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Abstract

Upconverting nanoparticles (UCNPs) are promising candidates for photon-driven reactions,
including light-triggered drug delivery, photodynamic therapy, and photocatalysis. Herein, we
investigate the NIR-to-UV/visible emission of sub-15 nm alkaline-earth rare-earth fluoride UCNPs
(M1—xLnyF24x MLNF) with a CaF, shell. We synthesize 8 alkaline-earth host materials doped with
Yb3* and Tm3*, with alkaline-earth (M) spanning Ca, Sr, and Ba, MgSr, CaSr, CaBa, SrBa, and
CaSrBa. We explore UCNP composition, size, and lanthanide doping-dependent emission,
focusing on upconversion quantum yield (UCQY) and UV emission. UCQY values of 2.46% at
250 W cm~2 are achieved with 14.5 nm SrLuF@CaF, particles, with 7.3% of total emission in the
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UV. In 10.9 nm SrYbF:1%Tm3*@CaF, particles, UV emission increased to 9.9% with UCQY at
1.14%. We demonstrate dye degradation under NIR illumination using SrYbF:1%Tm3*@CaF,,
highlighting the efficiency of these UCNPs and their ability to trigger photoprocesses.

Keywords
alkaline earth metals; lanthanides; nanoparticles; photophysics; upconversion

Introduction

Light-driven reactions underpin processes spanning from phototherapy, where light can
control drug release or trigger therapy,[2-3] to photocatalysis, where light can oxidize
contaminants in water or sterilize surfaces.[4-6] As a driving force, light is noninvasive and
spatially and temporally localized. Such aspects are especially important in targeted drug
delivery, where localized and tailored dosage minimize side effects and maximize successful
treatment.[2~2] Typically, high-energy photons such as ultraviolet (UV) or short wavelength
visible light are used to trigger these systems due to the high energy barrier required to break
bonds or isomerize molecules.[”-10] However, these same high energy wavelengths cannot
readily penetrate biological tissues. Yb3* Tm3*-doped upconverting nanoparticles (UCNPs)
show promise as optical converters and phototriggers for a suite of light-driven systems.
[11-18] Aple to absorb light in the NIR, these UCNPs can be excited deep within materials
and emit light in the UV and visible through a multiphoton process, locally activating the
necessary photoresponse.[11:16.17.19-25] However, in order to facilitate the use of these
UCNPs, particularly towards applications that require low excitation intensity, these

nanoparticles must be as bright and efficient as possible while maintaining biocompatibility.
[11,15]

The efficiency of the upconversion process is strongly correlated with the nanoparticle size
as well as the quality and thickness of the surface passivation provided by optically inert
shell layers.[26-29] Upconversion efficiency also depends on the host lattice for the
lanthanide ions, the doping concentration, and the donor-to-acceptor ratio.[30-32] The most
popular host lattice for UCNPs is hexagonal-phase sodium lanthanide tetrafluoride (p-
NaLnF,4) which is known to provide high upconversion quantum yields (UCQY) and
brightness.[18:33:34] For the most common B-NaLnF, UCNPs doping ratios of 20%/0.5% for
Yb3*/Tm3* are considered to yield efficient NIR-UV upconversion,[35:36] although the
optimum doping ratio may change with the geometry (size, shell thickness, etc.) of the
UCNPs and the irradiance of the excitation.[37-3% To enhance the brightness on a single
particle level, the doping concentrations of the donor ion, typically Yb3*, can be increased to
absorb more light per nanoparticle which may result in an adjustment of the acceptor-to-
donor ratio, as well.[4041]

Recently, other new host materials have been developed that show promise for highly
efficient and bright upconversion. Yang et al. demonstrated multifunctional drug delivery
using BaGdFs nanoparticles doped with Yh3* and Tm3* [42] however, these UCNPs show
little to no blue and UV emission. In other systems, upconverted light from Yb3*/Tm3*
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doped nanoparticles have been demonstrated for drug delivery applications but still need to
be further improved in terms of brightness and/or efficiency.[11:19-2543] Strong blue
upconversion emission was reported by Vetrone et al. for BaYFs: Yb3*, Tm3*, while
significant UV emission was achieved with LiYbF,: Tm3*, even with sub-20 nm particles.
[44.45] We also demonstrated the potential of alkaline-earth rare-earth fluoride
(Mq—-,Ln,Fo,,, MLNF) host lattices for small (sub-20 nm) lanthanide-based NIR to visible
Yb3*-Er3* upconversion.[46] The high UCQY of these particles encouraged us to consider
this new alkaline-earth host for UV and visible emission with Yb3*-Tm3* upconversion.

