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1. Introduction

Manipulation of up-conversion emission in NaYF,4
core@shell nanoparticles doped by Er**, Tm>*,

or Yb** ions by excitation wavelength—three
ions—plenty of possibilitiest

a

Tomasz Grzyb, @ *? Piotr Kaminski, €2 * Dominika Przybylska, ©©
F. Sanz-Rodriguez® and Patricia Haro Gonzalez (2°

Artur Tyminski, @

Nanoparticles (NPs) based on host compound NaYF, with core@shell structures were synthesised by the
precipitation reaction in high-boiling point octadecene/oleic acid solvent. Four laser wavelengths were
used (808, 975, 1208, or 1532 nm) for excitation of the obtained NPs. The resulting emission and mecha-
nisms responsible for spectroscopic properties were studied in detail. Depending on NP compositions, i.e.
type of doping ion (Er¥*, Tm®*, or Yb>*) or presence of dopants in the same or different phases, adjustable
up-conversion (UC) could be obtained with emission peaks covering the visible to near-infrared range
(475 to 1625 nm). The presented results demonstrated multifunctionality of the prepared NPs. NaYF4:2%
Tm>*@NaYF, NPs exhibited emission at 700 and 1450 nm under 808 nm laser excitation or 800 and
1625 nm emission under 1208 nm laser radiation, as a result of ground- and excited-state absorption pro-
cesses (GSA and ESA, respectively). However, NaYF,:5%Er®* 2% Tm>*@NaYF, NPs showed the most inter-
esting properties, as they can convert all studied laser wavelengths due to the absorption of Tm** (808,
1208 nm) or Er®* ions (808, 975, 1532 nm), revealing a photon avalanche process under 1208 nm laser
excitation, as well as GSA and ESA at other excitation wavelengths. The NaYF,:2%Tm> @NaYF,:5%Er>*
NPs revealed the resultant emission properties, as the dopant ions were separated within core and shell
phases. The NaYF418%Yb®" 2%Tm>*@NaYF, and NaYF,:18%Yb>* 2%Tm> @NaYF4:5%Er** samples
showed the brightest emission, around 800 nm, under 975 nm excitation, though other laser wavelengths
allowed for observation of luminescence, as well, especially in NPs with Er®* in the outer shell, capable of
UC under 1532 nm. The presented results highlight the unique and universal properties of lanthanide ions
for designing luminescent NPs for a variety of potential applications, such as confocal microscopy.

ment of nanoscience.®'® Today, UC is known to be efficient in

lanthanide (Ln*")-doped materials, thanks to their spectro-

Upconversion (UC) processes have been investigated inten-
sively in recent years because of their many advantages over
typical luminescence.'® This anti-Stokes phenomenon can be
observed after excitation of materials by long-wavelength radi-
ation and usually generates short-wavelength emissions. The
growing interest around UC started after its discovery by Auzel
in the 1960s and has significantly increased with the develop-
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scopic properties, such as well-defined energy levels, the possi-
bility of energy transfer (ET) between them, and narrow spec-
tral bands covering ultraviolet (UV) to near-infrared (NIR) wave-
lengths. Nanoparticles (NPs) showing UC luminescence
(UCNPs) are intensively studied, as they are promising for bio-
medical applications.'® Currently, novel theranostics benefit
from the UC process, allowing for cancer diagnostics and treat-
ment with the possibility of NP excitation in the NIR
range.?*>* Other research areas, such as temperature sensors,
photocatalysis, solar energy conversion, forensics, anti-coun-
terfeit applications, etc., have also been influenced by the
development of UC processes.”>*°

Studies of Ln**-doped UC materials have continued since
the 1960s and expanded in the last 15 years to include nano-
materials, providing insight into mechanisms responsible for
luminescence and its enhancement.®'"*' UC in Ln*'-doped

This journal is © The Royal Society of Chemistry 2021
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materials is possible via absorption of two or more photons
occurring within one type of ion (ground and excited state
absorption, GSA or ESA, respectively) and emission of single-
photons with higher energies than absorbed."* Similar exci-
tation pathways are possible in double-doped materials, with
the ET process occurring between them. In energy transfer up-
conversion (ETU) and cooperative energy transfer (CET)
mechanisms, sensitizing ions, typically Yb*", transfer absorbed
energy to activator ions, most often Eu’*, Tb**, Ho®**, Er’", and
Tm®" ions.""*> Photon avalanche (PA) is another UC gene-
ration pathway, allowing for “looping” of the absorbed energy
through Ln** dopant properties. In the PA process, GSA is very
weak; however, above appropriate excitation density
thresholds, ESA becomes strong, yielding intense UC with
higher nonlinearity than other mechanisms.*®

UC emission, in the majority of published results, is based
on the properties of Yb®" ions, being excellent absorbers
around 975 nm. Usually, doping with Yb*" and Er**, Ho®", or
Tm®" ions yields UC in the visible range.'® With UCNP biologi-
cal applications, systems based on Nd*" ions were intensively
developed, as they can convert radiation around 808 nm to
visible or NIR light.>* The application of Nd** ions as sensi-
tizers for UC was possible in core@shell systems, where Nd**
ions are usually in a different phase than Ln’* emitters.
Another factor yielding interest for Nd**-doped systems is the
increased transparency of biological systems to 808 nm radi-
ation compared to 975 nm radiation.

