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Nanoscale Luminescent Materials for Blue Light Excitation
Introduction and Summary

Nanoscale luminescent materials are of increasing importance concerning established
technologies (e.g. displays, lighting, X-ray detection). Aiming at up-coming applications, nanoscale
phosphors are essential. This includes transparent luminescent layers or markers (e.g. on metal,
ceramics, plastics, paper), luminescent fillers in transparent matrices (e.g. glass, plastics) as well as
bio-medical applications, such as FRET-assays, bio-labelling, optical imaging or photo-therapy.

II-VI or III-V semiconductor-type quantum-dots as well as rare-earth doped metal phosphates
represent todays state-of-the-art materials with quantum yields exceeding 50 %. Especially, core-
shell structures turned out to be most successful. To realize top-quality luminescent nanocrystals, on
the one hand, synthesis has to be performed at elevated temperatures (typically 150-250°C) in order
to minimize lattice defects. On the other hand, coordinating solvents or stabilisers (e.g.,
trioctylphosphine, octylphosphate, octylamine, thioglycerol, diethylene glycol, oleic acid, polyvinyl
pyrrolidone) are essential to steer the particle size, to control the degree of agglomeration, and to
protect the particles surface. A modification of the resulting ’synthesis-determined’ surface
conditioning requires additional process steps and bears the risks of colloidal collapse,
agglomeration and surface damage. In summary, the synthesis is often complicated and time-
consuming. Toxic solids, solvents or stabilisers are frequently included. All these issues can be
major limitations aiming at technical application.

With this CFN-subproject we have developed a novel and facile synthesis of highly luminescent
nanomaterials based on ionic liquids (ILs) as reaction media. ILs in recent years have attracted
considerable interest due to their exceptional features, such as a wide liquid range, thermal stability,
non-coordinating properties, electrochemical stability and adjustable solvent polarity. In between,
ILs have significant impact, especially, on organic synthesis. On the contrary, an exploration of
their benefits towards a synthesis of nanocrystals has just been started. In sum, we could gain high-
quality nanomaterials such as LaPO4:Ce,Tb, YVO4:Eu@YFs3, CaF,:Ce,Tb, Zn,Si04:Mn, BiPO4:Tb,
Iny(M0Oy)s:Eu and CaWOy via the novel ionic-liquid-based approach.

In addition to metal-doped luminescent materials, organic inorganic hybrids such as the
compound ZrO(FMN) were introduced as novel luminescent materials. ZrO(FMN) has several
important features, including a quick and easy water-based synthesis, potentially low costs of
production, a high biocompatibility, and a variable concentration of the incorporated dye, allowing
for quasi-infinite number of luminescent centers. Typical key issues for quantum dots as well as
metal-doped nanoparticles, such as high-temperature crystallization and core-shell type surface
conditioning, do not need any consideration. Taking all these aspects together, ZrO(FMN) might be
a promising alternative to existing luminescent nanomaterials. Its use as a luminescent biomarker
and its biocompatibility has been successfully tested as a proof of the concept in living mice and
cells. Finally, the concept of DMZP’s has already been extended to red and blue emission as well as
to luminescent switching.

Nanoscale luminescent materials as prepared in this CFN-subproject were transferred to several
cooperation partners, including optical imaging for medical applications (Dr. K. Dittmar,
Helmholtz-Zentrum fiir Infektionsforschung, Braunschweig), incorporation in polymers (Prof. C.
Barner-Kowollik, KIT), incorporation in metal-organic frameworks (Prof. K. Miiller-Buschbaum,
Universitdt Wiirzburg, Prof. P. Behrends, Universitit Hannover), characterization via solid state
NMR (Dr. J. Schmedt a.d.G., LMU Miinchen).

In the timeframe 2008-2010, subproject C3.12 has led to 16 publications, among which is 1
review article in Angew. Chem., 1 in Angew. Chem., 1 in Chem. Commun., 1 in Chem. Mater. and 1
patent.
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1. Metal-doped nanoscale luminescent materials

Nanoscale luminescent materials are of increasing importance concerning established
technologies (e.g. displays, lighting, X-ray detection).' Aiming at up-coming applications,
nanoscale phosphors are essential. This includes transparent luminescent layers or markers (e.g. on
metal, ceramics, plastics, paper), luminescent fillers in transparent matrices (e.g. glass, plastics) as
well as bio-medical applications, such as FRET-assays, bio-labelling, optical imaging or photo-
therapy.”

II-VI or III-V semiconductor-type quantum-dots as well as rare-earth doped metal phosphates
represent todays state-of-the-art materials with quantum yields exceeding 50 %.* Especially, core-
shell structures turned out to be most successful. To realize top-quality luminescent nanocrystals,
on the one hand, synthesis has to be performed at elevated temperatures (typically 150-250°C) in
order to minimize lattice defects. On the other hand, coordinating solvents or stabilisers (e.g.,
trioctylphosphine, octylphosphate, octylamine, thioglycerol, diethylene glycol, oleic acid, polyvinyl
pyrrolidone) are essential to steer the particle size, to control the degree of agglomeration, and to
protect the particles surface. A modification of the resulting ’synthesis-determined’ surface
conditioning requires additional process steps and bears the risks of colloidal collapse,
agglomeration and surface damage. In summary, the synthesis is often complicated and time-
consuming. Toxic solids, solvents or stabilisers are frequently included. All these issues can be
major limitations aiming at technical application.

Via a novel and facile synthesis highly luminescent LaPOs:Ce,Tb nanocrystals can be
alternatively prepared based on ionic liquids (ILs) as reaction media. ILs in recent years have
attracted considerable interest due to their exceptional features, such as wide liquidus range, thermal
stability, non-coordinating properties, electrochemical stability and adjustable solvent polarity.” In
between, ILs have significant impact, especially, on organic synthesis.” On the contrary, an
exploration of their benefits towards a synthesis of nanocrystals has just been started.” Due to the
non-coordinating properties of ILs,™® a complete removal after the synthesis, in principal, should be
much easier compared to standard coordinating solvents. In contrast, surface stabilisation at
elevated temperatures, which is prerequisite to non-agglomerated and highly luminescent nanoscale
phosphors, will be significantly reduced. In order to avoid agglomeration, our strategy is a fast and
short-timed heating. Due to the high polarity of ILs, this can be performed by microwave
irradiation.

In a first step of the synthesis, a solution of the rare earth chlorides in tributylmethylammonium
triflylimide and a co-solvent (e.g., EtOH, DMF, DMSO, pyridine) was added at 70°C to the
phosphate precursor (e.g., H;PO4, ammonium or pyridinium phosphate), again dissolved in IL and
co-solvent. The ionic liquid was selected from a variety of candidates due to its extraordinary
thermal and chemical stability.” Precipitation of LaPO4:Ce,Tb occurs immediately, indicated by a
slight opalescence. Thereafter, all volatiles were removed under reduced pressure. In a second step,
the crystallinity of the preformed nanoparticles was enhanced by heating the dispersion in a
microwave oven within about 10 s to 300°C. Subsequent to centrifugation and suited washing, the
nanocrystals were collected with yields of 90 %. The obtained white powder can be easily
redispersed in ethanol by sonification. While exciting with UV-light, the resulting transparent
dispersions show intense green emission (Fig. 1).