Here, we report a systematic study of the effects of alkaline-earth alloying, nanoparticle size,
and Yb3*-Tm?3* doping concentration in M;_,LnFo. (M includes Ca2*, Sr2*, Ba2*, and
Mg?Z*; Ln = Lu3*, Yb3*) nanoparticles for NIR to UV and visible upconversion. CaF, shells,
previously shown to be biocompatible, are used for passivation to dramatically boost the
upconversion efficiency of these nanoparticles by more than 5 orders of magnitude and
improve their biocompatibility.[4347-491 We synthesized 8 different core UCNPs based on
different alkaline-earth combinations: 3 pure [CaLuF, SrLuF, BaLuF], 4 double-alloyed with
equal ratio [(CaSr)LuF, (CaBa)LuF, (SrBa)LuF, (MgSr)LuF], and 1 triple-alloyed with equal
ratio (CaSrBa)LuF. Through comparison of these alloys via upconversion quantum yield
(UCQY) and decay lifetimes, we find SrLuF is the optimal host material for Yb3*-Tm3*
upconversion with the highest efficiency of the series. We further investigate how increased
doping concentration of Yb3*/Tm3* and larger active cores affect the upconversion
emission. Comparing the branching ratios, which describe the relative proportion of
emission from different states, of the Sr2* host lattice, we show a shift to much greater UV
emission for higher doping and larger cores. We characterize 15 nm core/shell SrLuF
UCNPs with UCQY as high as 2.46+0.22% at 250 W cm™2, where 7.3% of total emission is
in the UV. Increasing the irradiance to 1000 W cm~2 enhances the fraction of UV light
further to 10.3%. With higher lanthanide doping at 1000 W cm™2, the proportional UV
emission increases to 16.5% without compromising the high efficiency provided by the
alkaline-earth host. Lastly, we demonstrate how the upconversion emission of
SrYbF:1%Tm3*@CaF, UCNPs can be leveraged for photochemistry by using NIR
illumination of these UCNPs to degrade methylene blue. We show exponential decay of the
main spectral feature of methylene blue via UV/Vis spectroscopy, indicating the potential for
these nanoparticles as phototriggers.

Results and Discussion

The core MLnF UCNPs are colloidally synthesized via thermal decomposition of the
corresponding alkaline-earth and rare-earth trifluoroacetate (CF3COO™, TFA) salts with a
M:Ln ratio of 1:1 in oleic acid (OA), 1-octadecene (ODE), and oleylamine (OLA) at 300 °C
under inert atmosphere (further details are provided in the Supporting Information, SI).[4¢]
We use Lud* as the rare-earth component of the host materials based on previous studies that
have shown higher upconversion efficiencies for MLUF UCNPs.[46:50] Efficient blue
upconversion in the B-NaLnF, system is generally achieved with 20% Yb3* and ~0.5%
Tm3*.[51] Based on the average distance between active ions in our alkaline earth host
lattices, we dope the MLnF UCNPs with 28% Yb3* and 0.5% Tm3* (see Supporting
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Information). We synthesized 8 distinct core alkaline-earth-based UCNPs comprising M =
Ca?*, Sr2*, and Ba2* and the alloys MgSr, CaSr, CaBa, SrBa, and CaSrBa.

