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minescence in sub-10 nm b-
NaGdF4:Yb

3+,Er3+ nanoparticles: an improved
synthesis in anhydrous ionic liquids†

Gabriella Tessitore, ab Anja-Verena Mudring *c and Karl W. Krämer*a

Sub-10 nm b-NaGdF4:18% Yb3+,2% Er3+ nanoparticles were synthesized in ethylene glycol and various

ionic liquids under microwave heating. The products were characterized by powder X-ray diffraction,

electron microscopy, and upconversion (UC) luminescence spectroscopy. After Yb3+ excitation at

970 nm, Er3+ ions are excited by energy transfer upconversion and show the typical green and red

emission bands. The UC luminescence intensity was optimized with respect to reactant concentrations,

solvents, and reaction temperature and time. The strongest UC emission was achieved for sub-20 nm

core–shell nanoparticles which were obtained in the ionic liquid diallyldimethylammonium

bis(trifluoromethanesulfonyl)amide from a two-step synthesis without intermediate separation. Strictly

anhydrous reaction conditions, a high fluoride/rare earth ion ratio, and a core–shell structure are

important parameters to obtain highly luminescent nanoparticles. These conditions reduce non-

radiative losses due to defects and high energy acceptor modes of surface ligands. A low power

excitation of the core–shell particles by 70 mW at 970 nm results in an impressive UC emission

intensity of 0.12% compared to the bulk sample.
1. Introduction

About a decade ago, the work of Haase and Güdel et al. initiated
the investigation of upconversion (UC) luminescence from
transparent solutions of nanoparticles.1,2 They reported
a synthetic route to cubic a-NaYF4 : Yb

3+, Er3+ and hexagonal b-
NaGdF4:Yb

3+,Er3+ nanoparticles dispersed in dimethyl sulf-
oxide. Aer 980 nm laser excitation of Yb3+, blue, green, and red
UC emission from Er3+ was observed from clear, colorless
solutions. Since then the number of publications on upcon-
version grew exponentially, about half of them investigating
nanoparticles, most prominent with Yb3+ and Er3+ cooping.3

Auzel gave a comprehensive review on UC ions and processes.4

Hexagonal sodium rare earth uorides, b-NaREF4 (RE ¼ rare
earth), are among the most efficient UC host lattices.5–7 Two
crystallographically distinct RE sites were structurally and
spectroscopically characterized in b-NaGdF4:Er

3+.8 Both have
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nine-fold coordination, which implies non-centrosymmetric RE
sites. Microscopic disorder gives rise to line broadening and
a higher probability for spectroscopic overlap of the UC steps.
Due to longer RE–F distances and a higher coordination
number, hexagonal b-NaREF4 has lower effective phonon
energy than the cubic a-phase. Accordingly, the UC emission
intensity of b-NaREF4 is about an order of magnitude stronger
compared to the respective a-NaREF4 host lattice.8 UC mecha-
nisms were investigated in detail,4 and recently it was shown
that the Er3+ 4F9/2 /

4I15/2 emission in b-NaYF4 originates from
cross-relaxation but not from multi-phonon relaxation.9,10

Syntheses for sodium rare earth uoride nanoparticles were
reported by many groups.11–14

UC nanoparticles were used in various applications, e.g. bio-
logical imaging, photodynamic therapy, and nano-thermom-
etry.15–20 Continuous improvements of the syntheses yielded
nanoparticles of smaller size and stronger luminescence;21–26

water-dispersible particles are more prone for biological imaging
applications.27–30 UC luminescence nanoparticles provide several
advantages as biological uorophores. They show low light
scattering, no auto bleaching, and near infrared excitation light
has a deep tissue penetration depth.15 Both in vitro and in vivo
experiments led to encouraging results without signicant hints
for any cytotoxicity of sodium rare earth uoride nanoparticles.15

Syntheses of UC nanoparticles in high boiling solvents or
under hydrothermal conditions are meanwhile well estab-
lished.1,2,11–28 Oen, oleic acid is used as coordinating ligand.
Oxide ions from its carboxyl groups can substitute for uoride
This journal is © The Royal Society of Chemistry 2019
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View Article Online
in the rare earth coordination sphere on the particle surface due
to the similar size of O and F. High energy vibration modes of
the ligands increase losses by multi-phonon relaxation.31 The
high surface-to-volume ratio results in a signicant number of
(surface) defects in nanoparticles which decrease the lumines-
cence compared to the bulk material. Accordingly, the UC
emission from nanoparticles is still about three orders of
magnitude lower than for the respective mm-size phosphor
powder.21,32 A shell of undoped host material efficiently protects
the active core and reduces quenching from surface defects and
ligands.31,33 Finally, surface functionalization is required to
achieve water-dispersible nanoparticles.31