Excitation at wavelengths longer than 1000 nm has been
recently studied, mostly in Er**-doped NPs, e.g. o-NaErF,
doped with Mn*", in which a colour shift from green to red
was observed under 1530 nm laser excitation;®® with
NaGdF,:20%Yb*",2%Er*" showing temperature-dependent UC
under 980 and 1530 nm excitation;*® NaErF,@NaYF, NPs with
intense emission under 1532 nm;’” or Er’":NaYF,@NaLuF,
NPs showing UC, highly-dependent on the shell thickness.*®
Other published studies also reported UC under different
wavelengths, such as 1150 nm used for excitation of LiYF,:Er/
Ho@LiYF, NPs*® or 1157 nm applied to obtain UC from
NaYF,:10%Er’' @NaYF,@NaYF,:10%Ho> @NaYF,.*°
Excitation of NPs around 1208 nm has been reported only four
times: (1) NaYF,:10%Er’" @NaYF,@NaYF,:10%
Ho*' @NaYF,@NaYF,:1%Tm* @NaYF, NPs showed 800 nm
emission under 1213 nm laser excitation; (2) UC was induced
in Tm*"-doped yttrium orthoaluminate nanoperovskite, with a
major emission peak at around 810 nm upon 1210 nm pulsed
laser excitation;*" (3) NaErF,@NaYF,:10% Tm**@NaYF, NPs
were used in the time-gated fluorescence imaging system,
showing emission under 1208 nm; and (4) most recently, we
presented UC under 1208 nm excitation in YPO,:20%Yb*",1%
Er**,1%Tm>" NPs, showing emission at 800 and 980 nm.**

Excitation by wavelengths above 1000 nm is still a very rare
subject of research. Most of the published studies report UC
under excitation within the 1450-1550 nm range, where Er**
ions can be excited via GSA and ESA mechanisms.>””** Only
five articles demonstrated UC under excitation around
1200 nm (four in nanomaterials).>>****** The possibility of
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UC above 1000 nm is useful in conversion of solar light, which
is extensively studied. In particular, dye-sensitized solar cells,
as well as devices based on perovskites, can benefit from pro-
perties of NPs up-converting light from excitation above
1000 nm.*>"*® However, biomedicine can also make use of con-
version processes with 1208 or 1532 nm radiation, as these
wavelengths lie within optical transparency windows.*”*® The
selection of appropriate emission, as well as excitation wave-
length, is crucial for UCNP applications, e.g. in theranostics,
where the emission and excitation must be in the biological
windows (NIR-I 700-900 nm, NIR-II 1000-1700 nm).*”*°
Excitation and emission within biological windows provide
high signal-to-background ratios due to low tissue scattering
and minimal autofluorescence.’

In this report, we present intense UC in core@shell NPs
under 808, 975, 1208, or 1532 nm excitation, utilizing pro-
perties of Tm®" as sensitizers for 808 and 1208 nm, Er’* for
808, 975, and 1532 nm, or Yb*" ions for excitation via 975 nm.
With appropriate dopants, as well as core@shell architectures,
emission ranging from 475 to 1650 nm can be obtained. The
wide energy conversion possibilities of our NPs can be applied
in many areas, including bioimaging, security markers, and
solar cells.

2. Experimental

2.1. Chemicals

All reagents were used as follows, without further purification.
Rare earth oxides Er,Oz; (99.99%), Tm,O;z (99.99%), Y,O3
(99.99%), and Yb,03 (99.99%) were purchased from Stanford
Materials (United States). Acetic acid (>99%), ammonium flu-
oride (99%, ACS Reagent), and n-hexane (>99%) were pur-
chased from Honeywell (Poland). The solvents, 1-octadecene
(ODE, 90%) and oleic acid (OA, 90%), were purchased from
Alfa Aesar (Germany). Sodium oleate (82%) was purchased
from Sigma Aldrich (Poland) and ethanol (99.8%) from POCh
(Poland). Aqueous solutions of acetic acid (40% and 80%) were
prepared by dissolution of acetic acid (>99%), from POCh
(Poland), in demineralised water. Fluoride syntheses were per-
formed under nitrogen flow from Linde (Poland), which was
99.99% pure.

2.2. Synthesis of a-NaYF, and a-NaYF,:Ln** NPs

A mixture of OA and 1-ODE (1 : 1) was poured into a three-neck
round bottom flask connected to a reflux condenser and out-
gassed using a Schlenk line at 100 °C for 1 h under low
pressure (<10~! mbar). Then, the mixture was cooled to room
temperature, and the rare earth acetates (see the ESIt for the
synthesis procedures) were added, in powder form, under
nitrogen flow. The precursors in the solution were then heated
to 100 °C under low pressure (<10~" mbar), and the mixture
was kept at this temperature for 1 h.

Next, sodium oleate, in powder form, was added to the solu-
tion at 100 °C under the flow of nitrogen. The mixture was out-
gassed for 20 min, until dissolution of sodium oleate, and,
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then, ammonium fluoride, in powder form, was added to the
synthesis mixture under nitrogen flow. Then, nitrogen was out-
gassed in three cycles (the total time of this outgassing was
around 1 min), and the solution was heated to 200 °C for 1 h
under the flow of nitrogen.

