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Activation of the surface dark-layer to enhance
upconversion in a thermal field

Jiajia Zhou®*, Shihui Wen
Chao Mi, Fan Wang® and Dayong Jin®*

Thermal quenching, in which light emission experiences a
loss with increasing temperature, broadly limits luminescent
efficiency at higher temperature in optical materials, such
as lighting phosphors'™ and fluorescent probes*-. Thermal
quenching is commonly caused by the increased activity of
phonons that leverages the non-radiative relaxation pathways.
Here, we report a kind of heat-favourable phonons existing at
the surface of lanthanide-doped upconversion nanomaterials
to combat thermal quenching. It favours energy transfer from
sensitizers to activators to pump up the intermediate excited-
state upconversion process. We identify that the oxygen moi-
ety chelating Yb3* ions, [Yb--0], is the key underpinning this
enhancement. We demonstrate an approximately 2,000-fold
enhancement in blue emission for 9.7 nm Yb3*-Tm3+ co-doped
nanoparticles at 453K. This strategy not only provides a
powerful solution to illuminate the dark layer of ultra-small
upconversion nanoparticles, but also suggests a new pathway
to build high-efficiency upconversion systems.

A phonon represents an excited quantum state of vibration
within a material’s elastic structure. Although the ensemble fre-
quencies and behaviours of phonons within many bulk materials
have been well studied’, understanding of the difference and inter-
actions of phonons at the surface of nanomaterials is quite limited.
However, it has been generally believed that an increase in the sur-
face-to-volume ratio will introduce more quenching factors from
the vibrating surface environment so that the quenching of lumi-
nescence becomes dominant®’.

This study focuses on investigating the roles of phonons, gen-
erated at the surface of lanthanide-doped upconversion nano-
materials, in facilitating energy transfer (ET). By up-converting
low-energy photons into high-energy visible emission, upconver-
sion nanoparticles (UCNPs) have attracted much attention in a
wide range of applications, such as fluorescence microscopy'®',
nanoscale thermometry®'?, photodynamic therapy”, optogenetics',
security inks'>'%, photovoltaic converters'” and three-dimensional
volumetric displays'®".

While conventionally vibrating surface molecules are believed to
quench the luminescence of nanoparticles'-*, here we find the moi-
ety of surface molecules that chelate the exposed surface ions, in par-
ticular the sensitizer ions (Yb*"), generates surface phonons. When
increasing the temperature, more surface phonons will become
active to be locally coupled to Yb**. That is, the [Yb---O] complexes
assist stepwise transfer of the trapped energy onto the scaffold
energy levels of the Tm®" activators, which eventually produces
much brighter up-converted emissions, as illustrated in Fig. 1. This
process can help nanoparticles overcome the thermal quenching
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effect, and the brightness of UCNPs can be increased by orders of
magnitude at high temperatures.

Fourijer-transform infrared spectroscopy (FTIR) and Raman
spectrometry measurements, shown in Fig. 1, reveal that the long
chain of oleic acids contains multiple frequencies of vibrating states
of phonons; for example, the symmetric and asymmetric -COO"
stretches at 1,454cm™ and 1,558cm™, and the symmetric and
asymmetric ~-CH, /-CH, stretches at 2,856cm™ and 2,925cm™" *'.
The frequencies 247 cm™, 296 cm™ and 355 cm™ belong to the pho-
non frequencies of the host fluoride crystal while the frequencies
471cm™, 491cm™, 559cm™ and 620cm™ should come from the
[Yb/Y/Tm--O] coordination, although there is limited knowledge
reported from the literature’>*. We therefore perform a calcula-
tion and find that these vibration frequencies fall within the ranges
510-560cm™" and 117-255cm™ (see Supplementary Fig. 4 and
Table 1). The low-frequency phonons (<355cm™), including the
host vibration modes, make only a small contribution to ET at high
temperature, while the high-frequency phonons related to the other
stretches of surface molecules (>1,000 cm™) are far away from, and
cannot be locally coupled with, the excited state Yb**.