The 8 core MLnF UCNPs are shelled with inert CaF, for surface passivation. CaF is not
only biocompatible[4347-49] for future in vivo applications, but also crystallizes as a face-
centered cubic crystal structure with a lattice parameter (2= 5.462 A) that is smaller than all
the MLnF lattices used in this study (see Sl). Therefore, the shell is grown with tensile
strain, a preferred mismatch for epitaxial and isotropic shell growth.[52] The lattice mismatch
increases from 1.3% to 7.8% with increasing atomic number of alkaline-earth elements of
CaYFsgto BaYFs.

To synthesize the CaF, shell, a 2:3 mixture of Ca-TFA to Ca-oleate was continuously
injected dropwise into the hot reaction vessel containing the washed core UCNPs at 300 °C
(see SI). The injected amount of shelling precursors was adjusted to achieve nominally the
same shell thickness in all samples. In a similar approach, we use TFA precursor solutions,
as used for the active core synthesis, to grow larger UCNPs by injecting dropwise into the
hot reaction vessel containing the washed UCNPs (see Sl for further information). This
process can be repeated multiple times to grow larger UCNPs. Eventually, these enlarged
core UCNPs are passivated with CaF, shells. Figure 1 shows schematically how we can
grow nanoparticle cores, followed by growing an inert or active shell or both to make larger
nanoparticles. Transmission electron micrographs corresponding to these schematics are also
included in Figure 1, showing core, core/inert, enlarged core, and finally enlarged core/inert
shell nanoparticles. These images differentiate the CaF, shell and the darker MLnF core due
to the higher density, and therefore stronger electron scattering, of the Lu-based host
material. Images of all synthesized cores are included in the SI. Though the cores have a
spherical morphology, the final sample is cubic, owing to the face-centered cubic crystal
structure of both MLuUF and CaF,. The transition from spherical to cubic geometry has been
discussed previously and is attributed to the smaller contribution of surface effects with
increasing nanoparticle size.[%6] The size of the core and the thickness of the inert shell
strongly influence optical properties, such as the decay lifetimes and upconversion
efficiency. To enable a fair comparison between the different alloyed nanoparticles, we
synthesized particles that are as geometrically similar as possible. We define the core
diameter, cube edge length, and shell thickness as shown in Figure 2 a. In general, smaller
cores and thinner shells result in less efficient UCNPs. Despite their small (< 15 nm) size,
the UCNPs emit very brightly when illuminated with 980 nm light (see Figure 2b). The
perceived color is due to the combination of various transitions associated with Yb3*-Tm3*
including: 1D, — 3F4 and 1G4 — 3Hg in the blue and 1G4 — 3F, in the red. See SI for CIE
1976 color space map for all samples.

All samples were synthesized to be as monodisperse as possible, as is qualitatively shown
with the TEM image in Figure 2 ¢ and quantitatively plotted in the size distribution of more
than 200 measurements in Figures 2d,e for the alloyed series. The standard deviation for the
size of the final samples is approximately 10%. Though there exists some variability in the
shell thickness, plotted in Figure 2 f, the average shell thickness of each sample is within 2—
3 nm. The error of the shell thickness is propagated from the uncertainty in the core diameter
and the final edge length. Differences in the size across the alloyed series may stem from
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changes in the growth kinetics for these nanoparticles, potentially from different
decomposition temperatures of the alkaline-earth trifluoroacetates.[46] All particles are
sub-15 nm in size to ensure compatibility with a variety of applications.[53-5%]

The alloyed core/shell UCNPs, dispersed in toluene, are illuminated with a 980 nm diode
laser at roughly 1000 Wem™=2 and their emission spectra are collected using an Ocean Optics
HR4000 spectrometer (see Figure 3a). A CIE 1976 color space map for all MLnF UCNCs
using the spectra shown in Figure 3a is shown in the SI. Some variation in the luminescence
color and relative emission intensities can be seen here, particularly in the UV. In addition,
differences in the Stark level splitting are apparent, in particular in the NIR region around
780 nm. These differences are likely due to different crystal fields of host materials acting on
the lanthanide ions.[38] Figure 3b depicts the relevant states of the Jablonski energy diagram
for Yb3*-Tm3* upconversion. Here Yb3* absorbs light well at 980 nm and acts as the donor
for this upconversion pair, transferring energy to a nearby Tm3* acceptor. Tm3* can be
excited multiple times yielding NIR light (3H, — 3Hg) through a two-photon process; blue
(1G4 — 3Hg) and red (1G4 — 3F,) light through a three-photon process; and blue (1D, —
3F,) and UV (1D, — 3Hg) light through a four-photon process. The branching ratios, which
show the proportion of emitted light in the various spectral ranges are calculated based on
the integrated emission intensities of these spectra. The branching ratio for the SrLuF
sample with a CaF, shell is plotted in Figure 3c as a function of irradiance. At higher powers
the relative amount of light emitted in the red, blue, and UV increases, while that in the NIR
decreases. Due to the greater number of absorbed photons required to reach these states,