Size and morphology of the LaPO,4:Ce,Tb nanocrystals were examined by electron microscopy.
TEM micrographs show spherical to slightly ellipsoidal particles, 9-12 nm in size (Fig. 2A). High
resolution images exhibit lattice fringes, indicating the crystallinity of the particles (Fig. 2B).
TEM/SEM micrographs of samples, prepared from ethanolic dispersions, display a multitude of
almost spherical and monodispersed particles. Here, a particle diameter of 10(1) nm is calculated by
statistical evaluation of 170 particles (Fig. 2C, Fig. 2D). Electron diffraction as well as X-ray
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powder diffraction patterns evidence the monoclinic monazite type of structure of the
nanocrystalline material (Fig. 2B)."” With the assumption of spherical particles, the mean particle
diameter can be deduced based on Scherrer’s equation to values of 8 to 10 nm, which is in
accordance with electron microscopy.

Figure 1. Transparent dispersion of LaPO,:Ce,Tb nanocrystals redispersed in ethanol:
in day-light (A) and with UV-excitation (B).

To verify particle diameter and size distribution in suspension, dynamic light scattering was
performed. Firstly, as-prepared LaPO4:Ce,Tb is investigated after washing and redispersing in
ethanol. Taking a slight missmatch between the viscosity of pure solvent and real dispersion into
account, with 18 nm the measured hydrodynamic diameter corresponds well to the results from
electron microscopy. While comparing infrared spectra of the pure IL with as-prepared and washed
LaPO4:Ce, Tb powders, the surface conditioning of the particles can be verified. In addition to
vibrational bands related to phosphate (1100-900, 650-500 cm™) and water (3500-3300, 1630 cm™),
the constituents of the IL are indicated by weak absorption bands (v(C-H) = 2970-2880 cm™'; v(S-O)
= 1470-1060 cm™)."" As a result, effective prevention of particle agglomeration has to be attributed
to charge stabilisation.

The IL can be removed completely upon addition of dilute NaCl-solution to an ethanolic
dispersion of LaPO:Ce,Tb. With this treatment, IR-spectra of powder samples do indeed not show
any vibrational bands of the IL constituents. After NaCl-treatment and centrifugation, redispersion
of LaPO4:Ce,Tb is still possible, for instance, in ethanol by prolonged sonification. With 21 nm the
average diameter is almost identical to as-prepared dispersions, excluding significant
agglomeration. This is even more remarkable, since coordinating solvents and modifiers are absent.
Moreover, straight forward removal of the IL optionally enables to realize of a surface conditioning,
which is adjusted to the specific needs of a certain application, independent from the conditions of
synthesis.

The luminescence of LaPQO4:Ce, Tb is well established for bulk as well as for nanoscale
materials.'* Prior to energy transfer from Ce’” to Tb*", UV-excitation on Ce’" via 4f' — 41°5d"
transition occurs. This is followed by Tb>" emission of green light due to D4 — 'Fy relaxation.
Emission spectra of as-prepared LaPO4:Ce,Tb (45 mol-%, 15 mol%) dispersed in ethanol
correspond to the expectation. The quantum yield was measured to 0.70(2) considerung Tb>*
emission only, and to 0.90(2) taking the emission of Ce’” into account. These values are even more
interesting since neither an inorganic shell nor coordinating surface modifiers are required to protect
the nanocrystals. In fact, the quantum yield is close to the bulk material (0.86 for Tb-emission, 0.93
for sum of Ce/Tb-emission)."”
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Figure 2. TEM/SEM images of as-prepared LaPO4:Ce,Tb: A) HR-TEM micrograph
showing lattice fringes; B) Electron diffraction pattern of a bundle of particles including
Miller indices; C) TEM and D) SEM micrograph indicating the uniformity of particles.

Luminescent thin films

Previous studies have already shown the IL constituents to be adhered on the surface of the
nanocrystals via charge interaction. Due to the ‘non’-coordinating properties of the IL, its
constituents can be removed completely just by washing with ethanol that is saturated with NaCl.
Considering this finding, other types of specific surface modification should also be possible. To
this concern, phase transfer of elemental metals driven by amines such as oleylamine or 4-4-
dimethylaminopyridine (DMAP) is well known."” It turned out that such a phase transfer works also
very well in case of as-prepared LaPO,:Ce,Tb. After addition of oleylamine, by stirring the
nanocrystals can be transferred from a polar, hydrophilic phase (e.g. methanol, ethanol, diethylene
glycol) to a non-polar, hydrophobic dispersant (e.g. hexane, toluene) (Fig. 3). Such a phase transfer
for application-oriented issues is important in order to embed or to attach luminescent nanocrystals
in or on non-polar substrates (e.g. plastics).

Nanoscale luminescent materials are highly requested for embedding in transparent matrices
(e.g. glass, plastics) or to realize transparent luminescent layers (e.g. on glass, plastics, metal, paper)
for labeling, signaling and design purposes.'® To this concern, ink-jet printing of dispersions
containing as-prepared LaPO4:Ce,Tb on standard overhead transparencies is studied as a proof of
concept (Fig. 4). Due to the ink-jet equipment applied here, dispersions in ethanol were limited to
solid contents of 2 wt-% for reasons of nozzle clogging. In order to still establish a certain layer
thickness (about 30 nm), printing was repeated as a layer-by-layer process several times. Black
letters on paper, which are positioned behind the overhead transparency, qualitatively confirm its
transmittance to be almost unaffected after printing. The printed structure is only barely visible in
daylight (Fig. 4A), but can clearly be recognized under UV-excitation (Fig. 4B). Due to commercial
overhead transparencies containing optical bleachers, blue emission is observed in addition.
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Additive color mixing altogether results in a greenish white appearance of the printed structure.
Since aspects such as viscosity, solids content and composition of the ink, adhesion, haze and
definition of the layer as well as the printing equipment itself have not been optimized so far; a
substantial increase in layer quality can be expected based on professional printing.

As a second example of potential technical application, a full transparent dielectric barrier
discharge (DBD) lamp is aimed. DBD lamps, in general, are relevant for general lighting as an
alternative to standard fluorescent lamps (FL). This is especially for environmental issues, namely
to substitute the mercury discharge used in FL lamps by a xenon discharge.”” Driven by a pulsed
voltage, the latter is applied in DBD lamps and leads to a Xe-excimer emission, exhibiting its
highest intensity at 173 nm. This vacuum ultraviolet (VUV) emission is converted to visible light by
a phosphor layer, which is located on the inside of the glass bulb. Figure 4A schematically shows
the construction of such a DBD lamp. As a state-of-the-art, the phosphor layer consists of micron
sized phosphor particles (5 to 8 um in diameter). Due to the scattering of this layer the lamp for
physical reasons can not be transparent. While introducing nanoscale LaPO4:Ce,Tb as a phosphor
layer, however, all scattering in the visible can be excluded (Fig. 5B). Subsequent to evacuation,
careful removal of all moisture, filling with xenon and connecting to two grid electrodes, the Xe-
discharge can be turned on. Indeed, green emission of LaPO4:Ce,Tb is observed (Fig. 5C). With this
prototype a first full transparent DBD lamp containing nanoscale luminescent materials is shown.*
In principle, such a device can be interesting as a kind of a 'luminescent window', which has to be
transparent throughout the day, but which can be illuminated during the night by means of labelling,
signalling or advertising. Subsequent to optimizing, for instance, the thickness of the phosphor layer
and after exchanging the metal grid by ITO (indium tin oxide) electrodes, also extended transparent
flat light sources might be within reach.