Figure 2a illustrates that surface phonons not only facilitate ET
from the Yb**: ?F;, to the Tm*": °H; level as the prime ET step, but
also supplement the energy mismatch by enabling non-radiative
relaxations—for example, *H,=°F,, °F, ,=°H,, of the excited Tm?*
ions—so that multiple quanta of phonon-modulated sensitized
photons will be stepwise up-converted onto the scaffold excited
states of Tm**. This indicates that the process to up-convert pho-
tons onto higher excited states of Tm*" demands greater partici-
pation of the surface phonons*. Therefore, when increasing the
temperature, the upconversion emissions from higher levels are
more obviously enhanced than those from lower levels (see Fig. 2¢).
Figure 2b shows that a higher concentration of Yb** provides
an increased [Yb--O] ligand-cation interaction that benefits
the enhancement.

This observation also suggests that the underpinning mechanism
based on surface phonons should be broadly applicable to other
typical ET systems, which is experimentally verified (see Fig. 2e).
Moreover, by comparing the degrees of energy level mismatches
between sensitizers and different activators, as shown in Fig. 2d,
we find the maximum enhancement factors of surface-phonon-
enhanced upconversion strongly follow the degree of energy mis-
match in the order AE;,,. vb1m > AEpoyn: vb-10 > AEyp, yp.z» s shown
in Fig. 2e and f. It is worth mentioning here that significant upcon-
version emission enhancement is achieved for UCNPs with sizes
even larger than 40nm, which rules out the possible mechanism
being described as the release effect of ‘phonon confinement,

Institute for Biomedical Materials and Devices (IBMD), Faculty of Science, University of Technology Sydney, Sydney, NSW, Australia.

*e-mail: jiajia.zhou@uts.edu.au; dayong.jin@uts.edu.au

154

NATURE PHOTONICS | VOL 12 | MARCH 2018 | 154-158 | www.nature.com/naturephotonics

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


mailto:jiajia.zhou@uts.edu.au
mailto:dayong.jin@uts.edu.au
http://orcid.org/0000-0002-0605-5745
http://orcid.org/0000-0002-4670-4658
http://orcid.org/0000-0001-7403-3305
http://orcid.org/0000-0003-1046-2666
http://www.nature.com/naturephotonics

NATURE PHOTONICS LETTERS

¢
C . Phonon
¢

Fsro °o°
%092 3
Hs
[Yb--0]
F7/2
Yb Tm

3,500 2,800 2,100 1,400 750 600 450 300
Wavenumber (cm™')

Fig. 1| Schematic illustration of the surface-phonon-enhanced upconversion process. Different from the conventional upconversion process, [Yb:-O]
coordination generates surface phonons and participates in the upconversion process, so that the excited state population of sensitizers, defined by the
narrow band of the 2F,, level of Yb*, will be modulated to form the broad band of a virtual state. This improves the degree of energy transfer matching
between Yb (?F,/,) and Tm (®H;) to achieve a higher energy transfer efficiency. Inset data show the vibrational modes of oleate-capped nanocrystals
through FTIR (1,000-3,800 cm™") and Raman (200-800 cm~") measurements.
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Fig. 2 | Surface-phonon-enhanced upconversion in different sensitizer—activator systems. a, Yb>* and Tm3* energy level diagram shows surface phonons
participating in upconversion. b, Intensity of the Tm3*:'G,—3H, transitions depends on both temperature and Yb** concentrations. €, Maximum enhancement
factors of Tm3+: 3H,—3H; transitions compared with those of 'G,—3H, from nanoparticles with different Yb** concentrations. d, Approximate energy gaps
between the excited states of the sensitizer Yb** and nearby typical activators. e, Emission spectra of f-NaYF,: 49 % Yb**-1 % X (X=Tm?3*, Ho** and Er+)
nanoparticles at 303K and a high temperature (403K for Er** and Ho**, and 453K for Tm**). f, Temperature-dependent intensities of Tm**:'G,—3H,, Ho*: °S,,
°F,—°lg and Er**: *F,,,—l,5, transitions. (For sample morphologies of b and e, see Supplementary Fig. 1. 980 nm laser excitation, at 0.5 Wcm=2).
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Fig. 3 | Surface engineering to investigate surface-phonon-enhanced upconversion. a-c, The temperature-dependent intensity changes of p-NaYF,: 49 %
Yb3*-1% Tm3** @ B-NaYF,:1 % Tm3* and B-NaYF,: 49 % Yb3**-1 % Tm3** @ NaYF, core-shell nanoparticles (core size of 29 nm and shell thickness of ~7.5nm)
(a), annealed (at 773K 1h) B-NaYF,: 49 % Yb3**-1 % Tm>** nanoparticles (b), and -NaYF,: 49 % Yb3*-1 % Tm3* micrometre-sized rods (2 pm in length and
380nm in diameter) (c). d,e, Size-dependent surface-phonon-enhanced upconversion luminescence (Tm3**: 'G,—3H,) of p-NaYF,: 49 % Yb3**-1 % Tm3*
nanoparticles in a thermal field (e) with TEM images (d). f.g, Hydrophilic nanoparticles (29 nm p-NaYF,: 49 % Yb3*-1 % Tm>3*) with surface-capped DNA
() and citrate (g) maintain upconversion enhancement at high temperatures. (For sample morphologies of a-c, see Supplementary Fig. 2. 980 nm laser