emission from these states is more accessible as the number of incident photons increases.
[37]

Decay lifetimes can provide further insight into the photodynamics of a specific electronic
transition across our alloyed series. Time-dependent luminescent measurements are shown
in Figure 3d for the alloyed series. We excite the samples with a 980 nm laser pulsed at 20
Hz and detect emission at 476 nm, probing the population and depopulation of the blue (G,
— 3Hg) state of Tm3*. After an initial rise time of 400-600 ps to reach maximum intensity,
the upconversion emission decays exponentially. We define the decay time as the time
required for the emission intensity to decrease from its maximum intensity to a factor of 1/e.
All time-dependent measurements are summarized in the SI. The variation of the calculated
decay times under 980 nm excitation for the emission of Yb3* NIR (1000 nm), Tm3* NIR
(800 nm), Tm3* red (650 nm), and Tm3* blue (476 nm) are shown in Figure 3e. The Yb3*
lifetimes vary between 800-1200 ps.

Though distinct alkaline-earth host lattices do not show any apparent trend in their lifetime,
we can correlate the outlier samples (CaSr)LuF, with the longest lifetime, to the thickest
CaF, shell and BaLuF, with the shortest lifetime, to a thin CaF, shell (see Figure 2f).
(CaSrBa)LuF has a comparably thin shell but much longer Yb3* lifetime. We observed
cracks in 40-60% of the CaF, shells on BaLuF samples, which may reduce the passivation
effect and result in stronger non-radiative losses, therefore reducing the lifetime. The cracks
may form because of the significant lattice mismatch between the BaLuF core and CaF,
shell. We expect BaLuF5 has similar lattice parameters than BaYFs. Therefore, tensile lattice
strain is around 7.8% from the core to the shell for the core/shell BaLuF sample. Such high
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strain is likely too high to grow an isotropic epitaxial shell layer, explaining the imperfect
CaF> shell for the BaLuF sample.

Upconversion quantum yield (UCQY) values are measured for the series of alkaline-earth
alloyed UCNPs with CaF shell dispersed in toluene at multiple irradiances of 980 nm
illumination. Here we define UCQY as the number of emitted upconverted photons divided
by the number of absorbed photons. Figure 4a shows the UCQY values of the total
upconverted emission as well as specifically for NIR (740-860 nm), red (630-680 nm), and
blue (475-530 nm) emitted light for all samples in the alloyed series measured at an
irradiance of 250 Wem™2. Note that the UCQY values of the pure core MLuF samples were
below the detection threshold of our measurement of 107°% and thus are not reported here.
Additionally, though our samples emit in the UV, instrument limitations prevented direct
quantification of the UCQY below 400 nm. However, we can estimate the contribution of
the UV light on the total UCQY based on spectral measurements using an Ocean Optics
spectrometer as described above with corresponding spectra shown in Figure 3a. Similarly,
the reported branching ratios for upconverted NIR, red, and blue light are based on UCQY
measurements while the UV branching ratio is estimated based on these spectral
measurements (see Sl for details). Based on this, UV emission contributes a small fraction to
the overall UCQY for the alloyed samples, on average approximately 2% (see Sl).