Next, the solution was cooled to room temperature and cen-
trifuged (at 9000 rpm for 3 min). The collected supernatant
was applied to the isolation of fluoride NPs. The NPs from the
supernatant were precipitated by the addition of ethanol
(applied as a volume ratio, 1 ml of supernatant: 1 ml of
ethanol). The colloidal solution was centrifuged (9000 rpm for
3 min), and the NPs were dissolved in n-hexane (assuming that
1 mmol of NPs was dissolved in 5 ml of n-hexane). Then, the
NPs were precipitated, again, by the addition of ethanol
(volume ratio: 1 ml of n-hexane to 1 ml of ethanol). The final
material was obtained following centrifugation (9000 rpm for
3 min). The obtained precipitate was applied to the synthesis
of p-NaYF4:Ln*" or core@shell NPs. The following materials
were obtained: a-NaYF,; o-NaYF,:2%Tm>"; a-NaYF,:5%Er*,2%
Tm*'; and a-NaYF,:18%Yb*",29%Tm?>".

2.3. Synthesis of p-NaYF4:Ln*" NPs

The NP synthesis is based on recrystallization of the a-core pre-
cursor at higher temperature than that at which it was
obtained, and the purity of the a-core precursor before syn-
thesis was checked using thermogravimetric analysis (TGA).
The a-core precursor was dissolved in a mixture of organic
solutions (1 mmol of the a-core precursor, 3.72 ml of ODE,
3.72 ml of OA) and outgassed at 100 °C for 2 h under low
pressure (<10~" mbar). Then, the mixture was heated to 300 °C
(at a heating rate of 5 °C min~") under nitrogen flow and was
kept at this temperature for 55 min. Next, the synthesis
mixture was cooled to room temperature. The NPs from the
solution were precipitated by the addition of ethanol (applied
as a 1:1 volume ratio, e.g. 1 ml of supernatant and 1 ml of
ethanol). The colloidal solution was centrifuged (9000 rpm for
3 min), and the NPs were dissolved in #-hexane (assuming that
1 mmol of NPs was dissolved in 5 ml of n-hexane). Then, the
NPs were precipitated again by the addition of ethanol
(volume ratio: 1 ml of n-hexane to 1 ml of ethanol), and the
final material was obtained after centrifugation. The following
materials were prepared: p-NaYF;:2%Tm®"; B-NaYF,:5%
Er’’,2%Tm>"; and p-NaYF,:18%Yb*" 29%Tm*",

2.4. Synthesis of core@shell NPs

The synthesis of core@shell NPs was similar to the synthesis
of p-NaYF,:Ln*" NPs. The main difference of this synthesis was
the assumed ratio; for each 1 mmol of f-NaYF,Ln*" or
a-NaYF, NPs, 2 ml of ODE and 2 ml of OA were used. Purity of
the core@shell NP precursors was verified using TGA prior to
synthesis. p-NaYF,:Ln** obtained by the procedure described
in section 2.3 and o-NaYF, NPs, synthesised according to
section 2.2, were mixed in 1:7 ratio, dissolved in the mixture
of organic solutions and outgassed at 100 °C for ~2 h under
low pressure (<10~ mbar). Then, the mixture was heated to
300 °C (at a rate of 5 °C min™") under nitrogen flow and was
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held at this temperature for 135 min. The mixture was, then,
cooled to room temperature and centrifuged (9000 rpm for
3 min). The collected supernatant was applied to the isolation
of core@shell NPs.

2.5. Preparation of ligand-free NPs

The ligand-free NaYF,:5%Er’*2%Tm>* @NaYF, NPs used for
bioimaging were prepared following the method reported by
Bogdan et al with slight modifications.® 5 ml of oleate-
capped NPs dissolved in hexane with a concentration of 20 mg
ml~" were mixed with 5 ml of 2 M HCI solution in water under
vigorous stirring at room temperature. Next, the mixture was
stirred for 2 h and then ultrasonicated for 5 min. The product
was collected by centrifugation and washed three times with a
mixture of water and ethanol in the molar ratio of 1:1. The
ligand-free NPs were dispersed in 10 mL of distilled water and
stored at 4 °C.

2.6. Characterisation of materials

The materials were characterised using analytical methods.
TGA was performed using a Thermogravimetric Analyser TGA
4000 (PerkinElmer). X-ray diffraction (XRD) measurements
were carried out on a Bruker AXS D8 Advance diffractometer
with Cu K, radiation (4 = 0.154 nm) and a step size of 0.05° in
the wide-angle range (10-80°). The XRD patterns of prepared
NPs were measured for fresh powder samples, and the
obtained diffraction patterns were compared with patterns
reported in the Inorganic Crystal Structure Database (ICSD).

For transmission electron microscopy (TEM) measure-
ments, the powders were deposited on copper grids covered
with a holey carbon film and transferred to a JEOL 1400 elec-
tron microscope or Hitachi HT7700 electron microscope oper-
ating at 80-120 kV. Fluoride solutions in n-hexane were
spotted on grids, prepared directly after their synthesis.
Dynamic Light Scattering (DLS) and zeta potential measure-
ments were performed using a Malvern Zetasizer Nano ZS
instrument. The measurements were with the hexane solutions
of lanthanide fluorides, which were prepared directly after syn-
thesis and purification.

Photoluminescence properties were studied at room temp-
erature using a PIXIS:256E Digital CCD Camera equipped with
an SP-2156 Imaging Spectrograph (Princeton Instruments) and
QuantaMaster™ 40 spectrophotometer (Photon Technology
International), equipped with a H10330C-75 photomultiplier
(Hamamatsu). A continuous multiwavelength, 2 W CW, diode
laser (CNI) was used as the excitation source at 808, 975, 1208,
and 1532 nm, coupled to a 200 pm optical fibre and collimator
(from Thorlabs). All spectra were corrected for the spectral
response of the equipment. The beam size and laser powers
were determined using a 10A-PPS power meter (Ophir
Photonics).