Microwave heating was successfully applied for syntheses in
polar or ionic solvents.34 The homogeneous heating results in
lower temperature and shorter time for the reaction.35,36

Ethylene glycol (EG) and ionic liquids (ILs) were prociently
used in microwave syntheses of luminescent materials.37–43

Uniform nucleation of particles was achieved which results in
a narrow particle size distribution. ILs with complex uoride
anions such as BF4

� have a dual use as solvent and uoride
source. Cubic a-NaYF4 : Yb

3+, Er3+ nanoparticles were obtained
from a microwave synthesis in BF4 ILs.39,44 A synthesis in the
imidazolium IL 1-butyl-3-methylimidazolium tetrauoroborate,
(C4mim) (BF4), yields phase pure hexagonal nanoparticles.44

The ions determine the heating efficiency36 and the properties
of the IL, e.g. thermal stability, dielectric constant, ionic
conductivity, and water content.45–47 The dielectric heating
depends on the dipole relaxation and ionic motion of the IL and
increases with the microwave absorption. A comparison
between tetrauoroborate (BF4) and bis(tri-
uoromethanesulfonyl)amide (NTf2) ILs revealed that asym-
metric NTf2 heat more efficiently than symmetric BF4 anions,36

because the dipole relaxation takes place only in asymmetric
anions. Hydrophobic anions such as NTf2 result in lower
moisture content of the IL than for hydrophilic anions48 and
such reduce the number of OH� defects in uoride products. In
the present paper, we investigate the inuence of ILs with dia-
llyldimethylammonium cations and several different counter
anions on the synthesis of b-NaGdF4:Yb

3+,Er3+ nanoparticles
with respect to phase purity and particle size. The synthetic
parameters, as well as the core, core/shell, and ligand design,
were optimized for UC luminescence intensity.

2. Experimental
2.1. Sample preparation

2.1.1. Ionic liquid synthesis and purication. The ILs for
our investigations were prepared by a metathesis reaction from
diallyldimethylammonium chloride (DADMA Cl, Sigma Aldrich,
65% w/w in water) and the respective sodium, silver, or lithium
salt in saturated aqueous solution with a 2% stoichiometric
excess of the salt.45 DADMA OTf (triuoromethanesulfonate)
and DADMA BF4 (tetrauoroborate) were obtained from the
respective sodium salt (NaOTf, Sigma Aldrich, 98%; NaBF4,
Sigma Aldrich, 98%), following an established synthesis route
for DADMA BF4.45 DADMA TFA (triuoroacetate) was prepared
from a solution of AgTFA (Merck, 98+%). The reaction with
This journal is © The Royal Society of Chemistry 2019
DADMA Cl results in the precipitation of AgCl, which was
ltered off. DADMA NTf2 (bis(triuoromethanesulfonyl)amide)
was synthesized from LiNTf2 (Alfa Aesar, 98+%), as reported in
the literature.45 The products were decolorized over an active
carbon column,49 and nally dried at 80 �C under dynamic
vacuum overnight. DADMA ILs were obtained as clear, trans-
parent, colorless liquids, and stored under nitrogen
atmosphere.

2.1.2. Ethylene glycol purication. EG (Dr Grogg Chemie
AG, Switzerland) was puried and dried as described for the ILs
above. This equivalent treatment avoids any bias in the
comparison between the different solvents due to the purica-
tion process.

2.1.3. Core nanoparticle synthesis. b-NaGdF4:18% Yb3+,2%
Er3+ nanoparticles were synthesized from rare earth acetates,
NaCl, and a uoride source in various solvents. The rare earth
acetates were prepared from the oxides by dissolving Gd2O3,
Er2O3, and Yb2O3 (Metal Rare Earth Limited, 5 N) in amixture of
glacial acetic acid (Merck, 99.9%) and bidistilled water at
120 �C. Aer a transparent solution was obtained, the liquid was
dried up on a heating plate. The dry powder was converted into
the anhydrous acetates at 180 �C under vacuum. The reaction
was monitored by thermogravimetric analysis and powder X-ray
diffraction, see Fig. S1 and S2 (ESI†).

In a typical reaction, 30 mg (0.085 mmol) anhydrous rare
earth acetate RE(AcO)3 (RE¼ Gd, Er, Yb) was ground with 10 mg
(0.17 mmol) NaCl (Reagent grade, Merck) under inert atmo-
sphere and then mixed with 0.5 ml solvent (EG or IL). The molar
ratios were xed to 80/2/18 for Gd/Er/Yb and 2/1 for Na/RE in all
samples. These ratios were optimized for bulk samples before.6,7

The acetate solution was heated to 60 �C for 5 minutes with
a Biotage Initiator+ Robot Eight microwave synthesis system
(Biotage AB, Uppsala, Sweden). Fluoride-containing ILs or NH4F
(Alfa Aesar, 96%) were used as uoride sources; the effects of
the reactant (BF4