Based on the UCQY measurements, MLUF UCNPs containing Sr2* are the most efficient
upconverters. The core/shell SrTLUF@CaF» is the most efficient nanoparticle sample in our
series, with an UCQY value of 0.24+0.02% at 250 Wcm™2 and a size of 9.1+1.7 nm. We
note that SrLLuF was also the best performer in our previous study for Yb3*/Er3*
upconversion.[46] Ba-based samples are also among some of the least efficient samples. We
predict the cracks observed in the CaF, shell of the BaLuF sample are likely what reduces
this sample’s UCQY values, due to the reduced passivation effects as described above.

We plot the power dependent UCQY for the most efficient alloy core/shell sample,
SrLUF@CaF», in Figure 4b (see Sl for all other samples). Due to the nonlinear nature of
upconversion, UCQY is heavily dependent on irradiance; similarly, different upconversion
pathways vary in their dependence on irradiance due to the varying number of excitation
photons required for emission from a specific state.[30:56] |n an ideal case, the number of
absorbed photons (7)) needed to populate an energy level is proportional to the slope of the
power-dependent luminescence on a log-log scale—following a power law.[3% In contrast to
the brightness, the UCQY follows a power law with (7/—1). Note that the value »n derived
from this relationship can be complicated by competing photon pathways, leading to non-
integral values. The NIR emission stems from a 2-photon process therefore the value of 7,
derived from the slope, is <2. Because of a negligible UV emission from energy level 1D,,
we can assume that blue and red emission stem from the same initial energy level 1G4 but
different final energy levels, the ground and first excited state, respectively. There are 3
photons needed to populate 1G4, consequently 7 for these transitions is <3 in an ideal case.
The deviation of lower slopes compared to the ideal case is attributed to cross-relaxation and
other loss processes. We note that UCQY is consistently greater in the blue compared to the
red due to the additional 4-photon process that can facilitate blue emission (1Dy — 3F).
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To investigate the effects of size and doping concentration on the UCQY, we chose to further
investigate Sr-based samples because of their high efficiency. We compared SrLuF: 28%
Yb3*, 0.5% Tm3* (SrLuF) with a completely doped sample SrYbF: 1% Tm3* (SrYbF). To
generate a size-series, we took the washed core samples and grew an active layer of the same
material onto the cores resulting in a larger core sample (see Sl for further details). We
synthesized 4 sizes of SrLuF and 3 sizes of SrYbF. Table 1 summarizes nanoparticle
characteristics of size, volume, and number of acceptor and donor ions per nanoparticle for
the size series. On average, the smallest SrLuF and SrYbF nanoparticles have only 149 and
323 Yb3* ions per nanoparticle, respectively, as well as 3 Tm3* ijons each. As the
nanoparticle volume increases, the number of acceptor and donor ions increases rapidly
along with the measured UCQY.

The emission spectra of the cores without any passivating shell is shown in Figure 5a for
SrLuF and Figure 5b for SrYbF. The spectra are corrected for different absorption of the
samples by accounting for the approximate number of Yb3* absorbers. The ratio of UV to
blue and red emission of the SrYbF sample is 2—4 times larger than that for the SrLuF
sample. While the smallest SrLuF cores of less than 5 nm are barely measurable, the strong
upconversion emission even in the UV can be seen from the larger, 11 and ~14 nm cores.
This increase in brightness is also reflected in the UCQY measurements, where the UCQY
of the starting cores are below our detection threshold but increasing the size of the core
dramatically increases the UCQY. We plot the UCQY as a function of nanoparticle volume
in Figure 5c¢. This plot both highlights the significant changes in volume in this small size
regime, where diameter only increases by a few nanometers, and more meaningfully
represents the number of Yb3* and Tm3* ions in a single nanoparticle. The UCQY increases
non-linearly with the UCNP volume. Such nonlinear increases can be attributed to the
decreasing surface-to-volume ratio and therefore reduced surface quenching, among other
effects.

