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ABSTRACT: This article represents the first foray into investigating the
consequences of various material combinations on the short-wave
infrared (SWIR, 1000—2000 nm) performance of Tm-based core—shell
nanocrystals (NCs) above 1600 nm. In total, six different material
combinations involving two different types of SWIR-emitting core NCs
(a-NaTmF, and LiTmF,) combined with three different protecting shell
materials (@-NaYF,, CaF,, and LiYF,) have been synthesized. All
corresponding homo- and heterostructured NCs have been meticulously
characterized by powder X-ray diffraction and electron microscopy
techniques. The latter revealed that out of the six investigated
combinations, only one led to the formation of a true core—shell
structure with well-segregated core and shell domains. The direct correlation between the downshifting performance and the
spatial localization of Tm®* ions within the final homo- and heterostructured NCs is established. Interestingly, to achieve the
best SWIR performance, the formation of an abrupt interface is not a prerequisite, while the existence of a pure (even thin)
protective shell is vital. Remarkably, although all homo- and heterostructured NCs have been synthesized under the exact
same experimental conditions, Tm>" SWIR emission is either fully quenched or highly efficient depending on the type of
material combination. The most efficient combination (LiTmF,/LiYF,) achieved a high photoluminescence quantum yield of
39% for SWIR emission above 1600 nm (excitation power density in the range 0.5—3 W/cm?) despite significant intermixing.
From now on, highly efficient SWIR-emitting probes with an emission above 1600 nm are within reach to unlock the full
potential of in vivo SWIR imaging.

VARIOUS MATERIALS
COMBINATIONS

SAME EXPERIMENTAL
CONDITIONS

KEYWORDS: nanocrystals, core—shell, thulium, material combinations, shortwave infrared, SWIR imaging,
photoluminescence quantum yield

Rare earth (RE)-based core—shell nanocrystals (NCs)
constitute an important class of luminescent nanomaterials
that were first reported over two decades ago."” The unique
photoluminescent properties associated with these materials
(upconversion, downconversion, downshifting) quickly
aroused the interest of the scientific community due to the
wide variety of potential technological applications that could
benefit from the utilization of RE-based core—shell NCs.””
Among these, shortwave infrared (SWIR, 1000—2000 nm)
imaging has been attracting growing interest over the past
decade®™® due to important benefits afforded by RE-based
core—shell NCs compared to carbon nanotubes,”™"" quantum
dots,"*™"* or organic dyes.">'® For instance, the ability to
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perform in vivo optical imaging in the far end of the SWIR
region (i.e, >1600 nm) with a nontoxic host material
constitutes a real advantage. Nevertheless, such an advantage
is still poorly investigated due to the lack of materials efficiently
emitting in that particular region of the SWIR spec-
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trum.'”'”~*° Consequently, the real interest and benefit of RE-

based core—shell NCs over other SWIR-emitting probes are
still difficult to assess (i.e., via a true side-by-side comparison)
due to the weak absorption cross-section of RE ions combined
with a still-limited downshifting photoluminescent quantum
yield (PLQY) in the near-infrared (NIR, 700—1000 nm) to
SWIR range. Although the absorption cross-section is an
intrinsic characteristic of RE ions and thus hard to modify, the
PLQY can be significantly optimized with careful material
design.

In the past, various strategies have been explored to boost
the PLQY of RE-based NCs and, thus, counterbalance the
negative impact of their weak absorption cross-section.”*”
Among those strategies, the epitaxial growth of an optically
inert shell has been a proven eficient strategy to maximize the
PLQY.*® Additionally, in the case of in vivo applications, the
epitaxial growth strategy also offers a significant advantage
regarding the simplicity of the architecture and chemical
composition of the SWIR-emitting material. Although, at first
sight, the inert shell strategy appears to be very simple, its
experimental implementation is less than straightforward.
Indeed, over the past few years, conclusive experimental
evidence has highlighted the detrimental effect of cation
intermixing on the PLQY of RE-based NCs, both for NIR —
visible upconversion as well as NIR — SWIR down-
shifting.**~*’

Cation intermixing is a complex phenomenon whose
underlying mechanisms are still poorly understood. As cation
intermixing partially or totally destroys the chemical integrity
and spatial confinement of the initially designed core and shell
domains, the optical characteristics — such as the emission
spectrum and PLQY — can be dramatically affected. The
recently recognized importance of cation intermixing has led to
a better understanding of the phenomenon™®~° along with
suggested strategies to prevent, or at least miti%ating, its
detrimental effects on the optical properties.”****"