� or NH4F) and the F� concentration (60–
180 mg, 1.62–4.86 mmol) were evaluated. In a microwave glass
vial, the uoride source was added to 1.5 ml of an EG/IL solu-
tion or the IL alone and stirred up to homogeneity. The acetate
suspension was added dropwise to the microwave vial and
stirred overnight before the microwave heating. The tempera-
ture in the reactor was controlled by dry compressed air (4 bar),
and microwave powers of 400 W or 50 W were used for EG/IL
solutions or pure IL, respectively. For separation, the nano-
particles were sequentially washed several times with methanol
and ethanol. They were collected by centrifugation at 3000 rpm
for 5 min and dried at 80 �C overnight. Alternatively, the
nanoparticles were kept in solution for subsequent growth of an
undoped shell. Experimental conditions for all samples are
summarized in Table 1.

2.1.4. Core-shell nanoparticle synthesis. Aer the core
synthesis, another 1/3 of the NH4F mass used in the rst step
was added to the nanoparticle solution and stirred. A solution
of 30 mg gadolinium acetate and 10 mg NaCl in 0.5 ml of the
respective solvent was prepared and heated to 60 �C for 5min by
microwave irradiation. The solution was added dropwise to the
core nanoparticle solution and stirred for 10 minutes. Aer-
ward, the solution was heated to 200 �C for 5 min with 50 W
RSC Adv., 2019, 9, 34784–34792 | 34785
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Table 1 Reaction conditions and compositions of the samples

Sample EG (ml) IL (ml) IL anion
RE(AcO)3
(mg) NaCl (mg)

NH4F
(mg) T (�C) Time (min) P (W) Phase

EG1 1 1 BF4 60 20 0 200 30 400 a

EG2 1 1 OTf 60 20 80 200 30 400 b

EG3 0.5 1.5 OTf 60 20 60 120 30 400 b

EG4 0.5 1.5 OTf 60 20 80 120 30 400 b

EG5 0.5 1.5 OTf 60 20 100 120 30 400 b

EG6 0.5 1.5 OTf 60 20 120 120 30 400 b

EG7 0.5 1.5 OTf 60 20 120 160 30 400 b

EG8 0.5 1.5 OTf 60 20 120 200 30 400 b

EG9 0.5 1.5 OTf 30 10 120 200 30 400 b

EG10 1.5 0.5 OTf 30 10 120 200 30 400 b

EG11 2 0 OTf 30 10 120 200 30 400 b

EG12 0.5 1.5 NTf2 30 10 120 200 30 400 b

EG13 1.5 0.5 NTf2 30 10 120 200 30 400 b

IL1 0 2 OTf 30 10 120 200 30 50 b

IL2 0 2 NTf2 30 10 120 200 30 50 b

IL3 0 2 NTf2 30 10 60 225 5 50 a/b
IL4 0 2 NTf2 30 10 100 225 5 50 b

IL5 0 2 NTf2 30 10 140 225 5 50 b

IL6 0 2 NTf2 30 10 180 225 5 50 b

IL7 0 2 NTf2 30 10 140 200 5 50 b

IL8 0 2 NTf2 30 10 140 250 5 50 a/b
IL9 0 2 NTf2 30 10 140 250 10 50 a/b
CS_IL4 0 0.5 NTf2 30 10 33 200 5 50 b
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View Article Online
microwave power. The core–shell nanoparticles were separated
as described above.

2.2. Experimental methods

X-ray diffraction (XRD) patterns were measured on a StadiP
powder diffractometer (STOE, Darmstadt, Germany) in trans-
mission geometry at room temperature. Cu Ka1 radiation (l ¼
1.540 598 �A) was used from a 40 kV 40 mA X-ray source and
a focusing Ge (111) monochromator. Layers of nanoparticles
were prepared on thin plastic foil. Data were recorded by
a Mythen 1K linear position sensitive detector (Dectris, Baden,
Switzerland) with 0.01� resolution in 2-theta.

Upconversion luminescence spectra were measured in
a standardized setup. Dry powder samples were lled in glass
tubes of 1 mm inner diameter. The nanoparticles were excited
at 970 nm by an SDL-6380-L2 ber-coupled cw NIR laser diode
(maximum power 2.5 W) and an SDL-820 highly stabilized laser
diode driver (Spectra Diode Labs). The unfocused excitation
light was transmitted to and the luminescence collected from
the sample by a QP 400-2-VIS-BX Y-type glass ber (Ocean
Optics) with 400 mm core diameter. The luminescence was
recorded by an HR-2000-CG-UV-NIR ber spectrometer (Ocean
Optics). For comparative measurements of the luminescence
intensity, only the sample tubes were exchanged. The reliability
and repeatability of the measurements were better than 5%. All
spectra were measured at room temperature and corrected for
the spectral response of the detection system by calibration with
a tungsten lamp.50