We next compare the increase in emission from passivating different sized nanoparticle
cores with an inert CaF, shell. For both host materials, SrLuF and SrYbF, the emission
intensities of all spectral peaks increase significantly, as shown in Figure 6a,b. The increase
is especially noticeable in the UV. For the SrLuF samples, core@CaF, shows very minimal,
yet still apparent, UV emission while C2@CaF» has significant UV emission intensity
comparable to other peaks. For the higher doped samples of SrYbF, core@CaF, shows
significant UV emission, noticeably brighter than that for core@CaF, of SrLuF. Therefore, a
higher Yb3* content or more Yb3* ions in a UCNP help to populate higher energy levels for
stronger UV emission. The UV emission of SrYbF becomes the strongest emission line from
the increased core size, as seen by C1@CaF, in Figure 6b. SrLuF C2@CaF, and SrYbF
CS1@CaF, both show strong UV emission with branching ratio of the total UC emission at
1000 Wem™2 of up to 10.5% and 16.5%, respectively.

The UCQY values for these samples are shown as a function of irradiance in Figure 6c,d. In
both cases, the UCQY cannot be measured for the smallest, sub-5 nm core nanoparticles
without passivation, as these values are below the detection threshold of our UCQY
measurement system. Upon increase in active core size (C1, C2, and C3 for SrLuF and C1
for SrYbF), the UCQY reaches significantly higher values which is further boosted by the
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passivation with CaF,. Table 2 provides a summary of the comparison between key SrLuF
and SrYbF samples once passivated with CaF,. For SrLuF, the CaF, shell increases the
UCQY by a factor of approximately 24 000 to 0.24+0.02% at 250 Wem™2, assuming the
core sample has an UCQY at the detection threshold of 1075%. Passivating a larger core,
such as C3 with a UCQY of (2.11+0.19) x 1072% at 250 Wem™2, boosts the quantum yield
by a factor of 380 to 2.46+0.22% at the same irradiance. The boost in UCQY for SrYbF
from core to core@CaF; is even more prominent, with an increase by a factor of
approximately 68 500. Passivation of C1 for SrYbF yields an increase in UCQY by 240 x to
1.14+0.10% at 250 Wem™2. A table of UCQY values from relevant literature sources is
provided in the SI for comparison with the values reported here.

We expect the UCQY values of the UCNPs from the SrYbF host to be less than those of the
SrLuF host due to the concentration quenching effects from increased Yb3* and Tm3*
content. In addition, the increased number of Yb3* also results in faster and generally more
efficient migration of excitation energy throughout the nanocrystal, including to the surface
where quenching can be more prominent due to energy transfer to molecules on or near the
surface and a larger number of Yb3*-02~ bonds, for example.l57] Energy back transfer to
Yb3* and Tm3*-Tm3* cross-relaxation could also contribute to the diminished UCQY.
Furthermore, the size of the active UCNP cores are 10.8+0.7 nm for the SrLuF sample C2
and 8.1+1.1 nm for the SrYbF sample C1. By volume the SrLuF C2 core is 2.5 times larger
than the SrYbF C1 core and therefore more efficient even without passivation. This is an
important factor that contributes to the absolute UCQY values as well, as shown in Figure
5c.

By comparing the integrated emission intensities of the different spectral regions, we can
determine the branching ratios of SrLuF and SrYbF as a function of irradiance, as shown in
Figure 6e,f. Upconversion to the NIR (740-860 nm) dominates the branching ratio for both
materials. We notice that SrYbF has slightly less emission than SrLuF in the blue and red
but significantly more UV emission. As we would expect, we see red, blue, and UV
emission increase relative to NIR emission as irradiance increases. As more photons are
absorbed, higher n pathways become more accessible and therefore higher energy levels
become more likely to be populated, which leads to stronger emission.[37]

It is also worth mentioning that the core@CaF, SrYbF sample has a significantly larger
UCQY than the core@CaF, SrLuF sample despite the fact that the active core is smaller and
shell thickness is almost the same. Hence, for small NIR-to-UV UCNPs, higher doping
results in significant efficiency enhancement. In addition, for imaging and photoresponse
applications, such as drug-delivery through photocleavage or photoisomerization, the highly
doped sample also benefits from the much stronger absorption due to the larger amount of
absorber per nanoparticle. As a consequence of the stronger absorption, the brightness is
significantly enhanced in the SrYbF compared to the SrLuF core@CaF, sample. We can
estimate the SrYbF core@CaF, sample is 10 times brighter than the comparable SrLuF
core@CaF, sample by considering the UCQY and the number of absorbers per nanoparticle.

