated LaF;:Yb*",Ho*" nanocrystals
in water under CW excitation at 980 nm (power ca. 800 mW).

CW = continous wave, mPEG = poly(ethylene glycol) monomethyl
ether. Inset: a photograph of glycol monomethyl ether treated
LaF;:Yb*",Ho*" nanocrystals showing an almost pure green color.
Reproduced with permission from reference [217]. Copyright American
Chemical Society 2008.

discussed during the past six decades.***% Upconversion
phosphors based on bulk, microcrystalline, or sub-micro-
crystalline NaYF, have been intensively investigated, and the
results are summarized in several reports 233430375378
Because of their outstanding properties, Yb*',Er’**- and
Yb** Tm*"-doped NaYF, are the most frequently investigated
materials. Fewer reports discuss M(RE)F, host lattices other
than NaYF,, such as NaGdF,, LiGdF,, KYF,, and LiLuF,, or
upconversion experiments using doping ions other than the
classical couples Yb*",Er*" and Yb*",Tm?".

Yb*",Er*'-doped and undoped NaLuF, microplates have
been synthesized and investigated by Li etal.”” Very
recently not only the optical but also the magnetic properties
of Yb*" ,Er**-doped NaGdF, have been investigated by Hao
et al.P® Yb** Er**-doped LiYF, nanocrystals derived from
trifluoroacetate precursors were reported by Yan et al.%!

In LiYF,:Nd** bulk material the avalanche effect, an
effect also leading to upconversion phenomena,?*> has
been observed below 60 K.** The spectroscopic properties of
Gd*"-doped KYF, and LiYF,, Nd*"-doped LiYF, have been
investigated by Sytsma, Khaidukov, and Guyot et al.,F¥3%
and Meijerink et al. investigated Er**-doped LiYF,.”* Pr’+-
doped KYF, and LiLuF, as possible white emitters were
synthesized and discussed by Toncelli et al.’® Bulk KYF,:Ln
(Ln=Pr*, Er*', Tm*", Ho*", Yb*", Nd*, Er’*") are well
known as upconversion-pumped solid-state lasers,[12150:3%0-3%]
A very remarkable result was achieved by Meijerink: Visible
quantum cutting could be shown in case of Eu*'-doped
LiGdF, !

In 2004 three research groups reported on the successful
synthesis of small luminescing NaYF, nanocrystals that
formed transparent colloidal solutions. The first synthesis
developed by Haase, Giidel et al. was based on the copreci-
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pitation of NaYF,:Yb*",Er’" and NaYF,:Yb*",Tm*" nano-
particles in the high-boiling solvent N-(2-hydroxyethyl)ethyl-
enediamine (HEEDA).®™ The synthesis yielded transparent
colloidal solutions of cubic-phase particles. The upconversion
efficiency of such solutions was about eight orders of
magnitude higher than those of the colloids of lanthanide-
doped phosphate nanocrystals reported by the same
groups.

Photos displaying this emission as a beam of light in
solution became a standard eye-catcher in papers dealing with
upconversion nanoparticles later on (Figure 3). Although the
synthesis procedure was a strong improvement compared to
earlier routes, the method suffers from several drawbacks,
such as a rather broad particle size distribution (5-30 nm) and
the formation of the less efficient cubic a-phase of NaYF,. In
the same year, Yi, Chen et al. reported on the synthesis of
Yb*" Er''-doped cubic NaYF, particles by co-precipitation of
the rare-earth chlorides with NaF in the presence of ethyl-
enediamine tetraacetic acid (EDTA).””) The spherical, as-
prepared particles showed a narrow size distribution of 32—
46 nm diameter. Annealing of dry powders of these particles
at 400-600°C led to larger particles with the hexagonal phase
showing strong UC luminescence efficiency.

Also in 2004, the first small hexagonal-phase (f-phase)
Yb*",Er*'-doped NaYF, particles with a mean size of 25 nm
were synthesized in acetic acid solution by the Li group
(Figure 8a).” The quality of the NaYF, nanocrystals
improved significantly when the procedure developed by
Yan et al. for the synthesis of uniform LaF; particles with
well-defined size and shape was modified and applied to the
preparation of NaYF, and other NaLnF, particles (Fig-
ure 8b).? The method, based on the thermal decomposition
of trifluoroacetates in solvent mixtures of oleic acid and
octadecene, was further refined by several groups and is now
a common route to monodisperse and uniform NaYF,
nanocrystals in the cubic and the hexagonal
phase.[7>79:93186.192,194.20L.207 The gynthesis procedure was trans-
ferred to the generation of NaYF, for the first time by Chow
and Yi in 2006.!%! They reported on the formation of very
small hexagonal NaYF,:Yb*" Er’" nanoparticles when the
decomposition reaction is performed in pure oleylamine at

Figure 8. a) TEM image of NaYF,:Yb*",Er*" nanocrystals prepared in
acetic acid using EDTA. Reproduced with permission from refer-
ence [73]. Copyright Wiley-VCH 2005. b) TEM images of the edge-to-
edge superlattices of LaF; nanoplates. Inset is the SAED pattern.
(SAED = selected area electron diffraction) Reproduced with permis-
sion from reference [372]. Copyright American Chemical Society 2005.
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330°C. To our knowledge, this is the first example of a
successful synthesis of f-NaYF, particles with a particle size
in the range of 10 nm.['"* The particles could be dispersed in
organic solvents, were uniform in shape, and showed a narrow
size distribution ((10.5 £ 0.7) nm) as deduced from TEM and
dynamic light scattering measurements (DLS, (11.1+

1.3) nm, Figure 9). Capobianco et al. generated cubic phase
lanthanide-doped NaYF, nanoparticles, hexagonal in shape
with an average size of 27.6 nm and a standard deviation of
1.6 nm (Figure 10).7!