Transmission electron microscopy (TEM) analyses were
accomplished on a G2 Spirit BioTWIN TEM (Tecnai) using
a LaB6 120 kV electron beam. Images were recorded by an SIS
34786 | RSC Adv., 2019, 9, 34784–34792
Veleta side-mounted CCD camera (Olympus) with 4 megapixels
at 30 000-fold magnication (pictures with 500 nm scale),
100 000-fold magnication (picture with 200 nm scale), and
300 000-fold magnication (pictures with 50 nm scale). High-
resolution TEM micrographs were recorded on a G2 F20 FE-
TEM (Tecnai) using a ZrO2/W (100) Schottky eld emitter gun.
A Falcon II direct electron detector (FEI) with 4096� 4096 pixels
and an Orius SC200 CCD camera (Gatan Inc.) with 2048 � 2084
pixels were used. The specimens were prepared from diluted
ethanol solutions on carbon-coated copper grids (300 mesh).
The pictures were analyzed by the ImageJ 1.49v soware
(National Institute of Health, USA).

The thermal decomposition of rare earth acetates was
investigated under a nitrogen ow of 20 ml min�1 and a heating
rate of 5 K min�1 by thermogravimetric analysis using a TGA/
SDTA 851e (Mettler-Toledo, Schwerzenbach, Switzerland).
3. Results and discussion
3.1. b-NaGdF4:Yb

3+,Er3+ nanoparticles from EG/IL mixtures

X-ray diffraction patterns of cubic a- and hexagonal b-
NaGdF4:18% Yb3+,2% Er3+ nanoparticles are shown in Fig. 1.
Samples were obtained from EG/DADMA BF4 (EG1) and EG/
DADMA NTf2 (EG2) solutions with BF4

� and NH4F as uoride
sources, respectively, see Table 1. Both samples were heated for
30 min at 200 �C. Tetrauoroborate anions decompose at 160 �C
and release F� ions into the solution. Sample EG1 crystallizes in
the cubic a-NaGdF4 phase. The calculated peak positions are
shown as red ticks below the top trace in Fig. 1 a-NaGdF4 crys-
tallizes in space group Fm�3m in a structure related to CaF2.51,52 Its
strongest diffraction peak (111) is located at 28� 2-theta.
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Powder XRD patterns of nanocrystalline a-NaGdF4:18%
Yb3+,2% Er3+ (EG1, top trace) and b-NaGdF4:18% Yb3+,2% Er3+ (EG2,
bottom trace). Samples were synthesized in EG/IL solutions with
DADMA BF4 and NH4F, respectively, see Table 1. The calculated peak
positions for cubic a-NaGdF4 (Fm3�m) and hexagonal b-NaGdF4 (P6�)
are shown as red and blue ticks below the traces, respectively.

Fig. 2 Upconversion luminescence of b-NaGdF4:18% Yb3+,2% Er3+

nanoparticles from EG/DADMA OTf syntheses in dependence on
fluoride concentration (bottom), reaction temperature (middle), and
rare earth acetate concentration (top). The intensity scale increases
from bottom to top. Sample names refer to Table 1. The UC lumi-
nescence was excited at 970 nm with 580 mW (unfocused) laser
power.
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The pure hexagonal b-NaGdF4 phase was obtained from an
NH4F solution for sample EG2, see the bottom trace in Fig. 1.

The calculated peak positions are shown as blue ticks. b-
NaGdF4 crystallizes in the b-NaNdF4 structure with space group
P�6 and lattice parameters of a¼ 6.0304 (9)�A and c¼ 3.6111 (7)�A
at room temperature.8,53 A F� excess favors the formation of the
hexagonal b-NaGdF4 phase.53 BF4

� as uoride source yields
preferentially the cubic a-phase in a microwave synthesis, since
the slow BF4

� decomposition during heating provides low
uoride concentration, only. The UC luminescence of cubic a-
NaGdF4:2% Er3+,18% Yb3+ bulk material is about an order of
magnitude less intense compared to the hexagonal b-phase.9

Accordingly, NH4F was chosen as uoride source in order to
obtain hexagonal nanoparticles with strong UC emission.