2.7. Cell incubation and imaging

HeLa tumoral cells (obtained from ATCC) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Paisley,
Scotland, UK), supplemented with foetal calf serum (FCS 10%,

This journal is © The Royal Society of Chemistry 2021
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Gibco) and 0.5% antibiotics (penicillin G, 10000 U ml™" and
streptomycin sulphate, 10000 mg ml™'; Gibco). Cells were
grown in a MIDI40 cell incubator (Thermo Scientific) with a
5% CO, atmosphere, 95% relative humidity, and a constant
temperature of 37 °C. For experiments, cells were plated onto
coverslips placed into 6 well plates. After 48 h, cells were incu-
bated at 37 °C for 6 h with NPs. After that, cells were washed 3
times with phosphate-buffered saline (PBS) and fixed in for-
maldehyde (1:10) in PBS for 20 min at 4 °C. Finally, cells
were, again, washed 3 times with PBS and kept cold until
analysis.

After incubation, cells were placed under a modified con-
focal microscope. The laser beam, generated by a single mode
fibre coupled diode, was focused onto the sample using a 50x
long working distance infrared objective with a numerical
aperture of 0.55. The luminescence was collected by the same
objective and, after passing through several filters and aper-
tures, was spectrally analysed with a high sensitivity Si charge-
coupled device camera (Synapse, Horiba) attached to a mono-
chromator (iH320, Horiba). The substrate containing the cells
was mounted on a XY piezo stage (PI Hera, from PI
Instruments), providing a displacement range of 250 x
250 pm? with sub-micrometric resolution.

3. Results and discussion

3.1. Structure and morphology

The synthesis for NPs reported here was adopted from a
method developed previously by the Haase group.’® In this
approach, rare earth acetates were used as ion precursors,
yielding NPs with core@shell structures, narrow size distri-
butions, and, most importantly, high emission intensities and
UC quantum yields.

XRD measurements were performed to estimate the crystal
phase (cubic or hexagonal) of the prepared NPs. The reflec-
tions in XRD patterns (see Fig. S17 for all patterns and Fig. 1
for XRD of core@shell NPs) were indexed as the crystal phase
of cubic a-NaYF, (ICSD no. 77099) or hexagonal -NaYF, (ICSD
no. 51916) crystals, depending on the synthesis conditions.
Typically, NPs prepared at 200 °C (section 2.2) were of the
cubic crystal structure, with the Fm3m space group. Cubic NPs
can be converted to hexagonal crystals with the P6 space group
by recrystallization at 300 °C (section 2.3). The excellent separ-
ation of selected reflections for all core@shell samples evi-
denced the highly ordered crystal phases and suggested that
the NPs are characterised by a hexagonal structure.

Based on XRD analysis, the average crystallite sizes were cal-
culated using the Scherrer formula and are presented in
Table S1.f All materials described as p-core fluorides were
characterised by average crystallite sizes between 8.4 + 1.1 and
9.5 + 1.4 nm. The modification of p-core fluorides by shell
deposition increased the average crystallites to sizes between
12.3 and 17.8 nm. The NP size distributions, estimated using
TEM images (Fig. 2 and S2t) and presented in Table S1,} pro-
vided more accurate data and indicated that the p-core NPs

This journal is © The Royal Society of Chemistry 2021
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Fig.1 XRD patterns of synthesised core@shell NPs: (a) NaYF4:2%
Tm®*@NaYF,, (b) NaYF,:2%Tm3*,5%Er**@NaYF,, (c) NaYF4:2%
Tm3*@NaYF4:5%Er®*, (d) NaYF4:18%Yb**,2%Tm>*@NaYF,, and (e)
NaYF4:18%Yb>*,2%Tm> @NaYF4:5%Er®*. The ICSD reference represents
the XRD pattern of p-NaYF, with a hexagonal structure.

I+

were smaller than core@shell NPs, with sizes between 5.4
0.8 nm in the case of NaYF,;:2%Tm>',5%Er’" and 10.0 =+
1.4 nm for NaYF,;:2%Tm>" NPs. Core@shell NP sizes were
between 12.2 + 3.8 nm for NaYF,:2%Tm>' @NaYF,:5%Er*" and
19.4 + 2.9 nm for NaYF,;:2%Tm?>",5%Er’'@NaYF, NPs. DLS
analysis, performed for n-hexane colloids (see Table S1 and
Fig. S37), indicated higher NP sizes than expected (between
11.7 £ 2.8 and 12.4 + 3.0 nm for core NPs or between 11.6 + 2.8
and 26.8 + 5.7 nm for core@shell NPs).

TEM images in Fig. 2 and S21 show well-separated NPs of
uniform sizes, typical of syntheses in OA/ODE solvents. Cores
in core@shell NPs were small and did not exceed 10 nm in dia-
meter. With the exception of Er’*-doped NPs, cores were of
rounded shape with a tendency to form hexagonal nanocrys-
tals. NPs with NaYF, shells were rather hexagonal-shaped
(Fig. 2a, b, and d). However, the addition of Er** into the shell
resulted in elongated core@shell NPs (Fig. 2c and e). The
enlargement of NPs in the presence of Er** ions was a result of
anisotropic growth. The lattice parameter mismatch between
the core and shell led to compressive strain in the epitaxial
layer and may be responsible for the anisotropic growth.>*>?