Figure 9. a) TEM image of NaYF,:20%Yb*",2%Er’" nanocrystals at a
magnification of 50000x. b) TEM image of NaYF,:209%Yb*",2 %Er*"
nanocrystals at a higher magnification of 150000 . Reproduced with
permission from reference [186]. Copyright Wiley-VCH 2006.

Figure 10. TEM images of spherical NaYF,:2%Er’*,20% Yb*" nano-
crystals. a) Low magnification; b) high magnification. Reproduced with
permission from reference [79]. Copyright American Chemical Society
2007.

One advantage of the use of trifluoroacetates is the rapid
formation of reactive fluoride compounds at elevated temper-
atures. Drawbacks mentioned in the literature are the
emission of toxic gases, the requirement of high reaction
temperatures, and the rather narrow temperature window of
the decomposition (less than 10°C), which leads to difficulties
with respect to the reproducibility.?*! Therefore, efforts were
made in the development of alternative synthesis routes that
also allow an exact control of the phase, shape, and size of the
particles.

In 2008 Li and Zhang reported on different methods for
the synthesis of pure hexagonal-phase NaYF, nanocrystals in
solvent mixtures of oleic acid and octadecene at 300°C.[*"! In
their procedure the metal trifluoroacetates are replaced by
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in situ generated rare-earth oleates, NaOH, and NH,F.*"
Alternatively, stearic acid and trioctylphosphine oxide
(TOPO) were used instead of oleic acid, and an eicosene/
trioctylamine mixture replaced octadecene as high-boiling
solvent.”” The particles were of outstanding quality in terms
of size distribution (average size 21 nm) and shape uniformity
(nanospheres and hexagonal plates depending on the amount
of oleic acid (Figure 11).2" Using a synthesis route with NaF

Figure 11. TEM images of NaYF,:Er",Yb*" nanospheres (a,b) and
nanoplates (c,d) at different magnifications. Reproduced with permis-
sion from reference [215]. Copyright IOP Publishing 2008.

and rare-earth oleates as precursors, Chen and co-workers
published a method yielding doped f-NaYF, NPs with high
size uniformity and an extremely narrow size distribution of
(28.25 4 0.76) nm in 2009.%*! Impregnating nanocrystals of a-
NaYF, doped with Er** and Yb*" into a porous, anodized
aluminum oxide (AAO) membrane led to nanotubes com-
posed of close-packed uniform nanocrystals?®®! (Figure 12).
Doping of cubic or hexagonal NaYF, nanocrystals with
Yb**,Er*" and Yb**, Tm>" ions leads to emission bands in the
green or red and blue spectral regions, respectively (Figure 3).
In several papers, strategies to expand the range of emission
colors were investigated. In 2008, Nann et al. showed that a
large number of emission colors can be realized by simply
mixing colloids of upconversion nanoparticles containing
different dopant ions. Colloids of NaYbF,:Er',
NaYbF,:Tm*", NaYF,:Yb**, and NaYbF,:Ho*" with emission
bands in the green and red (NaYbF,:Er’" and NaYbF,:Ho*");
mainly blue and IR (NaYF,:Yb*"); and blue and IR
(NaYbF,:Tm*") regions were synthesized and combined in
different concentrations.”'!) By doping the same NaYF, host
with all three ions Yb*, Tm**, and Er** and adjusting their
concentrations, Wang and Liu obtained colloids with bluish to
whitish (NaYF,:Yb*', Tm*",Er*") and greenish-yellowish to
redish (NaYF,:Yb**,Er**) overall color output (Figure 13).5"
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Figure 12. a) Magnified cross-sectional SEM image of rare-earth fluo-
ride nanotube arrays after removing the AAO template. b) Bottom-view
SEM image showing rare-earth fluoride nanotubes oriented in a
perpendicular fashion on the substrate. Reproduced with permission
from reference [285]. Copyright Springer 2009.
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Figure 13. Room-temperature upconversion emission spectra of

a) NaYF,:Yb*" Er'* (18 and 2 mol %), b) NaYF,:Yb*",Tm** (20 and

0.2 mol %), c) NaYF,:Yb*" ,Er** (25-60 and 2 mol %), and d) NaY-
F,:YB*" Tm*" Er* (20, 0.2, and 0.2-1.5 mol %) particles in ethanol.
Compiled luminescent photos showing corresponding colloidal solu-
tions of e) NaYF,:Yb**,Tm** (20 and 0.2 mol %), f-j) NaY-
F,:Yb**, Tm** Er** (20, 0.2, and 0.2-1.5 mol %), and k-n) NaY-

F,:YD* EP* (18-60 and 2 mol%). The samples were excited at 980 nm
with a 600 mW diode laser. Reproduced with permission from refer-
ence [60]. Copyright American Chemical Society 2008.