non-polar phase Fﬁ

polar phase D

Figure 3: Oleylamine-driven phase transfer of nanocrystalline LaPO4:Ce,Tb from the
polar phase (A, e.g. methanol, ethanol, diethylene glycol) to a non-polar dispersant (B,
e.g. hexane, toluene)

Figure 4. Picture with ink-jet printed LaPO4:Ce,Tb on overhead transparency: in
daylight (A) and under UV-excitation (B, Aexcitation = 254 nm)
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Figure 5. Scheme (A) and photos of dielectric barrier ischarge (DBD) lamp
subsequent to LaPO4:Ce,Tb layer deposition (B) and under conditions of Xe-discharge
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Zn,Si04:Mn

Ionic liquids containing metal cations have gained some interest combining a joint function as a
solvent and a catalyst. As an example, zinc containing ionic liquids (Zn-IL) have been identified to
catalyze Diels-Alder reactions or acetylation reactions.”'* In contrast, the usage of ionic liquids as
an entire reactant in chemical synthesis is quite rare till now.”* Aiming at luminescent nanomaterials
we could also use such a strategy. We use ionic liquids for both - as a solvent as well as a reactant.
Practically, Zn,S104:Mn was synthesized applying the ionic liquid [N(Me)(Bu);][N(Tf),] (IL) as a
solvent and the zinc-containing ionic liquid [MeBusN][ZnCls/Zn,Cls] (Zn-IL) as a reactant.
Additional starting materials are Si(OC,Hs)s and MnCl,. Subsequent to the formation of an
homogeneous solution, nucleation is initiated by addition of [MesN](OH). For optimal conditions of
nucleation this step is performed at slightly elevated temperatures (70 °C). To support a controlled
particle growth and to remove all volatiles (e.g. water, ethanol), the suspension, thereafter is firstly
evacuated and secondly heated to 250 °C. Furthermore, very fast heating via microwave irradiation
is performed and led to optimal results with respect to the uniformity of the particles in size and
morphology as well as with regard to the absence of agglomerates.

Subsequent to synthesis, particle separation and washing, as-prepared Zn,SiO4:Mn is yielded as a
light brown powder. The color is ascribed to a low amount of Mn*" due to a partial oxidation of Mn”",
This finding is well-documented and has been often observed for bulk Zn,SiO4:Mn, too.” After
resuspension in diethylene glycol (DEG) the particles are colloidally stable within weeks. Particle size
and the size distribution of as-prepared Zn,Si04:Mn are determined by DLS as well as by SEM (Fig.
6). Considering that hydrodynamic diameters are gained from DLS analysis, the resulting average
values of 33 nm (DLS) and 32 nm (SEM) are in good aggreement and evidence the absence of
agglomerates. X-ray diffraction patterns indicate as-prepared Zn,SiO4:Mn to be non-crystalline. At
first glance, this finding is rather unexpected since highly crystalline compounds can often be realized
based on the high-boiling points as a special feature of the ionic liquid. On the other hand,
crystallization of bulk Zn,Si0O4:Mn is also observed at temperatures of 800 to 1200 °C.
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as-prepared

200 nm:
Figure 6: SEM images showing size and size disributin of as-preared non-crystalline

Zn,Si04:Mn, as well as annealed B-Zn,Si04:Mn (15 min, 750 °C) and a-Zn,;Si04:Mn
(15 min, 1000°C).

Since as-prepared Zn;Si04:Mn is non-crystalline, additional measures are applied to determine its
chemical composition. To this concern, infrared spectroscopy is invoked. The characteristic strong
vibrational bands can be related to the [SiO4]" tetrahedron and correspond to reference spectra of
willemite: v(SiO4) = 1100-900 cm™, §(SiO4) = 600-400 cm™'. Moreover, a strong OH-related band is
observed (v(OH): 3600-3000 cm™), which can be attributed to Si-OH groups. Based on previous
investigations, additional weak bands can be related to the ionic liquid (v(CH): 2980-2880 cm™,
8(CH): 1500-1200 cm™, v(SO) = 1200-1100 cm™) and H,O (§(OH,): 1650-1620 cm™) adhered to the
particle surfaces. To validate a potential crystallization of as-prepared Zn,SiO4:Mn thermal analysis is
carried out. According to thermogravimetry (TG) a continuous weight loss of about 20 wt-% is
observed between 100 °C and 600 °C. This weight loss can be mainly attributed to water stemming
from condensation reactions when establishing the silicate network. In addition, evaporation or
decomposition of adhered water and ionic liquid constituents might occur. An exothermic DTA signal
at 590 °C, furthermore, hints to a crystallization the powder sample.
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The results of thermal analysis are confirmed by infrared spectra of Zn,SiO4:Mn samples, which
have been annealed for 15 min at 750 °C. Vibrations related to IF and water are vanished. Sharpening
and splitting of [SiO4]*-related vibrations indicate the tetrahedral building unit now with a reduced
site symmetry inside the crystalline lattice. XRD patterns of Zn,Si04:Mn annealed for 15 min at
750 °C clearly evidence the prescence of -Zn,SiO; as a crystalline phase, which contains only minor
amounts of a-Zn,Si04. This yellow emitting modification is described with tetrahedral as well as
octahedral coordination of Zn>". Note that a detailed crystal structure determination of B-Zn;SiOj is
still lacking. The thermodynamically more stable rhomboedric a-Zn,SiO4 exhibits zinc sites with
tetrahedral coordination only. This green emitting modification is obtained when annealing as-
prepared Zn,;SiO4:Mn for 15 min at 1000 °C.

With annealing and crystallization at temperatures above 600 °C, and in view of the underlying
huge surfaces of the nanoscale particles, a more or less complete aggregation is to be expected and
has been observed most often. Surprisingly, resuspension of -Zn,SiO4 and even of a-Zn,SiOy is
possible just applying ultrasonification. DLS analysis as well as SEM images confirm the
nanocrystals treated at 750 and 1000 °C still to be nanoscaled, non-agglomerated and redispersible
(Fig. 6). Average particle diameters of B-Zn,SiOy4 are found with 19 nm (DLS) and 18 nm (SEM). In
the case of of a-Zn,Si04 values of 15 nm (DLS) and 14 nm (SEM) are measured. While comparing
these results with as-prepared non-crystalline Zn,Si04:Mn a significant shrinkage in diameter (40 %
up to 55 %) is observed. This effect - which is in accordance with an increasing materials density
during crystallization - may efficiently limit the interparticular contacts and therefore reduce
agglomeration. Altogether, the absence of agglomerates even after annealing can be attributed to three
items: 1. the thermal processing in general, namely a short-timed annealing (15 min); 2. a stabilizing
layer of IL constitutents up to temperatures of 500 °C; 3. a significant volume shrinkage of about 40
% (B-Zn,S104) and 55 % (0-Zn,SiOy).
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Figure 7: Excitation and emission spectra of -Zn,SiO4:Mn (Aemission = 579 nM, Aexcitation
=254 nm) and 0-Zn;S104:Mn (Aemission = 529 nM, Aexcitation = 254 nm) as well as photos
displaying the emission of powder samples (Aexcitation = 254 nm).
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The luminescent properties of Zn,SiO4:Mn are well-known for bulk samples.”® Luminescence of
nanoscaled Zn,Si04:Mn can be expected to be very similar. Excitation and emission spectra of
nanoscale B-Zn,;SiO4:Mn (5 mol-%) and a-Zn,;SiO4:Mn (5 mol-%) confirm this view (Fig. 7).
Excitation spectra (Aemission =579 nm and 529 nm) exhibit a characteristic intense and broad
absorption between 250 and 320 nm. This is due to d-d transition on Mn®" as the relevant
luminescent center. All emission is driven by *T; to °A; relaxation on Mn”". The color of emission
strongly depends on the relevant crystal field, and locally on the coordination and bond distances of
the Mn®" ion. To this concern, emission can vary in principle from green to red. More concrete,
green emission is attributed to tetrahedrally coordinated Mn”" and a comparably weak crystal field.
In contrast, yellow to red emission is associated with octahedrally coordinated Mn®" and a
comparably strong crystal field. The observed emission of B-Zn;SiO4:Mn (550-610 nm) and a-
Zn,S104:Mn (500-560 nm) is in accordance with the upper consideration and has been described for
bulk materials in detail.*