The inuence of DADMA ILs on the microwave synthesis was
investigated. The thermal stability of the IL depends on the
anion and increases along the series TFA < BF4 < OTf < NTf2. The
stability determines the maximum reaction temperature,
ranging from 120 �C (TFA) to 200 �C (BF4, OTf, and NTf2) for EG/
IL solutions and 400 W microwave power. Higher temperatures
result in partial decomposition of the IL, and the colorless
solutions turn brown. Samples were synthesized under identical
conditions in different ILs. Their phase purity and UC lumi-
nescence are compared in Fig. S3–S4 (ESI†). All products show
a pure hexagonal phase in powder XRD, see Fig. S3 (ESI†). The
anions strongly inuence the b-NaGdF4:18% Yb3+,2% Er3+ UC
luminescence which increases with the thermal stability of the
ILs along the series BF4 < OTf < NTf2, see Fig. S4 (ESI†). Asym-
metric anions such as TFA, OTf, and NTf2 have a higher
microwave absorption, which results in more effective heating
This journal is © The Royal Society of Chemistry 2019
compared to the symmetric BF4
�. The luminescence from the

DADMA TFA sample was too weak to be compared with the
others. Also, the hygroscopicity of the IL is relevant. Samples
from hydrophobic DADMA NTf2 show a stronger luminescence
than those from hygroscopic ILs. Lower water contamination of
the IL decreases the number of OH� impurities in the nano-
particles and non-radiative losses from these defects. The
crucial importance of strictly dry reaction conditions is further
supported by samples obtained from anhydrous rare earth
acetates versus those from acetate hydrates, see Fig. S5 (ESI†).
The UC luminescence from nanoparticles synthesized from dry
precursors is much stronger than from hydrates. Fig. 2 shows
the inuence of uoride concentration, temperature, and rare
earth concentration on the UC luminescence. The NH4F content
was varied from 60 mg to 120 mg for samples EG3 to EG6, see
Table 1. The stability of the hexagonal phase increases with the
F� concentration, as shown in Fig. S6† (ESI). The weak (111)
diffraction peak of the cubic phase around 28� 2-theta disap-
pears by raising the NH4F content from 60 to 100mg. For higher
F� concentrations, only the hexagonal phase is obtained. As an
RSC Adv., 2019, 9, 34784–34792 | 34787
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Fig. 3 Upconversion luminescence of b-NaGdF4:18% Yb3+,2% Er3+

nanoparticles from EG/IL syntheses with DADMA OTf (A) and DADMA
NTf2 (B) for various EG/IL ratios. The sample names refer to Table 1.
The UC luminescence was excited at 970 nm with 580 mW (unfo-
cused) laser power. Microwave absorption; compared to EG/IL
mixtures, the microwave power could be reduced from 400 W to
50 W.

Fig. 4 Upconversion luminescence of b-NaGdF4:18% Yb3+,2% Er3+

nanoparticles from IL syntheses in dependence on fluoride concen-
tration (bottom), reaction temperature (middle), and time (top). The
sample names refer to Table 1. All samples were excited at 970 nmwith
330 mW (unfocused) laser power.
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impurity, NaF was identied, which does not inuence the UC
luminescence. The NaF diffraction peaks have a narrow line
width and aremarked with asterisks for the top trace of Fig. S6.†
The crystallite size was evaluated from the XRD patterns in
Fig. S6,† ranging from 6 to 14 nm.

For the UC luminescence spectra in Fig. 2, Yb3+ ions are
excited at 970 nm. Excited Yb3+ ions can transfer energy reso-
nantly to neighboring Er3+ ions in several steps. The energy
transfer upconversion (ETU) rst populates the 4I11/2 state and
in a second step the 4F7/2 state of Er3+, which decays via multi-
phonon relaxation to the 2H11/2 and 4S3/2 states. These states
are in thermal equilibrium, and their emission to the 4I15/2
ground state yields the typical green Er3+ UC luminescence.4,7

The 4F9/2 state is populated via cross relaxation.9,10 Its emission
to the ground state adds a red component to the luminescence.
The UC luminescence intensity increases 2-fold from sample
EG3 to EG6 for higher F� concentration, see Fig. 2 bottom and
Table 1. Another 2-fold increase of the UC intensity is achieved
by rising the reaction temperature from 120 �C to 200 �C for
samples EG6 to EG8, see Fig. 2 middle. The emission intensity
rises 16-fold by halving the rare earth acetate content from
60 mg to 30 mg for samples EG8 and EG9, see Fig. 2 top. As for
a higher F� content, a smaller rare earth ion concentration
increases the F/RE ratio. A higher reaction temperature results
in larger and better crystalline nanoparticles.24 In summary,
a high F/RE ratio and a high reaction temperature strongly
increase the UC luminescence intensity.

From the literature, it is known that higher NH4F concen-
trations increase the aggregate size of b-NaGdF4:Eu

3+ and Er3+

nanoparticles synthesized at room temperature in EG.54,55

Aggregation reduces the exposed particle surface; concomi-
tantly, the non-radiative relaxation decreases and UC lumines-
cence is not quenched. The same was reported for nanoparticles
from octadecene/oleic acid solutions.11 Since nanoparticles
from EG solutions are oen affected by agglomeration,54,55

reactions in EG/IL mixtures and pure ILs, in particular the
hydrophobic DADMA NTf2, were investigated in order to reduce
the aggregate size and increase the UC luminescence.