3.2. Spectroscopic properties

The unique properties of Ln*" ions can be utilized in design-
ing materials with various luminescence characteristics,
depending on their final applications.?***>” Due to the 4f-4f
electronic transitions, the emission bands are usually narrow,
and their maxima are rather independent of material. Because
4f electrons are shielded by outer-lying 5s and 5p shells, the
energies of the ground and excited states of Ln®* are well-
defined and relatively independent of the surrounding
environment. In UCNPs described here, we used the properties

Nanoscale, 2021,13, 7322-7333 | 7325
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Fig. 2 TEM images recorded for (a) NaYF,:2%Tm>*@NaYF,, (b) NaYF,;:2%Tm>*,5%Er**@NaYF,, (c) NaYF,:2%Tm>*@NaYF4:5%Er®*, (d) NaYF,:18%

Yb**,2%Tm3*@NaYF,, and (e) NaYF4:18%Yb>*, 2% Tm>*@NaYF ;:5%Er>*NPs.

of Er’" and Tm*" ions, showing, in a few examples, that simply
by selecting appropriate compositions and excitation wave-
lengths, NP emission can cover the UV to NIR spectrum (see
Fig. 3). To improve emission intensity, NPs were covered by a
shell. Comparison of core (Fig. S4-S71) and core@shell
(Fig. 4-7) emissions demonstrates the positive effect of shells,

7326 | Nanoscale, 2021,13, 7322-7333

with emission intensities around 100x higher after shelling
the NPs.

3.2.1. 808 nm excitation. Emission spectra recorded under
808 nm laser excitation are presented in Fig. 4a and S4.1 Tm’",
as well as Er’” ions, can be effectively excited at this wave-
length, owing to *Hg — *H, (Tm>*") or "5, — “Io, (Er*") GSA

This journal is © The Royal Society of Chemistry 2021
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processes (see Fig. 4b and c). As a result of GSA, the NPs
doped by only Tm>®" ions, i.e. NaYF,:2%Tm>' @NaYF,, can be
excited to the *H, state via single-photon absorption. Another
absorbed photon can excite Tm*" to °F, or even 'G, excited
states (by ESA), but no emission related to these energy states
was observed. The NaYF,:2%Tm>"@NaYF, NPs showed UC to
only 700 nm (*°F; — *H,) and down-shifted emission to 1320,
1450, and 1625 nm (°F; — °F,, *Hy — °F,, and °F,; — *Hg tran-
sitions, respectively). To explain the observed UC process,
another process must be involved which, most probably, is
energy transfer (ET) between Tm>*" ions (ET1 in Fig. 4b). This
conclusion is also in agreement with the observed power
dependencies, which indicated emission at 700 nm as a
pseudo-single-photon process (see Fig. S8 and S12+).

Emission from the 'G, excited state was observed in
NaYF,:18%Yb*' 2% Tm** @NaYF, and NaYF,:18%Yb*" 2%
Tm* @NaYF,:5%Er*" (very weak) NPs, suggesting the role of
Yb** in the excitation process. Slope values, determined from
laser power dependencies (Fig. S8 and S121), for the 'G, — *Hg

This journal is © The Royal Society of Chemistry 2021

transition at 476 nm were higher than one (1.6 and 1.8), indi-
cating a two-photon process responsible for this transition.
Yb** ions may depopulate Tm*" from their *H, excited state via
T™m*(*H,) — Yb*'(’F,,) ET affecting, therefore, the ESA
process in Tm>" ions, i.e. increasing the possibility of Tm>" ion
excitation to the 'G, excited state from the *Hs state (see
Fig. S16at). There is also a possibility of back ET to Tm>* ions
(ET3), resulting in excitation of Tm>" ions from the *H, state
(populated after GSA) to the 'G, excited state.
NaYF,:5%Er*",2%Tm’* @NaYF, NPs showed the brightest
UC under 808 nm from all samples. Er*" ions can effectively
absorb 808 nm, undergoing GSA and ESA processes, shown in
Fig. 4c. The two-photon process (for power dependencies, see
Fig. S127) allows for excitation of Er’* to *Hyy, and “Ss,
excited states and emission at 520, 545, and 660 nm. Besides
typical Er** emission, Tm** emission bands were also observed
under 808 nm excitation. However, in comparison with the
emission of NaYF,:2%Tm> @NaYF, NPs, quenching of the
emission bands at 700, 1450, and 1625 nm was observed. Also,

Nanoscale, 2021,13, 7322-7333 | 7327
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when Er’* and Tm®" were present in the same phase, ie. in
NaYF,:5%Er*",2%Tm’* @NaYF, NPs, a significant enhance-
ment of the Er’" emission at 660 nm was observed. These
observations indicate ET between Er’*" and Tm*" ions: ET from
the *H, excited state of Tm>" to Er’", connected to emission
quenching at 1450 nm (*H; — °F4) and ET from Tm’" at the
°F, excited state to Er’" in the “I;;,, excited state. The latter

7328 | Nanoscale, 2021,13, 7322-7333

transition is responsible for the enhancement of Er** red emis-
sion when both ions are in a single phase (effect also visible
under different excitation wavelengths, see Fig. 8).>®

NIR to NIR/red UC is a highly demanded phenomenon
because of its applications in bioimaging and photodynamic
therapy.” In comparison with Vis light, red radiation and NIR
radiation exhibit larger penetration depths in biological tissue.

This journal is © The Royal Society of Chemistry 2021
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(a) Comparison of core@shell NPs emission spectra under 808, 975, 1208, or 1532 nm excitation, normalised to the most intense band. (b)

Emission of NaYF4:5%Er3+, 2%Tm3+@NaYF4 and NaYF4:2%Tm3+@NaYF4:5%Er3+NPs under various excitations in the form of hexane colloids (1 mg
cm™). (c) Confocal microscopy scans under two different excitation wavelengths with cells incubated with NaYF4:5%Er®*,2%Tm>*@NaYF,4 NPs.