Advantages of the oleate-based synthesis are the narrow
particle size distribution, the high luminescence efficiency,
and the high phase purity of the particles. Although the
hexagonal bulk phase is thermodynamically preferred at low
temperatures,*” the cubic a-phase is obtained when the
synthesis is performed at lower temperatures (below 300°C),
thus indicating that the reaction in oleic acid is controlled by
kinetics. In contrast, we could show that the simple solid-state
reaction between NH,F, Na,CO;, and the rare-earth carbo-
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nates yields nanocrystalline p-phase NaYF, even at room
temperature.”® If the same reaction is performed in oleyl-
amine or in a mixture of oleylamine and oleic acid, hexagonal-
phase NaYF, nanocrystals are obtained that display a broad
particle size distribution from 4 to 10 nm.

A powerful tool for phase and size control is additional
doping with Gd** ions.” Gd** ions were incorporated by
Wang et al. into upconverting NaYF,:Yb*" Er’" nanocrystals
at different doping levels, leading to a ternary doped
NaYF,:Yb*" Er**, Gd®" system.’™ Without additional Gd**
ions a mixture of cubic and hexagonal phases was found under
the chosen reaction conditions. With increased Gd*" concen-
trations the transformation from cubic to hexagonal structure
becomes more and more noticeable, and the size of the
corresponding particles decreases. Doping of binary doped
NaYF,:Yb*" Er'" or ternary doped NaYF,:Yb*'Er*f,Tm*"
with Gd®*, leading to the corresponding ternary or quaternary
doped lanthanide species, was used for fine tuning of the
visible color of the upconverting nanocrystals.*”

There are now a large number of reports dealing with the

synthesis and investigation of high quality lanthanide doped
Cubic[44,46,55,59—63.71,72,75,78,79.93,117, 177,186,187,189,194,196,200,201, 204,208,212,

2132222422661 02.27538.9744] 2 hexagonal NaYF, parti-
Cles.[46’62’72’73’78‘93‘ 117,176,177,183,186,191,192,194-196,201,203,204,207,215,216,221,
225,399-401,405.462] Egpecially the development of a suitable syn-
thesis that is able to form small hexagonal nanoparticles faced
problems because of the tendency toward regular-shaped
nanoplates or rods in the micrometer and sub-micrometer
range.[?!

In 2008 we investigated nanosized Yb**,Er’**-doped cubic
KYF, particles about 13nm in size synthesized by the
HEEDA route.” The nanocrystals showed only poor
luminescence efficiency, which could be improved signifi-
cantly by coating with undoped material (see Section 3.4.1).

Finally, chelating ligands and donor ligands such as
EDTA, citrate, TOPO, trioctylphosphine (TOP), and poly-
(vinyl pyrrolidone) (PVP) have been employed in addition to
the amphiphilic surfactant to reduce the particle size and to

prevent the particles from agglomeration.[®!:62187.201.408]

3.2.3. Ln-Doped Fluoride Nanocrystals with Other Stoichiome-
tries: MF, MYF;, MY,F,

Most of the work on upconversion nanocrystals is focused
on fluoride materials with M(RE)F, stoichiometry. However,
there are some examples of upconversion nanocrystals with
compositions other than M(RE)F, or (RE)F; discussed in
Section 3.2.1. and 3.2.2.

The structure of cubic NaYF, (space group Fm3m, no.
225) is isomorphic with CaF,. In the NaF-MF; system the
charge on the lanthanide ions is balanced by an appropriate
number of sodium ions, and this is the case not only for the
fluorite-type structure but also for the nonstoichiometric
phases with varying compositions given by Nays_ .M. Fo o,
where 0 < x < '/, Several groups investigated the doping of
alkaline-earth fluoride nanocrystals with lanthanide ions.
Efficient upconversion emission is reported for some of these
systems. Li et al. reported in 2009 on the successful hydro-
thermal  synthesis of  high-quality = monodisperse
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CaF,:Yb*",Er’" nanocrystals about 10 nm in size (Figure 14)
in a water/ethanol solvent mixture.””! They found that the
upconversion efficiency of the CaF, particles is even slightly

Figure 14. TEM image of CaF,:Yb*",Er’" nanocrystals. Reproduced with
permission from reference [77]. Copyright American Chemical Society
2009.