excitation, at 0.5 W cm2).

which should only happen at extremely low temperature for small
nanoparticles*”,

To quantitatively understand the temperature-dependent lumi-
nescent enhancement and its relationship with AE, we moni-
tor the intensity variations of 475nm emissions (Tm**: 'G,—
*H,), 545nm emissions (Ho**: °S,, °F,—°L;), and 654 nm emissions
(Er**: *F,;,,—*I,5,) by fine tuning the temperature from 303K to
523K, as shown in Fig. 2f. Clearly, in the medium-temperature
range, the as-discovered surface phonons can overcome the ther-
mal quenching effects, but extremely high temperature will pro-
mote the population of other deleterious phonons at different
vibration frequencies, from, for example, host lattice, internal/
surface crystalline defects, and surface chemical bonds, that com-
monly exist in luminescent nanomaterials. The earlier and rapid
rise of upconversion enhancement at relatively lower temperature
for Ho®* nanoparticles suggests its lower requirement in tempera-
ture activation energy as a result of a smaller energy mismatch
between Yb** and Ho** (AEp, . vb.110 = 1,000 cm™") compared to Tm?**
(AEpgyn vb.mm = 1,400 cm™). (Note: the temperature response for Er**
is affected by the thermal coupling effect®.)

To further confirm the important role of oxygen moiety chelat-
ing Yb** sensitizers in generating surface phonons that enhance the
upconversion efficiency in a thermal field, we also collect evidence
by reverse logic by checking materials without [Yb--O] coordina-
tion on the surface. Figure 3a—c shows the different design strategies
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for isolating Yb** ions from the surface with an inert shell or a layer
with singly doped 1 mol% Tm?", damaging the surface ligands by a
heat annealing process, and growing bulk (micro rods) upconver-
sion materials with a negligible amount of surface ligands, respec-
tively. The reduction in [Yb--O]-induced phonons in the annealing
process can be qualitatively monitored by Raman spectroscopy
measurements (Supplementary Fig. 3). All three cases result only in
thermal quenching.

Figure 3e (TEM images in panel d) further shows that increasing
the surface-to-volume ratio by decreasing the size of the nanopar-
ticles will introduce greater [Yb---O] coordination to participate in
upconversion, and result in increased amplification of the enhance-
ment at high temperature, with a new record of 30-fold enhance-
ment achieved from 29nm spherical nanoparticles. As a further
proof, when the as-synthesized UCNPs are transferred from the
hydrophobic (in-situ formed oleate) to the hydrophilic (for exam-
ple, citrate, DNA) surface, through a ligand exchange protocol®, as
long as the [Yb--O] interface property can be retained, upconver-
sion enhancements are observed (shown in Fig. 3f and g).

By confirming that the thermal-field-enhanced upconversion is
due to surface phonons, we further apply this discovery to improve
the brightness of sub-10 nm ultra-small UCNPs, which has become
a hot research topic®. Due to their relatively large surface area”'""!,
surface vibrations will result in a dark layer (~1.7 nm in thickness)"".
In our case, for a 9.7nm p-NaYF, nanoparticle (Fig. 4a—c), the
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Fig. 4 | Surface phonons significantly enhance the brightness of ultra-small upconversion nanoparticles. a, TEM image of the synthesized sub-10 nm
nanoparticles. b, Size distribution statistics. ¢, XRD pattern indicating the hexagonal phase of p-NaYF ,: 49 % Yb3*-1 % Tm3* nanoparticles. d, Temperature-
dependent blue emission enhancement. e, Corresponding blue emission spectra at 453K and 303K conducted in d. (980 nm laser excitation at