UC luminescence spectra of b-NaGdF4:18% Yb3+,2% Er3+

nanoparticles from EG/IL mixtures with DADMA OTf and
DADMA NTf2 are shown in Fig. 3. The UC emission intensity
increases strongly when the EG content is reduced. The by far
best results were obtained from syntheses in pure ILs, see the
green traces in Fig. 3. Among the pure ILs, the product from
hydrophobic DADMA NTf2 (sample IL2) is signicantly better
than from DADMA OTf (sample IL1). The UC luminescence
intensity of sample IL2 is 70-fold higher than for EG11. As
discussed above, strictly anhydrous reaction conditions reduce
the number of OH� defects in uorides and restrict non-
radiative losses of the luminescence intensity. Avoiding
solvents with OH groups, such as EG, is equally important.
These solvents may introduce traces of water into the reaction
mixture or act as surface ligands with high energy vibration
acceptor modes. Another bonus of the synthesis in pure ILs is
an increased microwave absorption; compared to EG/IL
mixtures, the microwave power could be reduced from 400 W to
50 W.
34788 | RSC Adv., 2019, 9, 34784–34792
3.2. b-NaGdF4:Yb
3+,Er3+ nanoparticles from IL solutions

Reactions in pure ILs yield material with a better UC lumines-
cence compared to EG or EG/IL syntheses, cf. Fig. 2 and 3, but
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 TEM and HR-TEMmicrographs of representative samples: (A) IL3 and (B) IL6 from syntheses with 60 mg and 180 mg NH4F at 225 �C; (C)
IL8 and (D) IL9 from syntheses with 140 mg NH4F at 250 �C for 5 min and 10 min; (E–G) IL4 from a synthesis with 100 mg NH4F at 225 �C for
5 min; (H) CS_IL4 core–shell nanoparticles. The sample names refer to Table 1.
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a different solvent requires the adjustment of reaction param-
eters. Accordingly, the uoride concentration, temperature, and
reaction time were optimized for syntheses in DADMA NTf2
solutions, see Fig. 4. The ionic liquid has a vapor pressure close
to zero and superb thermal stability, which allows higher
reaction temperatures. No hints for any decomposition of the IL
were detected up to 250 �C, the highest accessible temperature
for the microwave system. Due to the stronger microwave
absorption of the IL, the reaction time was reduced to 5 min
compared to 30 min for EG/IL mixtures.

Increasing the uoride concentration gives rise to a stronger
UC luminescence, as demonstrated for samples IL3 to IL6 in
Fig. 4, bottom, and in good agreement with Fig. 2. However,
a comparison of Fig. S7 and S6 (ESI†) reveals the presence of a-
phase in the XRD diagrams of several IL samples. The a-phase
content is reduced from IL3 to IL5 and IL6 shows a pure b-
phase. A higher uoride concentration is required in the IL in
order to obtain the pure b-phase. For identical uoride
concentration, e.g. EG3 vs. IL3, an IL sample shows a much
stronger UC luminescence because of a reduced number of
defects due to the anhydrous reaction conditions, despite an a/
b phase mixture. Higher uoride concentrations along the IL3
to IL6 series increase the nanoparticle size as evidenced by the
narrower diffraction peaks.

The reaction temperature has a stronger effect on the UC
luminescence than the NH4F concentration, see Fig. 5A middle.
At 225 �C (IL5) the UC luminescence intensity is 34-fold higher
compared to 200 �C (IL7), but it drops again by a factor of 12
towards 250 �C (IL8). The increase from 200 �C to 225 �C is due
to a higher crystallinity and bigger particle size of the b-phase.
At 250 �C, a signicant amount of the a-phase is observed which
This journal is © The Royal Society of Chemistry 2019
has a weaker UC emission. The higher temperature favors the
formation of the metastable a-phase.

Doubling the reaction time from 5 to 10 min (IL8 vs. IL9)
reduces the amount of a-phase, see Fig. S7 (ESI†). A longer
reaction time supports completion of the a / b phase transi-
tion, which enhances the UC luminescence, see Fig. 4, top.
Overall, sample IL6 shows the best UC emission. Optimized
reaction parameters are a high uoride concentration, 225 �C,
and 10 min reaction time.