Qualitatively, intense luminescence of nanoscale B-Zn,Si04:Mn (5 mol-%) and a-Zn,Si04:Mn
(5 mol-%) can be visualized by UV-excitation (e.g. with a standard mercury discharge lamp) of
powder samples as well as of dispersed particles (Fig. 7). Aiming at a quantification of the
underlying luminescence, quantum yield is measured by comparison to a reference material that
exhibits similar luminescent properties. Here, bulk Zn,SiO4:Mn (5 mol-%) - a standard phosphor
for fluorescent lamps and plasma display panels - was applied. This reference consists of particles
on a micron scale (4 to 8 um in diameter) and is specified with a quantum yield of 80 %. As a
result, quantum yields of 7 % for B-Zn,SiO4:Mn and 12 % for a-Zn,;Si04:Mn are obtained.

YVO,4:Eu@YF; core-shell nanoparticels

YVO4:Eu nanocrystals were synthesized applying [N(Me)(Bu)3][N(Tf),] as ionic liquid as well
as YCl;-6H,0, EuCl;-6H,0, and VO(O'Pr); as starting materials. Previous studies - in contrast to
bulk YVO4:Eu typically doped with 5 mol-% - have evidenced an Eu’" content of 15 mol-% to be
most suited.””*® Consequently, this dopant level was applied here, too. For optimal conditions of
particle nucleation the synthesis was performed at 50 °C in a mixture of IL and ethanol as a
cosolvent. Role of the cosolvent, on the one hand, is to reduce the viscosity of the IL, and on the
other hand, is to increase the solubility of the starting materials. Thereafter, ethanol was evaporated,
and the pre-formed YVO4:Eu nanoparticles were crystallized in the pure IL by heating to 200 °C.
Finally, the as-prepared nanocrystals were washed to remove the IL and remaining salts (e.g. NaCl).
YVO,:Eu was obtained as a colorless powder that can be easily redispersed in polar solvents (e.g.
water, methanol, ethanol, diethylene glycol) by sonification.

Composition, purity and crystallinity of as-prepared YVO4:Eu nanoparticles are evidenced by X-
ray powder diffraction. All Bragg peaks are in accordance to the tetragonal wakefieldite
modification. The obvious broadening of the diffraction lines already hints to the presence of
nanosized crystals. To this end, a mean crystallite size of 12 nm was calculated applying Scherrer’s
equation to the most intense Bragg peak ((200) at 20 = 25.00°). Scanning electron microscopy
(SEM) was involved to get a closer look at morphology and size (Fig. 8). The nanocrystals turn out
to be non-agglomerated and very uniform in size and shape. The average diameter is deduced to 12-
15 nm and consistent with the XRD results. In addition to XRD analysis, which confirms the
crystallinity of powder samples, composition and crystallinity of selected individual nanoparticles
are evidenced by high resolution transmission electron microscopy (HRTEM) and selected area
electron diffraction (SAED) (Fig. 8). Representative images display YVO4:Eu nanoparticles with
highly ordered lattice fringes, indicating that even areas close to the particle surface are well
crystallized. The observed lattice distance is identified as 6.22 A and corresponds well with (001)
(literature data: 6.27 A).* During HRTEM investigation the nanocrystals turned out to become

10
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amorphous on a minutes time scale (Fig. 8). In fact, such a behavior has been described already and
is ascribed to phase separation processes and partial reduction of vanadium.*

0.36 ‘nrrl.(200)
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Figure 8. A) SEM, B) SAED, C) and D) HRTEM images of as-prepared YVO4:Eu of a
representative nanoparticle, thereof D) after about 1 min of electron-beam exposure.

In addition to electron microscopy, the particle size distribution of the title compound was
measured in suspension via dynamic light scattering (DLS). To this concern, as-prepared YVO4:Eu
was redispersed in DEG. As a result, an average hydrodynamic diameter of 15 nm, and again a low
degree of agglomeration is evidenced. The colloidal stability of the suspensions is ascribed to
charge stabilization of the nanocrystals by the constituents of the IL.*' Hence, infrared spectra of as-
prepared YVO,:Eu show the characteristic vibrations related to the [VO,]* anion as the dominating
absorption (vv.0) = 900-800 cm'l). On the other hand, the IL (v(c.y = 2970-2880 cm'l, V(s-0) =
1470-1060 cm'l) as well as water (v(o-iry = 3500-3300 cm'l, S0y = 1630 cm'l) are indeed indicated
by weak absorptions.*

Emission spectra of as-prepared YVO,:Eu (15 mol-%) display the characteristic Eu’"-related
transitions as described for bulk as well as for nanoscale YVO4:Eu. After excitation via (O—V)
charge transfer on the vanadate anion and subsequent energy transfer to Eu’", relaxation occurs due
to f-f transitions on Eu3+, with °Dy — 'F, as the most intense emission line.>>** The quantum yield
was determined by comparison to commercial YVO4:Eu, which is used as an industrial display
phosphor. This reference material consists of particles, 4 to 8 um in diameter and has been specified
with a quantum yield of 70 %. Based on normalized absorption of sample and reference, by
comparing the resulting emission intensity, a quantum yield of 17-19 % is obtained for as-prepared
YVO,:Eu nanocrystals. This value is in good agreement to literature data.

Aiming at an increased quantum yield - similar to semiconductor-type quantum dots - a core-
shell structure would be most likely in order to decrease surface-related loss processes. In order to
guarantee a sufficient lattice matching at the solid-solid interface, the non-luminescent shell is
preferentially established by the same compound as the core - or at least a material with almost
identical lattice parameters. Since [VO4]* as a luminescent center is an intrinsic part of the lattice,
non-doped YVOq is excluded from being a suitable shell. Selection of a shell material is restricted
even further due to the anisotropy of the YVO4 unit cell. The situation is unraveled here by
introducing YFj; as a shell. In general, fluorides are well known for efficient defect healing of oxide
materials.” Moreover, at least two lattice parameters of YVO, (a=b=7.10 A; ¢ = 6.27 A) are very
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close to YF3 (b = 6.85 A; a=6.35 A).** HRTEM images indeed show a single crystalline YVO4:Eu
core, 12 to 15 nm in size, which is covered by a highly crystalline YF; shell, 1 to 2 nm in thickness
(Fig. 9). The resulting core-shell particles amount to 14 to 17 nm in diameter and show a sufficient
matching between (001) lattice fringes of YVO4 (measured: 6.22 A) and (100) fringes of YF;
(measured: 6.39 A). Although electron microscopy indicates the presence of a shell, these
investigations are quite complicated due to the low stability of YVO, and its alteration when
exposed to the electron beam. Standard analytical tools, e.g., DLS and XRD, are - as expected - of
very limited reliability due to the low overall amount of YF;. On the other hand, fluorescence
spectroscopy is a very valuable evidence for the core-shell structure (see below). In addition,
electron-energy loss spectroscopy (EELS) clearly validates the presence of fluorine throughout the
sample (Fig. 10). Here, element mapping reveals high intensities of Eu in the inner parts of the
nanoparticles, associated with low peripheral fluorine intensities. According to the Eu:F intensity
ratio, the amount of fluorine can be deduced to about 1-3 %, which is in agreement to the
expectation.