10 W cm=2). f, Enlarged view of the blue emission spectrum at 303 K (grey line in e). g,h, Temperature-responsive anti-counterfeiting security inks. Printed
pattern (g) and output (h). (1cm x1cm pattern under 980 nm laser excitation, at 0.7 W cm~=2).

dark layer occupies up to 72% of the total volume, and therefore its
brightness is significantly low. By increasing the temperature from
room temperature to 453K, surprisingly, we find their blue emis-
sions at 450 nm and 475 nm, corresponding to the transitions Tm?**:
'D,— °F, and 'G,— °*H,, are enhanced by factors of 2,000 and 300,
respectively (Fig. 4d-f). The exceptional luminescence enhance-
ment at high temperature provides a new type of security ink that
is responsive to the temperature change. Figure 4g-h illustrates a
covert image printed on paper by an inkjet printer using the ther-
mally enhanced 9.7 nm nanoparticles (UCNP ink 2) and the con-
ventional NaYF,;: 20% Yb**-2% Er** nanoparticles (UCNP ink 1).
On increasing the temperature to 453 K and under 980 nm illumina-
tion, a blue character “Tm’ clearly appears against a decreased green
‘[Yb---OJ; and the arrow ‘1’ printed by both inks shows up in whitish
green due to the enhanced blue emission.

To estimate the upconversion efficiency of [Yb---O] coordination
— Tm?" ions, we measure the overall enhancement factors of the
57nm, 499nm, 29nm and 9.7nm UCNPs across the visible—near-
infrared spectrum (Supplementary Fig. 5). At high temperature, the
intensity from the core (NaYF,:Yb**-Tm** nanocrystals) will drop by
approximately 40%, according to Fig. 3a—c, while the surface pho-
nons will turn on the inactive Yb** and Tm?* ions within the dark
layer (~1.7 nm in thickness)"!, by forming a new sensitizer—activator
pair, [Yb-+-O] — Tm?". The overall enhancement factors of 57 nm,
49nm and 29nm UCNPs suggest that the new upconversion path-
way has an efficiency approximately ten times higher than the Yb**
— Tm** UCNP system (Supplementary Table 2). The new upconver-
sion pathway for the 9.7 nm UCNPs shows a larger factor of 26.9 fold,
which suggests either the dark layer could be thicker than 1.7 nm or
the surface phonons on the ultra-small UCNPs would further favour
more Tm?" ions in the core area for upconversion. We further com-
pare the overall intensity of 9.7 nm UCNPs at high temperature and
that of the typical 33 nm pB-NaY,,;Yb,,sF,:0.003Tm UCNPs at room
temperature that has been reported with an absolute quantum yield
of 0.67 % at 10 W cm>(ref. ), and find that the sample of 9.7 nm
UCNPs is 5.4 times brighter (Supplementary Figs. 6 and 7). In
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particular, this process appears to significantly enhance the quantum
yield of the blue transitions. The above analysis confirms that the
nanoscale surface plays an essential role in turning on the dark layer
of inactive sensitizers and activators. More comprehensive charac-
terizations and quantitative assessments are necessary to gain fur-
ther insights into the phenomena observed in this work.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41566-018-0108-5.
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Methods

Upconversion nanoparticles synthesis. Typical p-NaYF, nanoparticles. NaYF,:
Yb, Tm (or Ho, Er) nanocrystals were synthesized using the organometallic
method described previously. Briefly, 2.5 ml of methanol solution of LnCl,e

6H,0 (1.0mmol, Ln=Y, Yb, Tm (or Ho, Er)) together with 6 ml oleic acid (OA)
and 15ml 1-octadecene (ODE) were added to a three-neck round-bottom flask.
The resulting mixture was heated to 160 °C under argon flow for 30 min to

form a transparent yellowish solution. The solution was cooled down to room
temperature, and 10 ml of a methanol solution containing 0.148 g NH,F and
0.10g NaOH was added with vigorous stirring for 30 min. Then, the slurry was
slowly heated to 110°C for 30 min under vacuum to remove the methanol and
small amounts of water. Next, the reaction mixture was protected by an argon
atmosphere, quickly heated to 290°C or 300 °C, and maintained at that temperature
for 1.5hours. The solution was cooled down and the products were precipitated
by the addition of ethanol, and centrifuged (9,000 rpm) without size-selective
fractionation. The final nanoparticles were re-dispersed in cyclohexane or dried at
60°C for 12hours.