stronger than cubic Yb*",Er*"-doped NaYF, particles of the
same size. In this so-called liquid-solid-solution (LSS)
process developed by Wang, Li et al., a general phase transfer
between the interfaces takes place.” Yan’s group modified
the trifluoroacetate method for NaYF, nanocrystals for the
synthesis of alkaline-earth-metal difluorides. Uniform alka-
line-earth-metal fluoride MF, (M = Mg, Ca, Sr) particles with
various shapes (3D nanoneedle networks of tetragonal MgF,,
nanoplates and nanopolyhedra of cubic CaF,, nanoplates and
nanowires of cubic SrF,) were synthesized by the thermolysis
of alkaline-earth-metal trifluoroacetates (M(CF;COO),) in
hot surfactant solutions. The best upconversion properties
were found in the case of Yb* ,Er’"-doped SrF, after
modification of the surface.””” The obtained particle sizes
were 13 nmx (80-170 nm) (MgF,), 33 nmx45nm (CaF,),
36 nm x25 nm (SrF,, Figure 15) and 1000 nm for BaF,.
Kumar et al. reported on the optical properties of CaF,:Er*"
nanocrystals doped into a hexafluoroisopropylidene (6F)-
based polymer composite.””*% Using the Langmuir—Blodgett
(LB) technique, Yan et al. prepared films of CaF, nano-
particles 9.5 nm x 2 nm in size.”)

Small Yb*", Tm**-doped BaYF; particles (15 nm x 5 nm in
size) were obtained by the Capobianco group by the thermal
decomposition of rare-earth trifluoroacetates in solvent
mixtures of oleic acid and octadecene containing barium
acetylacetonate.” The particles displayed intense blue light
from the 'G,—°H; Tm>" transition under excitation in the
NIR region in transparent solution.

We reported on the synthesis and optical properties of
Yb** Er** doped RbY,F, and CsY,F, nanoparticles.?*1l
Two synthesis routes were described, which led to particles
with broad size distributions in the range of 6 to 60 nm for the
rubidium compound and 8-50 nm for the cesium compound.
The structural and optical properties of colloidal Ln*",Yb*"-
doped KY;F), nanocrystals were reported by Capobianco and
co-workers. 1
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Figure 15. TEM and high-resolution (HR) TEM (inset) images of SrF,
nanoplates. Reproduced with permission from reference [223]. Copy-
right American Chemical Society 2009.

Finally, there have been several reports on nanoscale
glass—ceramics in which, for example, rare-earth-doped PbF,
nanoparticles are considered to be responsible for the
emission of visible light under NIR excitation['?>!%-124413.414]

3.3. Investigation of Single Upconversion Nanocrystals

Luminescing nanoparticles are usually characterized by
ensemble-averaged measurements of their optical properties.
Characterization of the upconversion luminescence on the
single-particle level was performed by the groups of Wua and
Nann in 2008 and 2009, respectively.?**! Individual NaY-
F,:Yb*" Er’" particles deposited on a silicon nitride mem-
brane®¥ or attached to a gold nanosphere were spectro-
scopically investigated and found to be nonblinking and
photostable (Figure 16).73

3.4. The Core-Shell Concept

The luminescence efficiency of nanoparticles is usually
smaller than that of the corresponding bulk materials, owing
to the large surface-to-volume ratio of nanoparticles. In the
case of lanthanide-based upconversion materials, the pres-
ence of surface ligands with high-energy vibrational modes
such as OH or NH, groups can lead to quenching of the
excited lanthanide states by multiphonon relaxation process-
es. If the concentration of a dopant in the host lattice is high,
as in the case of Yb*", energy transfer from the center of the
particle to the surface through adjacent dopant ions may
further decrease the efficiency. The standard strategy to
reduce energy losses on the nanoparticle surface is to coat the
particle with an appropriate shell material. In the case of
lanthanide-doped nanomaterials, this shell material should
not allow any kind of energy transfer from the core of the
particle to its outer surface. It should be kept in mind,
however, that the luminescence or upconversion efficiency is
significantly increased only if the interface between the

www.angewandte.org

Chemie

5817


http://www.angewandte.org

Reviews

5818

C

7.2".‘48'1u'i1 0
1.28um". p

Figure 16. Individual UCNPs on a silicon nitride membrane. Confocal
upconverted luminescent image of individual UCNPs. The TM-SEM
image (inset) taken at the upper left corner region of the optical image
shows that the individual diffraction-limited luminescent spots are
emitted from individual UCNPs. Reproduced with permission from
reference [234]. Copyright National Academy of Science (USA) 2009.

particle core and the shell is of high quality, that is, if the
interface contains a much smaller number of quenching sites
than the surface of the core particle before coating.

In recent years authors have begun to quantify the
effectiveness of the light conversion that occurs in the
designed UC  phosphors and UC  nanoparti-
cles. 5691752142829, 4114161 We ysed bulk hexagonal NaY-
F,:18% Yb*" 2% Er’* reference material and determined
the visible-light output of different UC nanoparticles in
comparison with this bulk sample.r>?'241 The efficiency
ratios between the reference sample and the UC nano-
particles strongly depend on the laser power, the constitution,
and the size of the NPs and are in the range of 100 to
150000.052142%411 13 2009 we compared the emitted light
intensity of hexagonal Yb*",Er'*-doped NaYF, NPs (7 nm in
size) with cubic NPs of the same constitution (28 nm in size).
At 1.78 W laser power, the efficiency ratio was approximately
10.% In terms of the determination of the absolute quantum
yield (QY) of bulk UC phosphors, Page etal. did the
pioneering work.l'””! For the green emission of Yb*" Er*t-
doped hexagonal NaYF,, the QY was 4 %. Based on the setup
used by Page et al., very recently also the absolute quantum
yield of colloidal hexagonal NaYF,:Yb*"Er’" nanoparticles
was determined by Boyer and van Veggel.'®! They found
values in the range of 0.005 to 0.3, depending on the particle
size.[*1°]