Figure 9. Overview SEM and HRTEM 1age of YVO4:E@YF3 core-shell
nanoparticles, with YVOy4 core (001) = 6.22 A and YFj3 shell (100) = 6.39 A).

If core-shell structures are established with a sufficient lattice matching of core and shell, a
significant increase in quantum yield can be expected.” Indeed, suspensions of YVO,Eu@YF;
exhibit strong emission of red light even in ethanol. Emission spectra exhibit a strong increase in
intensity when comparing YVO4:Eu@YF; and YVO,:Eu. Note that crystal field splitting of *Dy-'F,
transitions results in a certain change of the emission ratio. The quantum yield of YVO4:Eu@YF;
(15 mol-%) was recorded again - as described above - by comparing to commercial YVO4:Eu (5
mol-%) as a reference. As a result, a value of 44 to 46 % is obtained. Both results - the emission
spectra as well as the quantum yield - are in accordance with a significant reduction of surface-
allocated defects, and thereby confirm the presence of the core-shell structure.
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Figure 10. Electron-energy loss spectroscopy (EELS) of YVO4:Eu@YF; colloid: (a)
Bundles of nanoparticles adsorbed to a carbon-foil. Encircled area indicates the PEELS
measuring area of the adjacent spectra, which were background corrected. (b, c) ESI-
maps of F and Eu show their elemental distribution, strictly correlated with the particle
bundles.

In2(M0QOy)3:Eu

In;(Mo0Qy)s as a lattice material with quite a high reflectivity in the visible range could — upon
selective doping — act as a luminescent nanomaterial. Thus, luminescence of rare earth ions driven
by LMCT excitation and subsequent energy-transfer to the relevant rare-earth ion is well known for
application in fluorescent lamps and displays. With regard to charge and size of In*" (r: 94 pm) as
the regular lattice constituent, Eu’" (r: 108 pm) could be an ideal dopant. Accordingly, 5 mol-%
Eu’" were introduced in the lattice of as-prepared Iny(MoOs)s. The presence of Eu’" becomes
obvious already by comparing UV-Vis spectra of Iny(MoOj4); and Iny(MoOs);:Eu. Weak line-type
absorptions between 350 nm and 600 nm originate from 7F()—>5Dn transitions on Eu’". Moreover,
upon excitation with UV-light (366 nm) a weak red emission of Iny(MoO4)s;:Eu is observed
(Figure 11).

Excitation and emission spectra of as-prepared Iny(MoO4);:Eu show the characteristic transitions
within the 4f-manifold on Eu’* as well as the 0> —Eu’” LMCT (Figure 12) as they are observed in
many other Eu*"-doped luminescent materials (e.g. Y203:Eu, YVO4:Eu). Since the luminescence of
nanomaterials is strongly affected by lattice defects, surface-allocated defect states or remaining
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solvent adhered to the particle surface, as-prepared In,(MoO4);:Eu was heated for 30 min at 450 °C.
By this measure, certain agglomeration of nanoparticles occurred, however, resuspension of the
sintered material is still possible with an average primary diameter (51(11) nm) that is still near to
the as-prepared material (35(6) nm) (Figure 10). The emission intensity, on the other hand, is
dramatically increased subsequent to sintering. For suspensions as well as for powder samples this
is clearly visible even with the naked eye (Figure 10). Since the Eu’" concentration is identical for
the as-prepared as well as for sintered In,(Mo0Os);:Eu, its excitation can be normalized based on the
7F0—>5Dn transitions. In concrete, the most intense excitation line at 394 nm was selected to this
purpose. Thus, the emission can be compared quantitatively and results in a twelve-times higher
emission of sintered Iny(MoQy);:Eu.

As-prepared . .
InM0O,); Eu Sintered In(MoQ,);Eu

_— .

450 °C
30 min

Figure 11. Visible emission (Aexcitation: 254 nm) of as-prepared Iny(MoQO4);:Eu (5 mol-
%) as compared to the sintered material (450 °C, 30 min): powder samples and
suspension in DEG as well as a SEM image of sintered In,(Mo0QO4);:Eu.
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Figure 12. Excitation (Aemission: 614 nm) and emission (Aexcitation: 250 nm) of as prepared
In(M00O4)3:Eu (5 mol-%) as compared to the sintered material (450 °C, 30 min).
Spectra were normalized on f—f excitation on Eu’" at 394 nm.
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2. Organic-inorganic hybrid luminescent nanomaterials

Imaging techniques (such as positron emission tomography, magnetic resonance tomography, X-
ray tomography, luminescence imaging, optical coherence tomography, ultrasonic techniques)
require new contrasting agents in humans, mice or rats to visualize whole organisms or single
cells.”” Moreover, new luminescent tags have to be developed for modern light microscopy.
Subcellular-ultrastructural analysis with energy-filtered transmission electron microscopy
(EFTEM), finally, requires electron-opaque markers for easy detection. To use custom-made
nanoparticles as oligofunctional entities, various traits are prerequisite prior to a general application
in life sciences and basic medical research, such as: (1) sufficient biocompatibility; (2)
straightforward synthesis; (3) easy detection with standard hardware, and (4) highly specific signals
to prevent overlaps with autofluorescence by organs, cells or organelles. Significant progress has
been already made with regard to the above requirements and functions based on luminescent
nanoparticles, and is summarized in some recent reviews.”®

Three classes of luminescent nanoparticles have been identified at present: semiconductor-type
quantum dots,” metal-doped oxides and fluorides,*’ and organic-inorganic hybrids.*' Among them,
quantum dots (e. g., CdSe@ZnS, InP@ZnS) are most prominent and widely applied, due to their
intense emission, ranging from the blue to the infrared.** These materials, however, have inherent
drawbacks, such as their sensitivity towards hydrolysis and oxidation, high demands on the
crystallinity of the material, and very toxic constituents.”” Advanced chemical synthesis and
strategies for surface protection are prerequisites for obtaining state-of-the-art water-dispersible
core-shell structures with precise size control.* The latter is essential to establish the underlying
quantum size effect and a well-defined emission. Similar requirements — including the crystallinity
of the material, core-shell structures and surface protection — also apply to metal-doped
nanoparticles (e. g., LaPO4:Ce, Tb@LaPOs,, LaF;:Eu@LaF;) to reduce surface-allocated defects and
to obtain an intense emission.*

Hybrid materials, as an alternative class of luminescent nanoparticles, comprise a non-
luminescent inorganic matrix (i. e., silica and calcium phosphate), in which a fluorescent organic
dye (e. g. phenoxazine, Nile red, rhodamine, indocyanine green, fluorescein) is encapsulated.*®
With a dye concentration of 1 mol-% or less, the number of luminescent centers per particle is low,
especially, in comparison to the quantum dots. Moreover, the available quantities are limited since
these hybrid materials are commonly made via microemulsion techniques.