TEM micrographs of representative samples are shown in
Fig. 5. Particle size and agglomeration increase with uoride
concentration, see Fig. 5A and B for samples IL3 and IL6. The
crystallite size increases from 3–4 nm to 15–18 nm, and
agglomerates form in the mm size range. Longer reaction times
result in larger aggregates, see Fig. 5C and D. From higher
magnication in Fig. 5E–G, an individual crystallite size in the
order of 4.6� 1.1 nm becomes visible for sample IL4. It does not
show signicant aggregation and provides a good UC lumi-
nescence. This sample was further used for a core–shell
synthesis, where an undoped b-NaGdF4 shell was grown on top
of the b-NaGdF4:2% Er3+,18% Yb3+ particles. The core–shell
particles (CS_IL4) have a crystallite size <20 nm and show rather
small aggregates, see Fig. 5H. Sample IL4 contains a minor
fraction of the a-phase, as evident from its XRD pattern, see
Fig. S7 (ESI†). In the subsequent reaction step towards the core–
shell sample CS_IL4, a complete conversion to the b-phase was
achieved, see Fig. S8 (ESI†).

The UC luminescence of samples from EG (EG11) vs. core
(IL4) and core–shell particles (CS_IL4) from IL syntheses is
compared in Fig. 6 and 7. Samples from IL syntheses show
strongly enhanced UC intensities over the EG sample, see Fig. 6.
RSC Adv., 2019, 9, 34784–34792 | 34789
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Fig. 6 Upconversion luminescence of b-NaGdF4:18% Yb3+,2% Er3+

nanoparticles from an EG synthesis (EG11, black trace) compared to
core (IL4, red trace) and core–shell (CS_IL4, blue trace) nanoparticles
from IL syntheses. The sample names refer to Table 1. The UC lumi-
nescence was excited at 970 nm with 580 mW (unfocused) laser
power.
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The growth of an undoped b-NaGdF4 shell (CS_IL4, blue trace)
around the Er3+, Yb3+ doped core (IL4, red trace) results in
doubling of the UC intensity. The impressive differences
become evident from the photographs in Fig. 7. Note that the
excitation power is reduced almost by half from 580 mW to 330
mW for EG/IL and IL samples, respectively. Dry powder samples
of the nanoparticles were lled in glass tubes and are illumi-
nated from the le-hand side by unfocused laser light from
a glass ber. As discussed above, infrared excitation of Yb3+ and
energy transfer upconversion between Yb3+ and Er3+ ions result
in Er3+ emission in the visible spectral range. Dominant is the
green emission from the 4S3/2 and

2H11/2 states, weaker the red
emission from the 4F9/2 state. Higher order processes give rise to
a small population of the 2H9/2 state and result in a further weak
violet UC emission. The high green-to-red UC intensity ratio
demonstrates the excellent quality of the nanomaterial with
respect to chemical purity, phase purity, and crystallinity.
Fig. 7 Photos of the UC luminescence from b-NaGdF4:18% Yb3+,2% Er3+

laser power, respectively. (A) EG11 from EG/IL, (B) IL4 core, and (C) CS_
Table 1.

34790 | RSC Adv., 2019, 9, 34784–34792
The green-to-red ratio is representative for the level of multi-
phonon relaxation losses in the sample. The 4F9/2 state can be
populated by cross-relaxations or multi-phonon relaxation from
the 4S3/2 state.4,9 In macroscopic samples, e.g. single crystals, the
multi-phonon relaxation is negligible at room temperature for
the b-NaGdF4 host lattice due to its low effective phonon energy.
Therefore, the red emission is indicative of impurities or lattice
defects, which introduce acceptor modes of high-energy,
depopulate the 4S3/2 state, and strongly reduce the UC emis-
sion in total. The major enhancement of the UC luminescence
from sample EG11 to IL4 is the result of a signicant reduction
of defects and acceptor modes due to an anhydrous synthesis
and the absence of ligands with OH groups.

A further signicant increase of the UC emission is achieved
by growing an undoped b-NaGdF4 shell around the b-
NaGdF4:18% Yb3+,2% Er3+ core, see the blue trace in Fig. 6 for
sample CS_IL4. The shell saturates any partial coordination at
the core surface and separates the particle surface from the
optically active core. This approach reduces losses by multi-
phonon relaxation via high energy vibration modes of ligand
molecules and surface defects.

The UC luminescence from IL4 and CS_IL4 nanoparticles is
further compared to mm-size b-NaYF4: 20% Yb3+, 2% Er3+ bulk
material,9 see Fig. 8. The samples were excited at 970 nm by only
70mW (unfocused) laser power. Despite a low excitation density
of 2.6 W cm�2, see Fig. S9 and Table S1 (ESI†) for excitation
density calculation, the nanoparticle samples (red and blue
traces) show a well detectable UC emission with a spectral
distribution close to the bulk material (black trace). The spectra
of the nanoparticle samples are scaled by a factor �500 in
Fig. 8. The UC luminescence from the core (IL4) and core–shell
nanoparticles (CS_IL4) are 0.067 (4)% and 0.122 (5)% of the
bulk material. The green-to-red intensity ratio is 1.80 for the
bulk vs. 1.66 and 1.52 for the core–shell and core nanomaterials,
respectively. The slight decrease of the green-to-red intensity
ratio along this series is due to increasing multi-phonon relax-
ation losses. These results are very good for sub 20 nm particles
and compare well with literature.