Sub-10 nm nanoparticles. In a typical experiment, 0.4 mmol LnCl,e6H,0 (Ln=Y,
Yb, Tm) with the molar ratio 50:49:1 was added to a 50 ml flask containing

oleic acid (OA, 6 ml) and 1-octadecene (ODE, 6 ml). The mixture was heated to
160°C under argon for 30 min to obtain a clear solution and then cooled down

to about 70 °C, followed by the addition of 1.00 g of NaOA and 0.17 g NH,E After
stirring for 30 min, the solution was heated to 150 °C under argon for 20 min, and
then the solution was further heated to 300 °C for another 45 min. Finally, the
reaction solution was cooled down to room temperature, and nanoparticles were
precipitated by ethanol and washed with cyclohexane, ethanol and methanol to get
the NaYF,: Yb, Tm nanoparticles.

Core—shell nanoparticles. The shell precursor was first prepared by mixing 2.5 ml
of methanol solution of LnCl,e6H,0 (1.0 mmol, Ln=Y/Yb/Tm) together with 6 ml
oleic acid (OA) and 15ml 1-octadecene (ODE) in a 50-ml flask followed by heating
at 160 °C under argon flow for 30 min. After cooling down to room temperature,
10m of a methanol solution containing 0.148 g NH,F and 0.10 g NaOH was added
with vigorous stirring for 30 min. Then, the slurry was slowly heated to 110°C for
30 min under vacuum to remove the methanol and small amounts of water. To
grow the shell layer, the preformed core nanoparticles were heated with 4.3 ml of
OA and 10.7 ml of ODE to 300 °C under argon, at which time the shell precursor
was injected little by little. Each injection is composed of 0.15 ml precursor which
is maintained at a constant temperature for 3 minutes. The resulting nanoparticles
were precipitated by the addition of ethanol, collected by centrifugation at

9,000 rpm for 5min, washed with ethanol, and re-dispersed in cyclohexane or
dried at 60 °C for 12 hours.

Micro-rods. B-NaYF, micro-rods were hydrothermally prepared by using oleic
acid as a stabilizing agent, NaF and RE(NO;), as precursors, and ethanol as a
solvent, following Zhao et al.**. In a typical synthesis of p-NaYF, rods, NaOH (0.7 g,
17.5mmol), oleic acid (90 wt.%, 7.1 g, 22.6 mmol), and ethanol (10.0g, 21.7 mmol)
were mixed well at room temperature to obtain a white viscous solution. An
aqueous solution of NaF (0.58 M, 12.45mL, 7.20 mmol) was added with vigorous
stirring until a translucent solution was obtained. Then 50 mol% Y(NO,),e6H,0,
1 mol% Tm(NO,),e6H,0, 49 mol% Yb(NO,),e6H,0 in aqueous solution (1.5ml,
1.2 mmol) was poured into the above solution under vigorous stirring. After
ageing for 20 min, the mixture was transferred to a 50 ml Teflon-lined autoclave,
and heated at 230°C for 12 h. The obtained rods were collected by centrifugation,
washed with ethanol several times, and finally dried at 60 °C for 12 hours.

Surface modification of nanoparticles. Preparation of DNA-capped nanoparticles.
Typically, 50 pl of 10 mg ml~' nanoparticle suspension in cyclohexane was put

into 400 pl chloroform. 300 ul of 5uM DNA water solution was added to the
nanoparticle suspension. A gentle shake (600 rpm) followed, and after 2 hours the
nanoparticles were transferred from chloroform to the water phase.

Preparation of citrate-capped nanoparticles. Typically, 50 ul of 10 mgml~!
nanoparticle suspension in cyclohexane was put into 400 ul chloroform. 300 ul

as purchased SSC Buffer (20X concentrate, Sigma, SRE0068) was added to the
nanoparticle suspension. A gentle shake (600 rpm) followed and, after 2hours, the
nanoparticles were transferred from chloroform to the water phase.