The aim of this study is to identify a low-cost biocompatible hybrid nanomaterial with intense
luminescence. Chemical synthesis should be as easy as possible and potentially provide reliable
access to larger quantities. The system ZrO(HPO,),_x(FMN)x (x =0 — 1) and its formal constituents
(ZrO)**—(HPO4)* —(FMN)>~ (FMN: flavin mononucleotide — a derivative of the well-known
vitamin By, Fig. 13)*’ attracted our attention for several reasons: 1.) The very low solubility, which
facilitates nucleation and growth of nanoparticles;”® 2.) The chemical inertness of zirconium
phosphates; 3.) All constituents are known for their biocompatibility (e.g. lethal intake of
ZrCly >1 g/kg);* 4.) Depending on the chemical composition, the dye concentration can be tuned
from very low contents (<1 mol%) up to molar amounts. The underlying concept of a luminescent
hybrid material that is formally composed of an inorganic cation and an anionic fluorescent dye has
not been reported previously.
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Figure 13. ZrO(HPO4),x(FMN)x (FMN: flavin mononucleotide) with: a) Its formal
constitutents as well as excitation and emission spectra; b) Suspensions of as-prepared
nanoparticles (1 wt-% in ethanol) in daylight, with UV excitation (366 nm) and with
blue-LED excitation (380—450 nm).

The poor solubility of the zirconium phosphates, in principle, allows a preparation of
nanoparticles via various methods. Aiming at a rapid synthesis that avoids advanced multistage
procedures, we have decided to use a forced hydrolysis in water.”” Based on a formula
ZrO(HPO4)_(FMN), (x=0-1) a complete exchange of (HPO4)* and (FMN)* should be
possible, and is indeed observed for the first time with luminescent hybrid materials. To this end,
the compound zirconyl flavin mononucleotide (ZrO(FMN)) containing molar amounts of the dye,
and the “diluted” version ZrO(HPO4)o9(FMN)y; were selected as representative examples. Both
compounds were obtained simply by mixing of aqueous solutions of the starting materials and
resulted in transparent yellow to orange suspensions, which show bright green emission under
ultraviolet (366 nm) as well as under blue light (380—450 nm) excitation (Fig. 13). Note that, due to
the strong absorption of UV light, only that part of the suspension shows full luminescence which is
close to the direction of incidence of the incoming light. In the case of the blue LED, partial
additive color mixing of scattered blue light and the green emission is observed, leading to white
light. As-prepared suspensions typically contain solid contents of 1 % by weight, and turn out to be
stable over months. Although the synthesis was performed on the laboratory scale here (i. e. in
0.5-1.0 g amounts), straightforward scaling up can be expected due to the fact that, for instance,
material's crystallinity or core-shell structures do not need any consideration.

Size and shape of as-prepared ZrO(HPO,),_x(FMN), were evaluated by dynamic light scattering
(DLS), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). DLS
analysis of as-prepared nanoparticles in water shows a comparably broad size distribution with a
mean hydrodynamic diameter of 39(£12) nm (Fig. 14). Redispersion in a more surface-active
solvent such as diethylene glycol (DEG) leads to a much narrower size distribution (i. e.
32(£4) nm). This finding indicates that uniform primary particles are present in principle, but that a
certain agglomeration in water occurs. Note that all particles are still smaller than 100 nm, even in
water. Consider also the simplicity of the synthesis and the absence of any common colloidal
stabilizer (e. g. long-chained amines or phosphines). By electron microscopy, ZrO(HPO4);_«(FMN)
was observed with spherical shape and a mean diameter of 25—-40 nm (Fig. 14). Finally, the specific
surface was measured, based on the Brunauer-Emmett-Teller (BET) method. With a value of
115 m’g ", the presence of a nanoscaled compound is again confirmed.
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Figure 14. Size and morphology of ZrO(HPO4),_x(FMN)y: DLS analysis of as-prepared
nanoparticles in water (a) and after redispersion in diethylene glycol (b); Electron
microscopy of as-prepared nanoparticles at different magnification including overview
SEM (c,d) and energy-filtered TEM zero-loss images (e).

To identify the chemical composition of the title compound, X-ray powder diffraction (XRD)
analysis was conducted at first. However, the nanoparticles turned out to be completely amorphous.
Fourier-transform infrared spectroscopy (FT-IR) evidences the presence and relative concentration
of (FMN) by comparing ZrO(HPO4)oo(FMN)y; and ZrO(FMN) with ZrO(HPO4) and
Na(HFMN) - 2H,0 as references (see supporting information). To investigate dye concentration and
chemical composition, energy-dispersive X-ray absorption (EDX); elemental analysis and
thermogravimetry (TG) were conducted as well. The Zr:P ratio of both compounds was determined
by EDX and results to 1:1.2 for the composition ZrO(HPO4)¢o(FMN)o; and to 1:1.0 for ZrO(FMN).
Both values are well in agreement with the expected equimolar ratio. Elemental analysis (C/N
analysis) of ZrO(HPO4)o(FMN); and ZrO(FMN) revealed contents of 9.9 % carbon and 2.2 %
nitrogen by weight (expected C: 8.5 %, N: 2.3 %) as well as 33.6 % carbon and 9.2 % nitrogen by
weight (expected C: 36.3%, N: 9.99%), respectively. Finally, thermogravimetry of
ZrO(HPO4)09(FMN),; showed a weight loss of 23 % when heated to 700 °C. This value —
comprising the decomposition of the dye as well as the dehydration of the inorganic matrix — is in
accordance with what has been expected (22 %). ZrO(FMN) showed a weight loss of 61 %, which
can be directly correlated to the dye decomposition (expected: 64 %). The TG remnants of both
compounds were identified via XRD, the results being Zr3(PO4)s and minor amounts of ZrO, (see
supporting information).”' Taking all these analytical data into account, the chemical composition
of the amorphous nanoparticles can be reliably deduced to ZrO(HPO4)o o(FMN)o 1 and ZrO(FMN).
Considering the enormous surface and the non-crystallinity of the nanoparticles, however, a certain
protonation/hydration (e. g. Zr(OH),(FMN)) can not be excluded completely. Here, single-crystal
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structure analysis would be most preferrable to explore the entire structure and bonding situation.
Note that detailed structure and composition even of crystalline bulk zirconium phosphates are part
of a controversial discussion so that conclusions by analogy are difficult, too.”"*

As expected, the photoluminescence of ZrO(HPO4)y9(FMN)o; and ZrO(FMN) is driven by the
dye anion. Accordingly, the nanoparticles can be excited from the UV far into the visible spectrum
(250-510 nm), accompanied by an intense emission with its maximum at 530 nm (Fig. 13).*®
Although FMN is very advantageous with regard to biocompatibility, its quantum yield (about
30 %)*® is merely average by comparison to other fluorescent dyes. However, the nanoparticles —
especially in the case of ZrO(FMN) — act as a quasi-infinite reservoir due to the incorporated molar
amounts of the dye anion. This huge number of luminescent centers per nanoparticle guarantees an
intensive spotlight-type emission as well as a low bleaching.

