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Materials and Methods

Materials

Gd,0O; (REacton, 99.99+%), Nd,O3; (REacton, 99.99+%), trifluoroacetic acid (99%), 1-octadecene (ODE,
90%), oleic acid (OA, 90%) and sodium trifluoroacetate (98%) were purchased from Alfa Aesar (USA). All

chemicals were used without further purification.

Precursor preparation

Lanthanide (Ln) trifluoroacetate precursors (2.5 mmol) for the synthesis of NaGdF,:Nd** core LnNPs of
different Nd** doping (0, 5, 12.5 and 25 mol%) were prepared by mixing stoichiometric quantities of Gd,O3
and Nd»,O; (total amount of oxides corresponding to 1.25 mmol) in each case with 5 mL trifluoroacetic acid
and 5 mL of water in 50 mL three-neck round bottom flasks. The mixtures were refluxed under vigorous stirring
at 80 °C until the solutions became clear, at which point the temperature was decreased to 60 °C for residual
trifluoroacetic acid and water to evaporate. Gadolinium trifluoroacetate precursors for subsequent NaGdF,

shelling were prepared in analogous fashion out of Gd,Os;.

LnNP synthesis

LnNPs were prepared via thermal decomposition method, using the hot-injection approach.“]

Core synthesis: An initial mixture of 12.5 mL each of OA and ODE, was prepared in a 100 mL three-neck

round bottom flask (Solution A). Solution A was degassed under vacuum at 110 °C for 15 min, after which it
was back-filled with Ar and the temperature was raised to 315 °C. Meanwhile, 2.5 mmol of sodium
trifluoroacetate was added to the dried core precursors together with 7.5 mL each of OA and ODE (Solution
B). Solution B was then degassed under vacuum at 125 °C for 30 min. Once Solution A reached stable
temperature, Solution B was injected into Solution A using a pump-syringe system (Harvard Apparatus Pump
11 Elite). For 0, 5, 12.5 and 25 mol% Nd**-doped core LnNPs, the injection rate was 1.40, 1.45, 1.50 and 1.50
mL/min, respectively. After 1 h of vigorous stirring at 315 °C, the mixture was cooled down to room
temperature. The synthesized core-only LnNPs were stored in Falcon centrifuge tubes (50 mL) for the

subsequent shelling step.

Core shelling: Core/shell LnNPs were prepared by epitaxial growth of the shell on the preformed cores via the
hot-injection approach. Approximately 0.3 mmol of core LnNPs were mixed in 100 mL three-neck round
bottom flask together with equal parts of OA and ODE up to a total volume of 25 mL (Solution A). Separately,
Solution B was prepared by mixing 1.25 mmol of sodium trifluoroacetate precursors together with 1.25 mmol
of gadolinium trifluoroacetate and 7.5 mL each of OA and ODE. Both solutions were degassed under vacuum
and magnetic stirring at 110 °C for 30 min. After degassing, Solution A was back-filled with Ar and the

temperature was raised to 310 °C. Solution B was then injected into the reaction vessel containing Solution A
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using the pump-syringe system at a 0.5 mL/min injection rate. After 1 h of reaction, the mixture was cooled to
RT under Ar and magnetic stirring. Prior to washing steps, aliquots of the obtained core/shell LnNPs were

sampled under electron transmission microscopy (TEM) for size.

Due to evaporation of impurities in the starting materials (such as OA and ODE) and reaction byproducts, as
well as minor losses accrued from the intermediate steps of liquid handling, some errors would be introduced
in the determination of exact core amounts that were subjected to shelling, which lead to lower than expected
shell thickness for 0, 12.5 and 25 mol% Nd**-doped LnNPs. Hence, these LnNPs underwent secondary
shelling step in an analogous way as described above, starting with ~0.15 mmol of initially formed core/shell
LnNPs and introducing additional 0.65 mmol of sodium and gadolinium trifliuoroacetate precursors to obtain

all LnNPs of similar size and shell thickness.