Heat-treatment of nanoparticles. The dried nanoparticles were kept in a
corundum crucible and put in a heat-treating furnace. The nanoparticles were
treated in the atmospheric environment at 773 K for 1 hour with a heating rate of
5°Cmin~" before being cooled inside the furnace to room temperature.

General materials characterization. XRD. Powder X-ray diffraction (XRD) data

were recorded on a Bruker D8 Discover diffractometer with a slit of 0.02° at a
scanning speed of 2° min~" using Cu Ko radiation (A=1.5406 A).
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TEM. Transmission electron microscope (TEM) measurements were performed
using a FEI T20 Tecnai instrument. The samples for TEM analysis were prepared
by placing a drop of a dilute suspension of nanoparticles onto carbon-coated
copper grids.

SEM. Scanning electron microscopy (SEM) was performed on a SU8010 field-
emission scanning electron microscope (Hitachi) operated at 1 kV. The samples
for SEM analysis were prepared by placing a drop of a dilute suspension of
nanoparticles onto a silicon wafer.

Raman. Raman data were recorded on a Renishaw inVia (Gloucestershire, UK)
with a 532 nm excitation source. The samples for Raman analysis were prepared by
placing a small pile of dried nanoparticles flat on a glass slide.

FTIR. Fourier transform infrared (FTIR) spectroscopy spectra were obtained on a
Varian 3100 FT-IR spectrometer.

Optical characterization. Upconversion emission spectra were recorded using a
home-built spectroscopic system. A power-tunable 980 nm continuous wave diode
laser was used as the excitation source, which passed through an objective lens,
and then was focused to a size-controllable spot covering the powder sample. The
dried powder samples were located in a copper holder, which was mounted on a
XYZ stage to ensure the appropriate position. The temperature of the sample was
controlled by a heating system assembled with a metal ceramic heater (HT24S2,
Thorlabs) and a heater controller (TC200-EC, Thorlabs). Emission spectra were
collected by another objective lens, and then detected by a spectrometer (Shamrock
193i Spectrograph, Andor) equipped with an EMCCD detector (iXon Ultra,
Andor).

Details of the ab initio calculations. The equilibrium structure of the adsorption
of oleic acid on the f-NaYF, is calculated in vacuum using density functional
theory (DFT) within the generalized gradient approximation (GGA) of Perdew,
Burke and Ernzerfof (PBE)*. The valence electrons are separated from the core by
means of the projector-augmented wave pseudopotentials (PAW)* as implemented
in the VASP package, version 5.4.1°°. The energy cut-off for the plane wave basis
set is 500 eV, and the energy tolerance is 10~° to ensure accuracy of the calculations.
The lattice constants of the f-NaYF, unit cell have been obtained as a=6.0 A,
c=3.61A, which is in good agreement with the experimental values of a="5.96 A,
¢=3.53 A (ref. ). In this calculation, oleic acid (OA") is modelled by considering
the CH,CO, group of the molecule. The size of the supercells used for the OA-
interaction with the surface are 10.39 A x 12.0 A x 30.0 A for the (001) facet and
12.0 A x 14.41 Ax 25 A for the (100) facet. For the structural energy minimization,
the internal coordinates are allowed to relax until all of the forces are less than
0.01eV A-'. A vacuum region of ~ 17 A is added between the periodic images to
avoid interactions between them. For the vibrational frequency calculations, the
harmonic approximation is applied, in which we allow only the OA" atoms to move
in the z-axis direction.

UCNP printing. NaYF,: Yb**-Tm** and NaYF,: Yb**-Er** UCNPs prepared in
cyclohexane at concentrations of 12 mgml~" and 3 mgml~' respectively were used
for printing. Prior to printing, the solutions were sonicated for 10 minutes. A
modified HP deskjet 3632 inkjet printer was used to print the UCNP inks. The
UCNP inks were repeatedly printed up to 40 times onto paper, with each UCNP
ink being separately printed through a separate black ink cartridge. Images of
the printed pattern under external 980 nm laser excitation at a power density of
0.7 W cm~? were taken via a Canon EOS 70D camera with a Macro lens and an
842 nm short-pass filter attached. Images were taken using an exposure time of
60 seconds at room temperature and at 453 K.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request.
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