3.4.1. Particles with a Passivating Shell of Undoped Material

If the excitation energy is mainly transferred to the
particle surface through neighboring dopant ions, the most
straightforward choice for the shell material is the pure (i.e.,
undoped) host material of the core particle. The formation of
core-shell particles with small lattice mismatch between the

www.angewandte.org

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

H. Schifer and M. Haase

core and the shell material has been intensively investigated
for semiconductor nanoparticles as well as for some doped
nanomaterials with large bandgaps.**3¢747 More recently,
synthesis procedures for core—shell particles of lanthanide
fluoride material have been developed. The formation of
passivating  shells on  rare-earth-doped  LaF; "
NaYF4,[°1’72’192’221’224*463] KYF4,[214] and NaGdF4[418] and on
undoped YF;*% and NaYF,*" particles have been published
by several authors. An individual case is reported by Yang and
co-workers, who investigated particles consisting of an
undoped core with Yb** Er*"-doped NaYF, on the periphery
of the particle.*

A significant enhancement of the upconversion fluores-
cence by depositing undoped core material on the surface of
rare-earth-doped NaYF, core particles was demonstrated for
the first time by Yi and Chow (Figure 17).°71 A luminescent
enhancement of nearly 30 times was achieved by a 1.5 nm
thick shell of undoped f3-phase NaYF,. The article is one of
the most cited in the field.

NaYF,:Yb*" Er**//NaYF,core-shell nanoparticles with
different crystallographic phases of the core and the shell
were discussed by Mai et al. in their 2007report."? A synthesis
procedure for B-NaYF,:Yb*" Er**//a-NaYF, core-shell par-
ticles with a size of about 30 nm is given, but a hard proof for
the existence of both crystallographic phases within one
particle remains to be shown.

Usually, the successful deposition of undoped material on
the surface of the core particles is deduced from an increase of
the average particle size in combination with an enhancement
of the luminescence efficiency.'”>2'¥ Site-selective spectros-
copy was also used to identify dopant sites on the particle
surface and to show that these sites are converted into bulk
sites when undoped material is deposited onto the core
particle.*”l If the core and the shell consist of materials
displaying different image contrasts in electron microscopy,
like in the case of NaYF,//SiO, core-shell particles, the core—
shell structure and the uniformity of the shell thickness can be
visualized directly (Figure 18). The quality of the core-shell
structure can also be investigated by X-ray photoelectron
spectroscopic (XPS) measurements.*>*! Ideally, a synchro-
tron radiation source is used, which allows tuning of the
photon energy of the X-rays exciting the sample. At low
photon energies, only electrons of elements located in the
outmost layers of the particle can reach the detector, whereas
at high photon energies electrons from the core can also
escape the particle, and the composition of the whole core—
shell particle is probed.’***” Recently, van Veggel and co-
workers used this technique in combination with energy-
dispersive X-ray spectroscopy (EDX) to demonstrate the
existence of the core-shell structure of p-NaYF,//$-NaGdF,
nanocrystals. 2!

3.4.2. Particles with Shells Containing Dopants

In the majority of cases published, the shell is inert and its
sole role is to increase the luminescence efficiency of the core
(see Section 3.4.1). Starting in 2008, different groups reported
on core-shell nanoparticles in which the shell also contains
optically active centers.?*??1:2314%8] These efforts were related
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Figure 17. a) Structure of upconversion nanoparticles. b) Photographs
of the upconversion luminescence: green from NaYF,:Yb*",Er* and
blue from NaYF,:Yb*", Tm** nanoparticles in solution. Reproduced with
permission from reference [192]. Copyright American Chemical Society
2007.

Figure 18. TEM images of silica-coated poly(vinyl pyrrolidone)/NaY-
F,:Yb*"EP" nanocrystals. Left: thickness of the layer approximately
10 nm. Right: with a very thin silica layer. Reproduced with permission
from reference [179]. Copyright Wiley-VCH 2006.

to different aims, such as enhancement of the luminescence or
the tunability of the upconversion fluorescence.

By doping the particle core with Tm*" and the shell with
Er’' nanoparticles, tunable multicolor fluorescence was
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obtained which displayed no quenching of the Tm*" emission.
J. Zhang etal. reported on hexagonal-phase core-shell-
structured NaYF,:Yb*", Tm*//-NaYF,:Yb**, Er** (AB)>"
and on core-shell-shell B-NaYF,:Yb*", Tm*"//B-NaY-
F,:Yb™* Er**//f-NaYF,:Yb>", Tm** (ABA) nanocrystals.>*"
The sandwich ABA nanocrystals showed a remarkable
enhancement of the Er’* fluorescence.