Final core-only and core/shell LnNPs were precipitated with ethanol and washed three times with
hexane/ethanol (1/4 v/v in each case), followed by centrifugation (5400 RCF). Finally, all LnNPs were re-

dispersed in hexane for further characterization and surface treatment.

Transfer to water via ligand removal

Ligand-free LnNPs were prepared via previously reported ligand removal procedure.” 50 mg of oleate-capped
LnNPs dispersed in 25 mL of hexane were mixed together with 25 mL of distilled water of (pH ~3-4) and left
under vigorous stirring for 3 h. The two phase (aqueous/organic) mixture was poured into the separatory
funnel, and the aqueous phase containing the LnNPs was isolated. The LnNPs were then precipitated with
acetone (1/3 v/v) via centrifugation at 7500 RPM for 30 min. The obtained pellet was re-dispersed in 25 mL
of distilled water (pH ~3-4) and left under stirring for additional 2 h. LnNPs were then precipitated with acetone
(1/3 vlv) via centrifugation at 7500 RPM for 30 min, and washed twice with a mixture of water/acetone (1/3
v/v). The ligand-free LnNPs were then re-dispersed in distilled water at an approximate 15 mg/mL

concentration.

Structural characterization

The crystallinity and phase of the core-only and core/shell LnNPs were determined via X-ray powder diffraction
(XRD) analysis with a Bruker D8 Advance Diffractometer using CuKa radiation. The morphology and size
distribution of the core-only and core/shell LnNPs were investigated with a Philips Tecnai 12 transmission
electron microscope (TEM). The particle size was determined from TEM images using ImagedJ image analysis
software with set size of at least 200 individual particles per sample. Ln*" molar doping concentration was
determined via inductively coupled plasma - optical emission spectroscopy (ICP-OES) with an Agilent

Technologies 5100 ICP-OES spectrometer.
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Optical characterization

Photoluminescence spectra and absolute photoluminescence quantum yield (PLQY) of all LnNPs were
measured with a quantum yield measurement system Quantaurus-QY (C13534, Hamamatsu), equipped with
a 150 W Xenon lamp coupled to a monochromator for wavelength discrimination, an integrating sphere as
sample chamber and two multi-channel analyzers for signal detection in the visible and in the NIR spectral
ranges. An 804 nm external laser diode (FC-808 5W, CNI Lasers) was used as the excitation source. The
laser power is adjusted between 0.25-1.33 W (corresponding to 102-532 W/cm?, considering the illumination
area in the sample holder, 0.0025 cm? measured by the manufacturer) by controlling the laser diode current.
All measurements were performed in quartz cuvettes of 1 cm optical path, filled with 2 mL of LnNPs at 15
mg/mL concentration. As a reference sample, the empty cuvette, the cuvette filled with hexane or water, and
the cuvette containing undoped NaGdF, LnNPs dispersed in hexane or water were used. PLQY was
calculated by the quotient between the emitted and absorbed photons by the sample. The equipment's
software computes the PLQY using the user-defined wavelength integration ranges for excitation and
emission. Three measurements were performed for each sample at each power density value and the mean
value is reported. Final reported PLQY values are a mean of up to 33 individual measurements, considering
11 different excitation power densities studied, and three repetitions per each power density. According to the

manufacturer, each measurement presents a relative systemic error of 10 %.

The photoluminescence decay curves were measured by exciting the colloidal dispersions of LnNPs with a
10 ns pulsed optical parametric oscillator (OPO) laser (EKSPLA/NT342/3/UVE) at 575 or 800 nm. Generated
photoluminescence was focused on the entrance slit of a monochromator (Triax 180; grating - 600 lines/mm
and 1 um blaze) coupled to a NIR extended photomultiplier tube (Hamamatsu R406), and the electronic signal
was registered with a digital oscilloscope (Lecroy WS424). Average decay time values were obtained from
integrated area under the decay profiles:

I(t)dt
f 1(0)

to
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XRD Patterns of NaGdF4:Nd3+/NaGdF4 LnNPs
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Figure S1. XRD patterns of core-only (A) and core/shell (B) NaGdF4: x mol% Nd**/NaGdF4 LnNPs (x = 0, 5,
12.5 and 25). Diffraction peaks of pure hexagonal NaGdF, are shown in red (PDF# 01-080-8787).
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Summary of Structural and Morphological Properties of NaGdF,:Nd**/NaGdF, LnNPs