To evaluate the use of ZrO(HPO,),—x(FMN)x nanoparticles for optical imaging techniques, we
have concentrated our studies on living mice and cells. First, ZrO(FMN) was injected intradermally
and intraperitoneally into NMRI (nu/nu) and BALB/C mice. An intense green emission was
observed in the resulting wheals (Fig. 15a). The blood vessels around the wheals were detected after
injection of Cy5-NHS, which reacted with intravascular blood proteins, blood cells and endothelial
cells (Fig. 15b). The merged image (Fig. 15c) shows the borders of wheals with the vessels (red
emission) especially after ethanol injection (ethanol induces hyperemia). The central part of the
wheals instead shows intense green emission of the injected nanoparticles. The fluorescence of the
ZrO(FMN) nanoparticles in wheals was stable for several hours and initially disappeared overnight.
The intraperitoneal injection of 100—200 pl of nanoparticles in isotonic phosphate buffer, moreover,
did not show any acute toxicity; even after two month, no toxic or allergic effects on the animals
were observed.
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Figure 15. In vivo imaging of ZrO(HPO,); x(FMN)x nanoparticles in whole organisms
and cells: a—c) Luminescence after intradermal injection into NMRI mice with a)
ZrO(FMN) nanoparticles in (1) HEPES-buffer, (2) water, (3) ethanol as well as (4) Cy5-
NHS intravescular vessel stain, (K) control buffer; b) Red fluorescence of Cy5-NHS; c)
Merged images of (atb); d—f) Cellular uptake of ZrO(FMN) in living murine
macrophages with (d) vesicles and lysosomes stain by lysotracker; e) DIC image; f)
Colocalization of vesicles with luminescent nanoparticles; g) Emission spectrum of
four-color stain macrophages.

The biocompatibility of ZrO(HPO,),—x(FMN)x nanoparticles was further investigated with
mammalian cells, which respond to toxic substances and show a high uptake rate of nanoparticles
(i. e., murine bone-marrow-derived macrophages, immature human dendritic cells). Both cell types
took up the nanoparticles without showing any toxic effect, such as blebbing and cell death by
apoptosis or necrosis. The nanoparticles colocalized with vesicles of the lysosomal compartment
stained with lysotracker (Fig. 15d—f). They did not colocalize with mitochondria and nuclei. The
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total emission spectrum measured over all stained cellular compartments confirmed the
colocalization (Fig. 15g).
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Figure 16. Ultrastructural and elemental analysis of ZrO(HPOs)_x(FMN),-treated
macrophages: a) Survey of confluently growing macrophages; b+d) Low-/high-
resolution images of untreated macrophages (N: nucleus, V: cytoplasm with vesicles);
cte) Low-/high-resolution images of nanoparticle-treated macrophages; f) WR-PEEL
spectra of: nanoparticle-filled vesicle (red line, measured vesicle indicated by red circle
in (g)), ZrO(FMN) nanoparticles as such (blue line), elemental Zr as a reference (green
line) as well as ionization onsets P-L23 (yellow box) and Zr—M45 (green box) with
ELNES fingerprints; g) Vesicles overlaid with Zr-M45 elemental map indicating
ZrO(FMN) nanoparticles as red dots.
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SEM and EF-TEM verified the results of light microscopy and show the attached murine
macrophages on plastic surface (Fig. 16a—e). The fixed macrophages were cut ““en face” in parallel
sections. In case of untreated macrophages nucleus and cytoplasm — crowded with electron-
translucent vesicles — are clearly visible (Fig. 16b,d). In contrast, the cytoplasm of nanoparticle-
treated macrophages is enriched with electron-opaque vesicles showing a characteristic dark,
granular structure (Fig. 16c,e). Accordingly, the nanoparticles are exclusively localized in vesicles.
Parallel electron-energy loss (PEEL) spectra of nanoparticle-containing vesicles and suited
references (i. €., ZrO(FMN) as such, elemental Zirconium, ionization onsets of P-L23 and Zr-M45)
evidence the presence of Zr and P in the nanoparticles (Fig. 16f). Macrophages incubated without
nanoparticles do not show such structures (negative control). Finally, the ZrO(FMN) nanoparticles
become precisely visible if the vesicles were overlaid with an Zr-M45 elemental map (Fig. 16f).
Altogether, ZrO(HPO,);_x(FMN)x nanoparticles appear to be suitable tools for staining viable
structures in whole organisms. To establish a specific targeting in organisms, organs or cells — i. e.,
to couple specific antibodies, ligands, lectins or receptor molecules — all well-known techniques to
functionalize the surface of semiconductor quantum dots and to attach specific linkers can now be
applied.

Composition of Nanoparticles
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Figure 17. DMZP's with alternative emission color and luminescent switching:
Combining the formal constituents (ZrO)*" and umbelliferonphosphate (UFP)*™ or
porphyrinamidophosphonate (PAP)*” as dye anions resulted in nanoparticles exhibiting
blue and red emission (Aexcitation =366 nm). Luminescent switching is possible by
addition of phosphatase in the case of “ZrO(UFP)” and by reduction/oxidation in the
case of ZrO(FMN) (ZrO(FMN) excited with blue-LED).

In addition to ZrO(HPO4);x(FMN) showing green emission, the concept of dye-modified
zirconium phosphates (DMZP’s) has been extended in a preliminary study to alternative dye anions
and emission colors. When umbelliferon phosphate (UFP)* was introduced, non-crystalline
nanoparticles with an approximated composition “ZrO(UFP)” were obtained, exhibiting blue
emission under 366 nm excitation (Fig. 17). In fact, emission is relatively weak here. A much
brighter luminescence occurs if non-bound umbelliferon is set free in the presence of phosphatase.
This change from weak to very strong emission can be of great relevance, since the effect can be
directly correlated to metabolic activity, e. g. ATP consumption. A similar effect occurs in the case
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of ZrO(HPO4),x(FMN)y, whose emission can be turned on and off reversibly (Fig. 17). This is
caused by reduction, such as in the presence of [8204]2_, or oxidation, such as in the presence of O,,
of the dye, and might again allow a direct observation of metabolic processes (e. g. in the presence
of NADH or NAD"). A correlation of metabolic processes and optical switching of luminescent
markers very recently attracted great interest.” Finally, red emission of DMZP’s has been observed
under blue light excitation with porphyrinamidophosphonate (PAP)*” as the dye anion and an
approximated composition “ZrsO4(PAP)” (Fig.17). As presented in the case of
ZrO(HPO4); x(FMN)y, “ZrO(UFP)” and “ZrsO4(PAP)” require a much more detailed elaboration
regarding structure and properties as part of future studies. Nevertheless, both compounds
demonstrate the practicability of DMZP’s as a novel class of luminescent nanoparticles on a broader
scope.

ZrO(UFP)

The organic-inorganic hybrid material ZrO(UFP) is accessible via synthesis in ionic liquids,
namely [MeBusN][NTf,] (Me: methyl, Bu: Butyl, Tf: triflate). Such ionic liquids have been already
used for the synthesis of various nanomaterials. In particular, they are beneficial because of their
distinctive properties such as chemical and thermal stability, low surface tension and high polarity.
Moreover, the constituting cations/anions are often weakly coordinating and therefore easy to
remove from the particle surfaces subsequent to synthesis. All these aspects are relevant to the
synthesis of nanoparticles, which was carried out in the case of ZrO(UFP) by mixing of the starting
materials Nay(UFP) and ZrOCl, at 70 °C in the ionic liquid as reaction medium. ZrO(UFP) herein is
obtained as an insoluble colorless compound.