Capobianco and co-workers showed a strong enhance-
ment of the green and red emission bands of NaGd-
F,:Yb*" Er’" particles by growing a shell of Yb*"-doped
NaGdF, on the surface of the cores**! Additional energy
transfer from excited Yb*" ions in the shell to the Er’*" ions in
the core increases the overall efficiency of the particles
(Figure 19). The emission of the active core—active shell

Blue Emission

NIR Excitation

Aexc. =980 nm Green Emission

Red Emission

Figure 19. Schematic illustration of the active core-active shell nano-
particle architecture showing the absorption of NIR light by the Yb*'-
rich shell (red) and subsequent energy transfer to the Er’*",Yb*"-doped
core (green), which leads to upconverted blue, green, and red
emissions. Reproduced with permission from reference [428]. Copy-
right Wiley-VCH 2009.

particles is more intense by a factor of approximately three
(green) and ten (red) compared to standard core-shell
particles composed of a doped core and an inert shell.

3.4.3. Particles with Silica Shells

A large number of different colloidal nanomaterials have
been coated with shells of amorphous silica. These shells are
usually generated by Stober type reactions based on the
controlled hydrolysis of tetraalkoxy silanes. Silica as shell
material benefits from many advantages. Silica is chemically
inert, optically transparent, and there are a large number of
procedures for coupling functional molecules to the surface of
SiO,. Thus, the biofunctionalization of nanoparticles is
possible by anchoring suitable molecules to the SiO, surface
of core-shell particles,*) and protocols for the conjugation of
biomolecules to a silica surface are well-established.[*?*+!

In 2005 Nann and Darbandi transferred the technique to
fluoride nanoparticles in order to functionalize the surface of
YF;." The surface modification of rare-earth-doped NaYF,
nanoparticles was reported by Zhang and Li one year later."
They succeeded in growing a silica shell with adjustable
thickness in the range of 2-10 nm on the surface of PVP-
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stabilized Yb*",Er*'- and Yb*',Tm*'-doped cubic NaYF,
nanocrystals (Figure 18).

By incorporating tetramethylrhodamine isothiocyanate
(TRITC), fluorescein isothiocyanate (FITC), or quantum
dots into a silica shell grown on Yb*'Er’*-doped or
Yb** Tm**-doped NaYF, NPs, Zhang and co-workers were
able to tune the emission spectra of the upconversion
particles.”!! The new feature of their approach is the
observed fluorescence resonance energy transfer (FRET)
between the excited dopant ions and the organic dyes or
quantum dots encapsulated in the silica shell. The FRET
therefore leads to luminescence emission of the dyes or
quantum dots upon excitation of the core—shell particle in the
NIR region.

4. Surface Functionalization by Modification of the
Ligand Shell and the Particle Surface

Rapid advances in the diagnostics and monitoring of
infectious and genetic diseases are one of the driving forces
behind the development of more sensitive and efficient
markers for labeling experiments. The ability of upconversion
nanoparticles (UCNPs) to emit visible light upon excitation
with low-intensity NIR light should significantly reduce the
autofluorescence background of the biological material in
biolabeling experiments. To be suitable for biotagging appli-
cations, however, the particles must be compatible with
biological substrates, should show only specific binding to the
biological target, and must be soluble (dispersible) in aqueous
media.

Without post-synthesis treatment, UCNPs are not disper-
sible in polar media.*>** The desired properties are
obtained either by exchanging or manipulating the organic
ligands coordinated to the surface, by addition of amphiphilic
polymers interacting with the apolar groups of the surface
ligands, or by surface silanization. These methods have
already been reviewed in the reports by Wang and Liu and
by Capobianco and Vetrone.*s! Therefore, only some very
recent results are listed here.

The most popular method to obtain water dispersibility is
coating of the NaYF, NPs with a shell of SiO, prepared by a
sol-gel process.[243:62:201.221.246.464] 'Ty Jink these particles to
biomolecules, reactive functional moieties such as amino or
carboxylic acid groups are required. In the case of SiO,-
coated particles, biofunctional amine group can be introduced
by treating the SiO, surface with 3-aminopropyltrimethoxy-
silane, as shown by Shan and Ju,”™™ or with N-[3-(trimeth-
oxysilyl)propyl]ethylenediamine (AEAPTMS), as shown by
Jiang et al.**! Carboxylic acid functionalized NaYF, nano-
phosphors were synthesized by direct oxidation of the oleic
acid ligands using the Lemieux—von Rudloff reagent.”®! The
presence of carboxylic acid groups on the one hand confers
solubility of the particles in water and on the other hand
ensures that streptavidin can easily be linked through
covalent bonds (Figure 20). The replacement of the ligands
that are attached to the particle surface after the synthesis by
ligands bearing polar groups is another technique to render
the particles water-soluble. We found that 1-hydroxyethane-
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Figure 20. Mechanism of the generation of carboxylic acid functional-
ized upconversion nanoparticles from oleic acid capped precursors.
Reproduced with permission from reference [206]. Copyright American
Chemical Society 2008.