Excitation within the NIR-I biological window, by 808 nm,
minimises the risk of tissue overheating, which is typical of
975 nm laser light.>® As we have proven here, Er*" and Tm®*
can be alternatives for Nd*" ions for sensitization at 808 nm,
without any necessity of separation of sensitizers from emit-
ting ions, as in the case of Nd**-doped materials.®°

This journal is © The Royal Society of Chemistry 2021

3.2.2. 975 nm excitation. Fig. 5 presents emission spectra
of core@shell NPs obtained under 975 nm laser excitation. All
of the NPs doped with Er** or Yb*" ions exhibited emission.
However, the intense emission of the NaYF,:18%Yb*' 2%
Tm* @NaYF, sample is striking and is connected with known,
excellent sensitizing properties of Yb*" ions for 975 nm radi-
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ation. The simple electronic structure of Yb** ions (two elec-
tronic terms) and relatively broad absorption in the range of
900-1000 nm make Yb>* ions perfect dopants in systems
showing UC under 975 nm.®" The Yb’/Tm’®" system can
convert excitation radiation up to blue light (see the scheme in
Fig. 5¢), i.e. 476 nm (G, — *H, transition of Tm>"), as a result
of the three-photon ETU process (Fig. S9, S13c and df). UC to
NIR wavelengths are also possible with a major peak around
800 nm (*H, — *Hy) after two-photon ETU. Simultaneously,
downshifting to 1220, 1320, 1450, and 1625 nm in Tm>*"-doped
NPs was also registered. Emission from the °F, excited state of
Tm®* ions (at 645 nm) is much less intense than from 'G,
(476 nm) or *F; (700 nm) because of the relatively high prob-
ability of *F, — *F; multiphonon relaxation (MR).

Addition of Er*' ions into the shell of NaYF,:18%Yb>",2%
Tm* @NaYF,:5%Er*" NPs dramatically reduced UC intensity.
Er’** effectively absorbed 975 nm excitation radiation, limiting
the penetration depth in the Yb**/Tm®*'-doped cores. ET
between Er’” in the shell and Tm®" ions in the core is rather
limited. The emission spectrum of NaYF,:2%Tm>*" @NaYF,:5%
Er*' NPs showed a different green to red ratio than NaYF,:5%
Er’’,2%Tm>*' @NaYF, NPs, where ET between Tm*" and Er*'
leads to an increased *F,, population of Er** ions and shift to
red emission (ET2 in Fig. 5b).>* Also, the lack of emission at
1220 nm from Tm*" was observed when Tm’" and Er’* ions
are separated between the core and shell (see the right inset in
Fig. 5a).

Er*' ions can also absorb 975 nm radiation due to the “I,5,
— ™., transition. Because of its more complex electronic
structure than Yb*" ions and the possibility of cross-relaxation
(CR) between multiple levels, the use of Er** ions as sensitizers
for 975 nm is less effective. However, they are excellent sensi-
tizers for 1532 nm radiation. Still, under 975 nm excitation,
UC can be observed from only Er*’-doped NPs as a three-
photon process, due to GSA and ESA (see Fig. 5a and b, S13a
and bf).

3.2.3. 1208 nm excitation. UC under 1208 nm excitation in
NPs has been barely investigated.?****"** Only Tm?" ions can
be used as sensitizers for this radiation, due to *Hs — >Hj;
GSA, followed by another ESA process.””*' Single-doped
NaYF,:2%Tm>** @NaYF, NPs showed UC emission at 700 (°F;
— *H,) and 804 nm (*H; — *Hg; Fig. 6a). Also, emission in the
NIR range was observed at 1450 nm (*H, — *F,, very weak) and
1625 nm (°F, — *Hg). Unexpectedly, the registered UC was
determined to be a three-photon process (Fig. S14at). Similar
spectroscopic behaviour was observed for NaYF,:18%Yb>",2%
Tm*' @NaYF, NPs (Fig. S14df). Theoretically, two photons at
1208 nm are enough to excite Tm®" to their °F; state, as
explained in the literature.’®**%* Our results indicate that a
different mechanism is responsible for UC in Tm®'-doped
NPs, rather than just GSA followed by ESA. In Fig. S14a and d,¥
in the case of the *F; — *H, Tm®" transition at 700 nm,
initially, the slope value does not exceed two at lower laser
power densities, but above approximately 30 W cm™2, an
increase in the slope is observed. Hence, we suppose that, at
higher power densities, CR between Tm®" ions occurs, influen-
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cing, in the same way, the UC mechanism. Tm*" ions after
GSA to *Hs and, next, ESA to *F; (two-photon process) may
undergo radiative relaxation to the ground state or transfer
part of their energy to the surrounding Tm** in the ground
state. As a result of this CR process, Tm>" ions in the *F, state
can absorb another 1208 nm photon (the third one), being
excited to the ’F; state (see the mechanism in Fig. 6b).
Emission of Yb*" ions in the NaYF,:18%Yb*" 2% Tm*" @NaYF,
NPs seems to prove the above-discussed mechanism, as the
slope values, determined from the 980 nm luminescence band
of Yb*" ions, do not exceed two (Fig. S14df), being related to
Tm®**(*H,) — Yb**(*F,),) ET (see the scheme in Fig. S16bt).