As a proof-of-concept NIR-trigger photoreaction, we show how upconverted light emitted
by our Yb3*, Tm3*-doped UCNPs can be used to degrade methylene blue in chloroform.
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Upon irradiation with a 980 nm diode at approximately 1000 Wem™2, we see significant
changes in the UV/Vis transmission spectrum of methylene blue in the presence of SrYbF:
1% Tm UCNPs (Figure 7a). As a control, the same concentration of methylene blue is
illuminated for the same amount of time without UCNPs present. As seen in Figure 7b, no
change in the transmission spectrum is seen over the course of three hours of illumination.
Each of these experiments were repeated three times to ensure reproducibility. Even after 5
minutes, there is a clear change in the prominent transmission feature. Plotting the percent
transmission at this spectral feature as a function of time on a log-log plot (Figure 7¢) shows
that the dye degrades exponentially with irradiation from the UCNPs. This demonstration
shows promise for these UCNPs to trigger photochemistry, such as that required for drug
delivery or photodecontamination.

Conclusion

We synthesized NIR to UV and visible alkaline-earth rare-earth fluoride (M1_,LnF>.,) core
upconverting nanoparticles (UCNPs) doped with Yb3* and Tm3* in eight distinct host
materials comprising alloys of Mg2*, Ca%*, Sr2*, and Ba2* and sizes of around 5 nm in
diameter. We also introduced a straightforward hot injection method to grow inert,
biocompatible CaF, shells around the core UCNPs to a total size of around 10 nm. We
characterized and compared the emission spectra, time-dependent luminescence, and
upconversion quantum yield (UCQY) of each host lattice. The SrLuF host lattice showed the
most promise with the highest UCQY of 0.24+0.02% at 250 Wcm™2. Due to this high
UCQY, we further investigated the SrLnF host by growing larger core nanoparticles with an
active shell layer approach and passivating them with an additional CaF, shell. We also
explored the effect of higher doping concentrations of Yb3* and Tm3*. Appreciably greater
UCQY was observed in these larger SrLuF core nanoparticles; when passivated with CaF»,
measured UCQY were as high as 2.46+0.22% at 250 Wcm™2, significant for such 15 nm
nanoparticles. When we increase the doping concentrations of Yb3* and Tm3* to 99% and
1%, respectively, a substantial increase in the relative emission of UV light over samples
with lower doping was observed, while maintaining a high UCQY of 1.14+0.10% at 250
Wem~2, although the SrYbF sample is only 11 nm and therefore smaller than the SrLuF. For
the sub-5 nm core with CaF, shell, SrYbF:Tm3* nanoparticle outperforms the SrLuF: Yh3*,
Tm?3* nanoparticle in efficiency by a factor of 2.9 and brightness by a factor of 10, due to the
higher absorption per nanoparticle. These studies emphasize the importance of core size and
Yb3* dopant concentration in increasing both the relative and absolute UV emission
intensity, particularly in a small size regime. To the best of our knowledge, these
nanoparticles are among the most efficient Yb3*-Tm?3* upconverters in sub-15 nm size range
and show high UV intensity ratio of the overall upconversion emission.[44.51.58-64] To show
the viability of these nanoparticles for photochemistry, we demonstrated the ability of
SrYbF: 1% Tm UCNPs to degrade methylene blue in solution with NIR excitation.