1,1-diphosphonic acid (HEDP) strongly binds to the surface
of NaYF,:Yb*",Er’" nanocrystals, resulting in high colloidal
solubility of the particles in water.™™ Van Veggel and co-
workers report on the exchange of oleate ligands coordinated
to Yb*', Tm*"- and Yb*',Er**-doped NaYF, particles with a
polyethylene glycol phosphate ligand."*

5. Application of Upconversion Nanocrystals
5.1. Application in Biology and Diagnostics

Many diagnostic techniques imply the specific binding of
reagents, so-called reporter molecules, to target molecules.
Today, a variety of such reporter molecules exist, including,
for instance, radioisotopes, enzymes, and fluorescent markers.
High-quality upconversion NPs linked to biological macro-
molecules are investigated as fluorescent markers for imaging
biological processes as well, as they benefit from a narrow
particle size distribution, high photostability, narrow emission
bandwidths, good biocompatibility, and a high signal-to-noise
ratio owing to the weak autofluorescence background gen-
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erated by NIR excitation.*®! Moreover, the penetration
depth into biological tissue is high for NIR radiation.
Biological applications of upconverting NPs range from the
simple introduction of luminescing NPs into biological
systems to the specific detection of biomolecules using
different techniques, for instance, FRET-based chemosensing.
Depending on the nature of the investigated biomaterial, the
detection of biomolecules can be divided into in vitro and in
vivo detection. Biological applications of UCNPs were
recently reviewed by Lui et al.** and Wolfbeis et al.[*6"!

5.1.1. In Vitro Detection

The first demonstration of the potential of upconversion
materials in diagnostics, in this case of rare-earth-doped
yttrium oxysulfide, was reported about 10 years ago by Tanke
et al. and by Hampl et al..®7%4%¢ At that time, the size of
upconversion particles was in the range of hundreds of
nanometers, and only surface labeling could be shown.[*
Moreover, the level of nonspecific binding between reagents
and markers was high, thus reducing the detection sensitivity.
Nevertheless, the signal-to-noise ratio could be dramatically
improved compared to conventional reporters. By using
similar 400 nm UC particles, Hampl et al. achieved a detec-
tion limit of 10 pg human chorionic gonadotropin in a 100 pL
sample, a tenfold improvement over conventional reporter
systems like colloidal gold.”*! To use upconversion particles
analogous to luminescent molecular dyes, however, small
(less than 30 nm) upconversion nanoparticles with narrow
size distribution and high luminescence efficiency are
required, which were not available at that time. In fact, it
took several years until smaller particles suitable for this
purpose became available.

The strong interaction of biotin and avidin (or streptavi-
din) is widely used in bioanalytical applications.**”*? For
instance, bioconjugation of silica-coated LaF;:Ln*" NPs to
fluorescein isothiocyanate (FITC) was shown.!'’s The FITC is
excited by direct 480 nm irradiation."”® Successful bioconju-
gation of the biotinylated LaF//SiO, upconversion core—shell
particles to FITC-avidin (Figure 21) was shown by a signifi-
cant 25-fold increase of the FITC fluorescence compared to
the same system where the particles were not biotinylated.!'”®!
In a parallel report, the same group showed that the optical
properties of the biotinylated inorganic NPs were nearly
identical to the unfunctionalized NPs, which is a prerequisite
for designing a UCNP-based biosensor.*#!

A different upconversion biosensor based on the FRET
between bioconjugated UCNPs and gold NPs was developed
in Li's group.'® To our knowledge it is the first example of
using the FRET technique for a bioassay based on UCNPs. In
this case, the FRET system consists of biotinylated 50 nm
NaYF,:Yb*" Er’" NPs and biotinylated 7 nm Au NPs. The
emission band of the UCNPs at 520 nm exactly fits the
plasmon absorption band of the gold NPs. Quenching there-
fore occurs in the case of close proximity of both particles.
This requirement is fulfilled when avidin is added, which
works as a coupling (i.e., network-forming) compound
between the particles owing to the sensitive and selective
interaction between avidin and biotin. The luminescence of
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Figure 21. Preparation and bioconjugation strategy of silica-coated
LaF;:Ln*" nanoparticles to FITC-avidin (not to scale).

APTMS = (CH,0),Si(CH,);NH,. TEOS = (C,H;0),Si, biotin-NHS = bio-
tin N-hydroxysuccinimide activated ester (see lower left corner).
Reproduced with permission from reference [178]. Copyright Wiley-
VCH 2006.

the system when excited by NIR light was gradually quenched
with increasing amounts of avidin added to the system, and so
trace amounts of avidin could be detected.

5.1.2. In Vivo Detection

The simplest in vivo application of upconverting nano-
crystals is their introduction into living organisms and the
detection of the distribution of nanoparticles inside the
organism. Nanoparticles of Yb*",Er’'-doped vyttria, for
instance, are found to present good biocompatibility when
inoculated in worms, and upon excitation in the NIR,
agglomerates of the particles can clearly be detected."™ In
larger organisms such as mice, UCNPs could be detected even
in depths of around 10 mm.*!