Table S1. Overview of the structural and morphological characteristics of NaGdF,:Nd**/NaGdF, LnNPs:

nominal and actual doping in mol% (measured via ICP-OES with maximum relative error of 15%), core and

core/shell size of LnNPs, and respective estimate of shell thickness. Although ICP-OES measurements

detected trace amount of Nd** in undoped NaGdF, LnNPs, these LnNPs showed no photoluminescence (see

Figure S3) and could be reliably used as the blank reference.

Ln** doping
(nominal), mol%

Ln** doping
(actual), mol%

core size, nm

core/shell size, nm

shell thickness, nm

NaGdF,:Nd**/NaGdF,

0.0 0.4 11.0£ 0.7 269+1.0 7.95%1.22
5.0 5.1 124 £ 0.5 25.3x0.7 6.45 = 0.51
12.5 12.9 11.8+£0.8 26.2+0.8 7.20 £ 0.84
25.0 25.6 11.1£1.0 259+1.0 740 £1.41
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Photoluminescence Decay of NaGdF,:Nd**/NaGdF, LnNPs
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Figure S2. Normalized photoluminescence decay profiles of core-only (top) and core/shell (bottom) NaGdF:

x mol% Nd*/NaGdF, LnNPs (x = 5, 12.5 and 25) dispersed in hexane (left) or water (right) under 800 nm

laser excitation. Photoluminescence decay was measured from emission band around 885 nm (4F3,2 — 4|g/2).

S7



Supporting Information

TEM Images of NaGdF4/NaGdF,; LnNPs
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Figure S3. TEM images and size distributions of core-only and core/shell undoped NaGdF4s/NaGdF, LnNPs,
used as blank reference in PLQY measurements.
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Reference Spectrum of Blank LnNPs
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Figure S4. Reference spectra of empty cuvette and cuvette with undoped NaGdF, LnNPs dispersed in
hexane, against photoluminescence spectra of NaGdF4: 25 mol% Nd** LnNPs. Spectra measured at

maximum excitation power density of 532 W/cm?.
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PLQY of NaGdF,:Nd**/NaGdF, LnNPs
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Figure S5. PLQY of core-only (A) and core/shell (B) NaGdF,: x mol% Nd**/NaGdF4 LnNPs (x = 5, 12.5 and

25) dispersed in hexane under 804 nm laser excitation of varying power density (Py). PLQY was measured

using an empty cuvette, cuvette filled with hexane, or cuvette filled with undoped (blank) LnNPs dispersed in

hexane as references. Solid lines and shaded areas for certain 5 mol% Nd**-doped LnNPs represent average

PLQY and standard deviation, respectively.

S10



Supporting Information

>

PLQY, %

9y

PLQY, %

10|

empty cuvette water water+blank LnNPs
O NaP*, mol%
i 5 i
12.5
25
150 300 450 150 300 450 150 300 450
P, W/cm? P, W/cm? P, W/cm?

Figure S6. PLQY of core-only (A) and core/shell (B) NaGdF,: x mol% Nd**/NaGdF, LnNPs (x = 5, 12.5 and

25) dispersed in water under 804 nm laser excitation of varying power density (Py). PLQY was measured

using an empty cuvette, cuvette filled with water, or cuvette filled with undoped (blank) LnNPs dispersed in

water as references.
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Figure S7. Average PLQY values of NaGdF4: x mol% Nd**/NaGdF, LnNPs (x = 5, 12.5 and 25) under 804 nm
excitation when dispersed in hexane (red data points) or water (blue) in their core-only or core/shell

formulations. PLQY was measured using empty cuvette (A) or cuvette filled with respective media, hexane or

water (B).
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Figure S8. A — photoluminescence spectra of Nd**-doped LnNPs, and B, C — average PLQY values for each
photoluminescence band of NaGdF,: x mol% Nd**/NaGdF, LnNPs (x = 5, 12.5 and 25) under 804 nm
excitation when dispersed in hexane (B) or water (C) in their core-only or core/shell formulations. PLQY was