A synthesis of <6 nm b-NaGdF4:30% Yb3+,2% Er3+ core–shell
particles in oleic acid and octadecene at 240 �C for 20 min was
reported by Liu et al.26 The UC luminescence of these particles
was excited at 10 W cm�2 5.5 nm b-NaYF4 : Yb

3+, Er3+ particles
from an oleic acid, oleylamine, and octadecene solution at
310 �C for 30 min were reported by Ostrowski et al.24 Their UC
nanoparticles excited at 970 nmwith 580mW or 330 mW (unfocused)
IL4 core–shell particles from IL syntheses. The sample names refer to

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Upconversion luminescence spectra of mm-size b-NaYF4: 20%
Yb3+, 2% Er3+ bulk material7 (black trace) compared to core (IL4, red
trace) and core–shell (CS_IL4, blue trace) nanoparticles. The sample
names refer to Table 1. The UC luminescence was excited at 970 nm
with 70 mW (unfocused) laser power.
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spectra were excited by 1 W. 5–20 nm b-NaYF4: Yb
3+, Ln3+ (Ln ¼

Er, Tm or Ho) particles were obtained from a synthesis in tri-
octylphosphine oxide (TOPO),25 which allows higher reaction
temperatures of 330 �C to 370 �C. Samples were synthesized
within 30 to 90 min without impurities of the a-phase. 11 nm
particles were excited by a focused laser with 1 W power. 8–
10 nm b-NaYF4: Yb

3+, Er3+ particles were synthesized in oleyl-
amine at 330 �C for 1 hour by Boyer et al.21 They reported
quantum yields of 3% and 0.005% for bulk (>>100 nm) and 8–
10 nm particles for 20 W cm�2 and 150 W cm�2 excitation
density, respectively. The UC luminescence intensity of our
nanoparticles, see Fig. 8, was achieved by 70 mW unfocused
excitation power, corresponding to a power density of 2.6 W
cm�2. This value is more than an order of magnitude lower than
most literature values cited above. Incomplete information on
the excitation conditions oen hampers a direct comparison of
UC emission intensities from the literature. Due to the non-
linearity of UC processes the measurement of absolute
quantum yields and a comparison between different excitation
densities is inherently difficult.56,57 We restrict our study to
a relative comparison of nanoparticles with bulk material,
whose high quality was demonstrated in previous studies.7,56
4. Conclusions

The synthesis under anhydrous conditions in the ionic liquid
DADMA NTf2 is a promising path to b-NaGdF4:18% Yb3+,2%
Er3+ nanoparticles. A microwave reactor allows for efficient
heating and short reaction times. Anhydrous conditions and
appropriate solvents are essential for the synthesis of highly
luminescent upconversion material. These conditions limit
This journal is © The Royal Society of Chemistry 2019
non-radiative losses due to defects and high energy acceptor
modes of ligand vibrations. Another critical factor is the archi-
tecture of the nanoparticles. Core–shell particles show a more
intense luminescence compared to the bare core particles. The
growth of an isostructural undoped shell saturates coordination
environments at the core surface and separates the core from
the particle surface. Sub 20 nm core–shell nanoparticles were
obtained in two reaction steps without intermediate separation.
Very low excitation power was required to excite the upconver-
sion luminescence, which renders these nanoparticles attrac-
tive for biological imaging. We proved that the proposed
synthesis provides an effective route to minimize the presence
of OH-defects, which have been demonstrated to represent the
main source of luminescence quenching in uorides. We
believe that further optimization of this microwave-assisted
synthesis will yield even more efficient and monodisperse
nanomaterials, providing a fast and easily scalable synthesis
route to brighter uoride upconversion nanoparticles.
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H. U. Güdel, Chem. Phys. Lett., 2005, 407, 124–128.
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C. Würth, S. Christ, U. Resch-Genger, M. Schäferling and
T. Soukka, Nanoscale, 2015, 7, 11746–11757.

32 D. J. Gargas, E. M. Chan, A. D. Ostrowski, S. Aloni,
M. Virginia, P. Altoe, E. S. Barnard, B. Sanii, J. J. Urban,
D. J. Milliron, B. E. Cohen and P. J. Schuck, Nat.
Nanotechnol., 2014, 9, 300–305.

33 G. Yi and G. Chow, Chem. Mater., 2007, 19, 341–343.
34792 | RSC Adv., 2019, 9, 34784–34792
34 C. Gabriel, S. Gabriel, E. H. Grant, E. H. Grant,
B. S. J. Halstead and D. M. P. Mingos, Chem. Soc. Rev.,
1998, 27, 213–224.

35 R. Mart́ınez-Palou, Mol. Diversity, 2010, 14, 3–25.
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