RNA interference (RNAI) is a powerful gentechnological
method for the specific suppression of genes and has broad
applications ranging from functional gene analysis to target-
based therapy.***** The method is based on small interfer-
ence RNA (siRNA), that is, short pieces of double-strand
RNA 21-23 nucleotides in length. Imaging of siRNA can be
performed with a special FRET system based on a siRNA-
staining acceptor dye. This acceptor dye is usually combined
with an organic donor dye, but the latter can be replaced with
quantum dots, as shown by Gao et al.*”! But especially for in
vivo applications, quantum dots suffer from their potential
toxicity and strong autofluorescence background.!'3*#%4] 1
a recent report Zhang and Jiang used rare-earth codoped
NaYF, UCNPs for the intracellular investigation of siRNA in
live cells.*™” The UCNPs, which display an emission band at
540 nm, work as the FRET donor, and the siRNA intercalat-
ing dye BOBO-3, with a broad absorption band at 550 nm,
served as the FRET acceptor. If the distance between the
BOBO-3 stained siRNA and the biomodified UCNPs is short,
energy transfer from the NIR-excited nanoparticle to BOBO-
3 is efficient and leads to an emission at 600 nm (Figure 22).
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Figure 22. FRET-based UCNP/siRNA-BOBO3 complex system. Energy

is transferred from the donor (UCNP) to the acceptor (BOBO-3) upon
excitation of the nanoparticles at 980 nm. Reproduced with permission
from reference [450]. Copyright Wiley-VCH 2006.

5.2. Other Applications

Apart from the biological application, UCNPs are dis-
cussed for some other devices.****"l In recent reports, a
combination of UCNPs and dithienylethene (DTE) is dis-
cussed for optical memory applications and remote-control
photoswitching.[#3%% DTE photoswitches are based on
ring-closing and ring-opening reactions induced by ultraviolet
and visible light, respectively. To sensitize the system to NIR
light, Branda et al. developed composite films consisting of
DTE and either NaYF,:Yb** Er’* or NaYF,:Yb*" Tm?*
nanoparticles™®. When the UCNPs are excited in the NIR,
the emitted energy, either visible or UV radiation depending
on the doping, is transferred to the DTE molecule, thus
resulting in a ring-opening or ring-closing reaction (Fig-
ure 23a). The switching between the two states of the system
is accompanied by a color change of the composite material
along the path of the IR light (Figure 23b). Photopatterns on
the basis of upconversion nanoparticles useful for potential
applications in the field of security were designed by Kim
et al.®l

6. Conclusions and Outlook

Regarding various applications, upconverting nanoparti-
cles benefit from their unique properties as they show 1) high
sensitivity of detection because of the lack of autofluores-
cence background, 2) less toxic components than quantum
dots (QDs), and 3) high penetration depths in combination
with photostability and optical tunability. Many different
dopant-host compositions have been developed and inten-
sively investigated. Most scientists concur that in terms of
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Figure 23. a) Photoswitching realized by transition between electroni-
cally and structurally different isomers of DTE. b) Reactions

A) Ta+NaYF,:Tm*",Yb** —1b and B) 1b+ NaYF,:Er**,Yb** —1a upon
irradiation by NIR light (980 nm). The light beams to the right (A) and
(B) correspond to the direction of the laser beam. The irradiation in
(A) was carried out twice with perpendicular orientations. The small
squares in all images are the cutout holes in the sample holder,
through which the absorbance was measured. Reproduced with
permission from reference [238]. Copyright American Chemical Society
2009.

biomedical applications, hexagonal-structured lanthanide-
doped NaYF, is currently the most promising candidate.

Meanwhile, there is a large number of reports dealing with
the successful generation of high-quality lanthanide-doped
hexagonal NaYF, NPs showing narrow size distribution and
high luminescence efficiency. Although there is a large body
of literature describing various different synthesis procedures
for hexagonal NaYF, particles in substance, only two differ-
ent synthesis routes can be extracted from the current
literature that lead to particles which fulfill the requirements.
In the most known cases, the particles were prepared either by
the trifluoroacetate route (transferred to NaYF, by Chow and
Yi) or by the oleate route (by Zhang and Li).l*-2'3] Apart from
further improvement of the synthesis procedures for generat-
ing lanthanide-doped B-NaYF, nanoparticles to obtain
desired optical properties, size, and size distribution of the
particles, and to make the synthesis more user-friendly, the
discovery of new upconversion ions, combinations of ions, and
host materials will remain areas of intense research.

The use of upconverting nanocrystals in nucleic acid
assays and immunoassays in in vitro und in vivo imaging has
been demonstrated over the past five years. Very often,
applications are still limited to the simple introduction of
luminescing NPs into biological systems and detection of the
particles themselves. For the replacement of molecular
fluorescent markers (molecular weight ca. 300 gmol™),*?
which allow estimation of the position of single molecules
within cellular structures with nanometer precision, particles
with sizes in the region of 20 nm are still too large.
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Therefore, for most advanced imaging applications in the
field of biomedicine, for example the specific imaging of
molecular and cellular events in the case of molecular
neuroimaging, the overall quality of current upconversion
NPs is still insufficient. In general, many methods still suffer
from low reproducibility, mainly relevant to overall surface
conditions that impair the colloidal stability and the lumines-
cence efficiency.

So we dare to claim that despite the good progress,
essential challenges still remain to be faced before these
particles can fully reach their potential regarding the practical
application in clinical settings by ultimate consumers.
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