measured using and undoped (blank) LnNPs dispersed in respective media as a reference.
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*Fs12 Excited State Quenching?
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Figure S9. A — simplified energy level scheme of Nd** showing “ls, — *Fs excitation with 804 nm light,
followed by population of the emissive *F4, excited state via non-radiative *Fs;, — *Fa; decay. In the extended
view media vibrations (CH ~ 2900 cm™ for hexane and OH ~ 3400 cm™ for water) are represented as
multiphonon quenching modes for *Fa2 and *Fs, excited states. Notably, near-resonant bridging of the *Fspo-
*l1512 energy gap is possible via multimodal vibrational quenching, but would require additional lattice phonon
assistance to quench “F3; excited state directly. B - Normalized photoluminescence decay profiles of core-
only and core/shell NaGdF,: 5 mol% Nd**/NaGdF, LnNPs dispersed in hexane or water under 575 nm laser
excitation. Photoluminescence decay was measured from emission band around 800 nm (*Fsz — “lop).

Average decay time values of each trace are indicated next to the legend.

S14



Supporting Information
Estimation of Nd** Number per LnNP

Hexagonal NaGdF, unit cell contains Z = 1.5 number of Ln** per cell, and its parameters are a = 6.02 A and
¢ =3.60 A. The unit cell volume V¢ is ~ 0.113 nm®. Due to the estimation of only the diameter (d) of LnNPs
from TEM images, LnNPs were considered as spheres for illustrative purposes of relative brightness change

with doping amount. Given the volume (V| ,nps) of LNNPSs’ core as:

3

VRENPs = 3 nr

The number of Ln** dopants (#) per LnNPs’ core is:

%
# = FENPS o 7 % c(Ln3Y)

Vcell

Where, ¢(Ln*) is a fraction of activator dopant ions within a given LnNP core.

According to these considerations and taking the # of Nd** ions equal to 1 in 5 mol% Nd**-doped LnNPs, the
12.5 and 25 mol% Nd**-doped LnNPs had 2.15 and 3.89 times more of Nd**, respectively.
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Nd**-doped LnNPs — PLQY Comparison

Table S2. PLQY comparison of different Nd**-doped LnNPs. N/R — information is not reported. In the case of

relative PLQY determination, references were: *indocynine green dye in DMSO, **NaGdF,: 3 mol%
Nd**/NaGdF, LnNPs in hexane, *IR26 in 1, 2-dichloroethane.

Composition of

L nNPs Size, nm Media Method PLQY, % @ P, W/cm? REF
YF3: 5 mol% Nd** 19+4nm | Powder | Decay rates ~1% Tan et al.?!
LaFs: 0.5 mol% Nd** 5-15nm Powder | Decay rates 88% Cui et al.™
NaGdF,: 3 mol% Nd** ~11 nm Hexane Relative* 22%
NaGdF4: 3 mol% 15 nm Hexane Relative* 40% Ck;(la.?s]et
Nd**/NaGdF, Water Relative** 20%
LaF4: 3 mol% o Rocha et
Nd*/LaF, N/R N/R Thermal lens 70% 5161
o 5 .
Fluorapatiie; 1 mol% N/R N/R Absolute ~8% @1060 nm art et
) ) 5
""‘,\‘j‘gé‘;/ﬂi(l)_l:n;' % | 356x31.9nm | Hexane | Absolute 32% Qin et al.®
4
Nd*/NaGdF 8 nm N/R . al.®
4 Water 13.21 £ 0.05% @1060 nm .
NaGdF,4: 5 mol% o 0.36% @1057 nm 110]
+ 246 +1.2nm | Water Relative Ren et al.
Nd**/NaGdF, WV 0.16% @1335 nm
NaGdF4: 5 mol% Hexane 174 +2.5% )
+ 25.3+0.7 nm Absolute This work
Nd**/NaGdF, Water 8.8 +0.9%
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