Interesting and unusual UC properties were determined for
NaYF,:5%Er*" 2% Tm* @NaYF, NPs under 1208 nm excitation.
ET between Tm*" and Er’" ions was observed, where the first
ions acted as sensitizers for excitation radiation, resulting in
emission of Er’* ions at 660, 976, and 1520 nm (Fig. 6a). The
emission in the Vis range was relatively weak; however, the
1520 nm emission peak was the most intense from all
samples. Er** ions cannot undergo GSA under 1208 nm; there-
fore, only ET between these two dopant ions can explain the
observed emission. UC emission from Er*" ions was also
detected in NaYF,:2%Tm**@NaYF,:5%Er*". However, intensity
of the typical Er*" peaks was less than that for NPs with Tm>"
and Er’" in the cores. Analysis of the power dependencies
(Fig. S10%) revealed another property of NaYF,:5%Er*",2%
Tm>* @NaYF, NPs. Above a particular power density threshold,
around 40 W ecm >, the slope values connected with *Fg, —
452 (660 nm), *Io/, = *I;5/, (826 nm, mixed with the emission
of Tm*" ions), and “I;;, — ‘L5 (976 nm), increase from
1.8-2.0 to 3.3-4.4 (Fig. S147). Such behaviour suggests a PA
mechanism of UC, where efficient CR induces an ESA mecha-
nism.®> The Er*/Tm’" system is complex, and a full expla-
nation of the observed high slope values requires further
research. However, we propose a simplified mechanism
responsible for the spectroscopic properties of NaYF,:5%
Er*",2%Tm’ @NaYF, NPs in Fig. 6c.

ET between Tm*" and Er’** is possible in both directions, as
these ions possess multiple excited states, and some of them
are similar in energy.®*°® Emission of Tm®" ions at 700 and
800 nm is quenched in the presence of Er’* ions, suggesting
that Tm**(*F;,°H,) = Er’*("I;5,,) ET. Er’’, in the Iy, excited
state, can undergo nonradiative relaxation to the 1,1/, excited
state and, after ESA, yields ions in the *H,q,, or %S/, excited
states. Another possibility is ET from Tm>", resulting in exci-
tation to the “Fo, level and enhancing red emission of Er*t
ions, as observed for 808 and 975 nm excitation (Fig. 4 and 5).

3.2.4. 1532 nm excitation. Er’* ions are well-known sensi-
tizers for radiation around 1500 nm. After GSA and two ESA
steps, Er** can be excited up to the *Hyy, level, yielding emis-
sion in the Vis (520, 545, and 660 nm) and NIR (806 or
976 nm) ranges.’* Fig. 7a presents UC of Er’*-doped NPs
under 1532 nm excitation. Addition of Tm>®" ions into the
cores, as in NaYF,;:5%Er’" 2%Tm* @NaYF, NPs, not only
enhanced the red band at 660 nm, related to the “Fg;, — “I;5,
transition, but also resulted in more intense emission. Only

This journal is © The Royal Society of Chemistry 2021
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emission peaks of Er’* jons at 520 and 545 nm were slightly
quenched when both Er*" and Tm?®" are in the same phase,
suggesting Er**(*Hyy,%S5) — Tm**(°F,) ET. The number of
photons determined from power dependencies (Fig. S11 and
S15t) agreed with the mechanism of UC presented in Fig. 7b.
Higher power densities increased emission at 660 nm to a
higher degree than for the remaining emission bands, thus,
indicating a power-dependence of the Tm**(°F,) — Er*"(*1;,),)
ET rate. Another unexpected result is relatively lower than the
expected number of photons responsible for the emission of
Er** ions at 520 and 545 nm for power densities lower than 40
W cm™2 in NaYF,:5%Er’",2%Tm>  @NaYF, NPs, i.e. 1.5 and 1.7
respectively. This result suggests strong quenching properties
of Tm®" ions for Er*" in their higher excited states. At higher
power densities, which results in the population of Tm®* ions
being in their *F, excited state, their quenching properties are
less apparent.

3.2.5. Emission bands, double-wavelength excitation and
bioimaging. Comparison of emission spectra between the syn-
thesised core@shell NPs (Fig. 8a) shows their adjustable and
universal properties. Depending on their final use, NPs can be
excited by four different laser wavelengths (808, 975, 1208 and
1532 nm) with emission in the Vis or NIR range. Furthermore,
the maximum luminescence wavelength can be shifted by
changing laser wavelength. For example, NaYF4:2%
Tm*'@NaYF, NPs showed maximum emissions around 700
and 1450 nm when excited by 808 nm laser radiation but 800
and 1625 nm emission at a 1208 nm excitation wavelength.
Similarly, NaYF,:5%Er*",2%Tm>* @NaYF, NPs exhibited emis-
sion at 660 nm when excited at 808, 975, and 1532 nm or at
800 nm when the excitation was set to 1208 nm (Fig. 8b). The
UC spectrum of these NPs, received under 1532 nm, is abun-
dant in emission peaks, and besides emission at 660 nm,
intense peaks at 800 and 976 nm were also observed.
Furthermore, as a result of the presence of Er’" ions in the
studied structure, all the laser wavelengths resulted in down-
shifted emission around 1520 nm, due to the I3, — *I;5»
transition of Er* ions.