After separation from the ionic liquid and suited washing processes, as-prepared ZrO(UFP) can
be easily resuspended in alcoholic media or water, typically with solid contents of 0.5-5.0 wt-%.
Dynamic light scattering (DLS) of the resulting suspension — for instance in diethylene glycol
(DEG) — results in a narrow size distribution with a mean diameter of 63(5) nm. Since water is the
preferrable dispersant for all kinds of technical and biomedical applications, as-prepared ZrO(UFP)
was resuspended in water, too. Here, DLS shows a broadened size distribution with a mean
hydrodynamic diameter of 70(10) nm. Since water is less surface-active, this finding can be
ascribed to a reduced colloidal stabilization of the nanoparticles and a beginning agglomeration.
Scanning electron microscopy (SEM) confirms this view with a mean diameter of 47(9) nm. This
value was deduced based on a statistical evaluation of 50 particles and is in reasonable agreement
with the primary particle size as obtained by DLS for suspensions of ZrO(UFP) in DEG.

To identify the chemical composition of the as-prepared nanoparticles, X-ray powder diffraction
analysis (XRD) was conducted first. However, the nanoparticles turned out to be completely
amorphous. In order to validate the chemical composition of the compound, therefore, infrared
spectroscopy (FT-IR), thermogravimetry (TG), energy dispersive X-ray analysis (EDX) and
elemental analysis were involved. FT-IR spectra of the nanoparticles show all characteristic
vibrational bands of umbelliferonephosphate: 3600-3000 cm' (v(O-H)), 1750-1550 cm™’
(v(C=0)), 1550-1200 cm™" (v(C-0), v(C—C), 8(C-H)), 1200-900 cm™" (v(PO,)) and 900400 cm™’
(8(C=C)). To allow for an easy assignment, the spectrum of Na,(UFP) is displayed as a reference,
too. Note that the large number of (energetically slightly different) phosphate ions in the amorphous
nanomaterial results in a significant broadening of v(PO4) as compared to crystalline bulk-
Nay(UFP). In addition to the vibrations stemming from UFP, water as well as ethanol adhered to the
surface of the nanoparticles are visible: 3600-3000 cm™' (v(O—H)) and 2950-2800 cm™' (v(C—H)).
TG analysis of ZrO(UFP) showed reproducible weight losses of 32—39 % up to 500 °C. Hereof, a
first step up to 250 °C can be attributed to decarboxylation (8 %). A second step is related to the
complete fragmentation of the organic dye (29 %). These values are in accordance to the
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expectation (12 % + 31 %). The TG remnant upon X-ray powder diffraction was identified as
Z13(POy4)4 and minor amounts of ZrO,.

While FT-IR spectroscopy and TG analysis prove the presence of the organic dye as well as of
zirconium in principle, chemical analysis is required for quantification. Thus, EDX of the as-
prepared nanoparticles revealed a composition of about Zr+Hf: 25+1(2) wt-%, P: 8(1) wt-%, C:
35(4) wt-%, O: 31(3) wt-%. These findings are in sufficient agreement with the calculated values
for ZrO(UFP) with Zr: 26 wt-%, P: 9 wt-%, C: 31 wt-%, O: 32 wt-%. Note that commercially
available Zirconium compounds always contain a certian amount of Hafnium (typically 1-3 % of
the Zirconium concentration). Note further that the Zr:P ratio as the most significant result of the
EDX analysis with Zr:P = 1.1:1.0 almost exactly amounts to the expected molar ratio (1:1). Taking
all the above analytical data into account, the chemical composition of the amorphous nanoparticles
is sufficiently curtailed to ZrO(UFP). Considering the large surface and the non-crystallinity of the
nanoparticles, however, a certain protonation/hydration (e. g. Zr(OH),(UFP) as well as a certain
incorporation of hydrogenphosphate instead of umbelliferonephosphate cannot be excluded
completely. Since layer-type crystal structures have been quite often observed for hybrid-type
zirconium compounds, a layered structure can be expected here, too. However, crystal growth and
structural characterization of such compounds even in the ternary Zr-P-O system are known to be a
challenge and have led to controversial discussions.

The photoluminescence of as-prepared ZrO(UFP) is measured with the nanoparticles suspended
in water and compared to the non-bound fluorescent dye as a reference (Fig. 18). Accordingly,
excitation and emission spectra of both are quite similar with the maxima at almost congruent
positions, viz are 325 nm for excitation and 455 nm for emission. In fact, the quantum yield of
umbelliferone with just 15 % is low in comparison to many other fluorescent dyes.’*>® ZrO(UFP)
nanoparticles nevertheless show an intense emission since the poor quantum yield is
overcompensated by the huge number of luminescent centers per nanoparticle.

ZrO(UFP) Nanoparticles Non-bound Umbelliferone

o TR : X
0 Phosphatase + H,O
~7 -
@) PN
'o/ 0 o 0 HO 0 o}

Daylight UV-ight Daylight UV-light
Figure 18: ZrO(UFP) nanoparticles in daylight and under UV-excitation indicating the
appearance and luminescence of water-based suspensions prior (left cuevette each) and
subsequent (right cuvettes each) to addition of acid phosphatase resulting in a controlled
release of non-bound umbelliferone (suspensions in water; Aexcitation = 366 nm).

Besides the UFP-related luminescence as-prepared ZrO(UFP) nanoparticles exhibit an additional
dynamic emission process. Thus, a controlled release of umbelliferone from the nanoparticles can
be initiated upon hydrolytic cleavage of the phosphate ester bond, for instance by addition of acid
phosphatase. This release of free UFP leads to a significant increase of the emission intensity and is
clearly visible even with the naked eye (Fig. 18). Comparing the luminescence of ZrO(UFP)
nanoparticles before and after addition of acid phosphatase reliable evidences the effect of the
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enzymatic reaction. The acid phosphatase driven hydrolytic release is further quantified by time-
resolved photoluminescence spectroscopy (Fig. 19). To this concern, as-prepared ZrO(UFP)
nanoparticles (suspended in 3 ml of H,O) were measured first to guarantee for stable, continuous
emission. Roughly after 4 h acid phosphatase enzyme was added (dissolved in 0.2 ml of H,0).
Addition of the enzyme solution is indicated by a dilution-caused drop in emission (Fig. 19).
Thereafter the emission intensity rises within 10 h by a factor of 3-5.
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Figure 19: Increase of the luminescence intensity subsequent to phosphatase catalysed
hydrolytic release of non-bound umbelliferone from ZrO(UFP) nanoparticles

(}\Iexcitation = 366 nm, }\femission = 456 l'll'Il).

04

03

Aiming at potential fields of application, umbelliferone and its derivatives generally play an
essential role as secondary metabolites in several green plants, for instance, Typha domingensis,
Apiaceae, Coronilla or Chamomilla recutita.’”® In opposite to the hepatotoxicity of some
coumarine-like compounds, 7-hydroxycoumarine and its derivates are known to be less harmful.®!
In fact, there are reports describing even a hepatoprotective and antiastmathic effect instead.***
Umbelliferone is furthermore used as a pH-indicator, in sunblocking lotion and as a fluorescence
indicator for analytical detection of Ca>" or Cu®".%> All these aspects may come into question for an
application of ZrO(UFP) nanoparticles, too. In addition, ZrO(UFP) may act as a fluorescent probe
for phosphatases or retarded carrier and release of umbelliferone as a pharmaceutical agent
exhibiting hepatoprotective or antiastmathic effects.
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