The insights provided by our work on alkaline-earth host lattices may enable high-efficiency
NIR to UV and visible photo-activation, especially when small UCNPs are required. In
future studies, detailed structure-property relationship studies, especially at the single-
particle level, could help elucidate the benefits of certain alloys over others. We envision the
our UCNPs may be especially useful for drug delivery applications, owing to the inherent
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biocompatibility of the CaF, shell. The particle’s small size and high UCQY may also find
additional applications spanning solar photocatalysis, photochemistry, bioimaging, and
efficient temperature, pressure, or analyte sensing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematics and corresponding transmission electron microscope (TEM) images of a) core,

b) core @ inert CaF, shell, ) enlarged core, and d) enlarged core @ inert CaF, shell
nanoparticles. TEM contrast in images is due to the difference in electron scattering from the
core material of heavier elements and the lighter CaF, shell. All scale bars are 5 nm.
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a) Schematic structure of MLuF: Yb3*, Tm3*/CaF, core/shell nanoparticle and transmission
electron microscope (TEM) image of single SrLuF nanoparticle for comparison. b) Picture
of core/shell UCNPs dispersed in toluene and illuminated with 980 nm laser using a
smartphone camera. CIE 1976 color space for all samples is shown in the Supporting
Information for a quantitative color comparison at around 1000 Wem=2. ¢) Example TEM
image of SrLuF UCNPs showing monodispersity of sample. d-f) Comparisons of core
diameter, final core/shell edge length, and shell thickness, respectively, across alloyed UCNP
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series. Size of the core and shell thickness strongly influence optical properties, such as the
upconversion efficiency. Therefore, as similar as possible UCNP geometries were
synthesized. Error bars represent the standard deviation of the measurement (/= 200). For
calculation of shell thickness, error is propagated from the error associated with both the
core diameter and the final edge length.
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Figure 3.

a) Emission spectra of alloyed UCNP series, illuminated with a 980 nm diode laser at 1000
Wem™2, b) Schematic of the energy level diagram and the upconversion scheme. c)
Branching ratio into NIR, red, blue, and UV light for SrLuF@CaF, at various illumination
irradiances. d) Time-dependent upconversion measurements for alloyed series, probing the
Tm3*1G, — 3Hg transition; excited at 980 nm with emission at 476 nm. e) Summary of
decay lifetime measurements defined as 1/e of the peak intensity for alloyed series excited at

980 nm.
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a) Upconversion quantum yield (UCQY) measured for alloyed series, illuminated with a 980
nm diode laser at 250 Wcm™2. b) Power-dependent example of UCQY, as a percentage, for
SrLuF@CaF, on a log-log scale and fits of the power law to the data.
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Emission spectra for different core UCNP sizes without an inert shell layer for a) SrLuF:
28%Yh3*, 0.5% Tm?3* and b) SrYbF: 1% Tm3*. The region up to 400 nm is enlarged by a
factor of 10. c) UCQY, as a percentage, measured at different irradiances plotted at their
respective nanoparticle volumes for SrLuF: 28% Yb3*, 0.5% Tm?3*. Increasing the UCNP
size from 4.5 nm to 7.9 nm increases the volume, and therefore the number active lanthanide

ions, by a factor of around 10. The UCQY increases non-linearly with UCNP volume.
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Figure 6.
Effect of nanoparticle passivation with CaF, shell for SrLuF: 28% Yb3*, 0.5% Tm3*

nanoparticles on a) emission spectra, b) UCQY, as a percentage, at different irradiances, and
¢) branching ratios based on UCQY measurements along with digital images of the samples
under 980 nm illumination. Effect of nanoparticle passivation with CaF, shell for SrYbF:

1% Tm3* nanoparticles on d) emission spectra, €) UCQY, as a percentage, at different
irradiances, and f) branching ratios based on UCQY measurements along with digital images
of samples under 980 nm illumination. CIE 1976 color space maps can be found in the SI

for a more quantitative discussion of luminescence color.
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Figure 7.
UV/Vis spectra of a) UCNPs dispersed in chloroform with methylene blue dye and b)

methylene blue dye dispersed in chloroform. The times corresponding to the different
colored spectra refer to the illumination time of the sample with a 980 nm diode laser. c)
Log-log plot of the Transmission (%) minimum over illumination time (minutes),
demonstrating exponential decay. Error bars represent standard deviation of three separate
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experiments. Linear fit shown in red following equation y = 0.1789*x + 3.2233 with R% =
0.9928.
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