When Tm*" and Er’* ions are separated between the core
and shell, as in NaYF,:2%Tm> @NaYF,:5%Er’" NPs, the emis-
sion can shift from green (520, 545 nm) and red (660 nm)
when NPs are excited at 808 nm or from 975 to 800 nm, when
1208 or 1532 nm lasers are used. The images presented in
Fig. 8b show a shift in the Vis range from green, under 808
and 975 nm excitation, to yellow, when 1532 nm laser radi-
ation was used. Additionally, besides the major peak at
1520 nm, excitation by 1208 nm resulted in emission at
1625 nm, due to the *F, — *Hj transition of Tm>" ions.

NaYF,;:18%Yb>",2%Tm>* @NaYF, NPs were capable of con-
verting 808 nm excitation light to 700 nm or 975 nm and
1208 nm excitation wavelengths to emission at 800 nm. The
latter excitation also allowed for emission at 1625 nm.
Addition of Er’" ions into the NaYF,:18%Yb*",2%
Tm* @NaYF,:5%Er*" NP shell resulted in additional peaks at
520 and 545 nm, in addition to the most intense peak at
700 nm, when a 808 nm laser source was used for excitation.

This journal is © The Royal Society of Chemistry 2021
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Excitation via 975 or 1208 nm radiation resulted in emission at
800 nm or 800 and 976 nm when a 1532 nm laser was used.
All studied excitation wavelengths resulted in emission at
1520 nm or, additionally, at 1620 nm in the case of 1208 nm
excitation.

The effects of double-wavelength excitation on the emission
of the prepared NPs were also analysed. The emission spectra
(see Fig. S171) measured under 975 + 808 nm, 975 + 1208 nm
and 975 + 1532 nm laser wavelengths revealed only slight
changes in the emission characteristics in comparison with
the spectra recorded under single-wavelength excitation. In
general, the collected spectra were resultants of emission from
NPs under two excitation wavelengths. However, there were
also additional effects observed, such as enhanced emission of
NaYF,:5%Er*",2%Tm* @NaYF, NPs excited via 975 + 808 nm
wavelengths in comparison with 975 + 1208 nm and 975 +
1532 nm excitation. Additional irradiation of NaYF,:2%
Tm’* @NaYF,:5%Er*" NPs by 1208 nm laser wavelength caused
an increase of the emission peak at 800 nm in comparison
with 975 nm, single-wavelength excitation. Another interesting
observation was quenching of the 475 nm emission peak,
when NaYF,:18%Yb**,2%Tm>* @NaYF, NPs were irradiated by
1208 or 1532 nm simultaneously with 975 nm.

As a proof of concept, the chosen NPs, ie. NaYF,:5%
Er’’,2%Tm>* @NaYF,, were incubated with HeLa cells, and
their application as luminescent labels was tested by confocal
microscope under two selected laser wavelengths. As shown in
Fig. 8c, a 1540 nm laser beam was used for NPs excitation, and
the signal was still detectable. However, the microscope used
for these measurements was not adapted for use with 1540 nm
excitation; therefore, the applied excitation radiation only par-
tially passed through the optics. However, even without opti-
mised equipment, excitation above 1000 nm was used as an
alternative to the most frequently studied UC under excitation
around 975 nm.

4. Conclusions

NPs with core@shell structures allow not only for bright
photon UC but also the possibility of designing final spectro-
scopic properties. Due to the unique properties of Ln*" ions,
chemists receiving NPs have a wide spectrum of possibilities
that interfere with wavelengths these NPs can absorb but, also,
with the wavelength of maximum emission. In this article, we
showed differences between NPs doped with Er** and Tm*" in
the same phase (NaYFg:5%Er’",2%Tm* @NaYF, NPs),
dopants separated between the core and shell phases
(NaYF,:2%Tm* @NaYF,:Er’*) and NPs without Er’* ions
(NaYF,:2%Tm**@NaYF,). Additionally, Yb*" ions were used as
the third co-dopant in NaYF,:18%Yb** 2% Tm*" @NaYF, and
NaYF,:18%Yb*" 2% Tm* @NaYF,:5%Er’" NPs.

The prepared NPs showed selective emission properties,
adjustable by the laser wavelength. As a result of the emission
properties of Er*” or Tm** ions, NPs exhibited emission from
both ions or dominant emission from one of them, depending
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on laser excitation wavelength. In the same way, by simple
manipulation of NP composition, as well as changing the exci-
tation laser wavelength between 808, 975, 1208, or 1532 nm,
we showed that emission peaks across the entire spectrum
could be achieved (475, 520, 545, 660, 700, 800, 976, 1220,
1450, 1520, or 1625 nm).

The studied NP emission revealed complex mechanisms
responsible for their excitations. We showed that Tm*" ion can
be used as sensitizers for 808 and 1208 nm, transferring
absorbed energy to Er’* or Yb®* ions. Moreover, Er*" ions
allowed for sensitization of NPs for 808, 975, and 1532 nm.
The presented results indicated that Er** and Tm®" could be
good alternatives for Nd*" sensitizers for 808 nm excitation.
NPs with Er** and Tm** present in the cores showed ET from
Tm®" to Er’", resulting in increased red emission of Er’* ions
at 660 nm. Furthermore, thanks to specific properties of the
Er¥"/Tm®*" system, the NaYF;:5%Er** 2%Tm> @NaYF,; NPs
exhibited a PA phenomenon under 1208 nm laser radiation,
responsible for the emission of Er** ions, showing no GSA
under such excitation.

The properties of the synthesised NPs can be applied in
bio-related applications, where emission and excitation in the
optical transparency windows are required. Interestingly, the
possibility of light conversion above 1000 nm, described
herein, may be useful in converting sunlight to the NIR range
in photovoltaic panels that are sensitive only to radiation with
wavelengths lower than 1000 nm.
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