Since the emergence of RE-based core—shell NCs,
homogeneous material combinations have been widely
investigated. Indeed, the archetype combination between at
least two NaREF, domains represents, to date, the vast
majority of all reported RE-based core—shell NCs. In contrast,
investigations dealing with heterogeneous material combina-
tions (i.e., different crystal structures and/or chemical
modifications) are still very sparse.””*>~* Moreover, the
reported heterogeneous material combinations often suffer
from a lack of in-depth structural characterization that
unambiguously prove the true organization of the synthesized
heterostructure.”***~* The utilization of CaF, (space group
Fm3m) as the shell domain has been the first heterogeneous
combination reported with @-NaYF,:Yb:Er (space group
Fm3m) to improve upconversion emission beyond that
achieved by its homogeneous counterpart (a-NaYF,/
NaYF,).”* Subsequently, heterogeneous material combinations
with CaF, have been reported by several groups, mostly for
their biocompatibility.”*~*” Furthermore, the current authors
recently demonstrated another critical advantage of heteroge-
neous material combinations between a-NaYF,:Yb:Er:Ce and
CaF, for the formation of a true core—shell structure, realizing
a significant boost of the SWIR emission of Er’* at ca. 1500 nm
with an absolute PLQY of 50%.””

In this article, the effect of various homogeneous and
heterogeneous material combinations on the downshifting
emission of Tm*" above 1600 nm (°F, — *Hj transition) is

investigated. Both the cubic a-NaTmF, (space group Fm3m)
and tetragonal LiTmF, (space group I4,/a) crystal structures
are used as the optically active core domains and combined
with various homogeneous (same crystal structure and similar
chemical composition) and heterogeneous (different crystal
structures and/or drastically different chemical compositions)
anticipated inert shell domains. Advanced electron microscopy
(EM) techniques combined with powder X-ray diffraction
(PXRD) are implemented to finely characterize the structural
and chemical organization of the synthesized homo- and
heterostructured NCs. Although the latter are synthesized
under the exact same growth conditions, huge differences
regarding their true chemical organization are apparent, with a
dramatic impact on the Tm®" emission above 1600 nm.
Indeed, depending on the type of material combination, the
Tm*" emission in the far end of the SWIR region can be totally
quenched or highly efficient. Thus, the most efficient material
combination (LiTmF,/LiYF,) exhibits a high PLQY for Tm®"
emission above 1600 nm, reaching 39% under 800 nm
excitation for excitation power densities in the range of 0.5—3
W/cm? The latter are still higher than the permissible skin
exposure limit defined by the European regulation (EN60825-
1:2014), which is 0.32 W/cm? for exposure time from 10 to 3
X 10* seconds. The results reported here constitute a unique
contribution to reveal how material combinations — initially
selected and designed to give rise to the formation of true
core—shell structures — can influence the spatial redistribution
of optically active and optically inert elements with important
consequences for Tm** SWIR emission. The results constitute
a significant progress in the understanding of the structure—
property relationships of RE-based core—shell NCs. It is
anticipated that this will stimulate the emergence of a new era
of optimizing the optical properties of homo- and hetero-
structured RE-based core—shell NCs, thus enabling them to
rise to the challenge of highly efficient SWIR-emitting
nanoprobes for in vivo imaging.

RESULTS AND DISCUSSION

Overview of the Investigated Material Combinations.
An overview of the two different types of crystal structures
(cubic and tetragonal) from which six different material
combinations were derived for the synthesis of anticipated
core/shell NCs together with useful ionic radii is given in
Figure 1. For Tm?* downshifting in the SWIR region, cubic a-
NaTmF, (Figure 1a) and tetragonal LiTmF, (Figure 1b) were
selected as the two different types of optically active core NCs.
Note that the hexagonal structure (f-NaTmF,) was excluded
due to (i) the complexity of its crystal structure with a
nontrivial site occupation frequency (SOF), which significantly
complicates the structural investigations and (ii) its strong
tendency to form alloys.** a-NaYF, (Figure 1a), CaF, (Figure
la), and LiYF, (Figure 1b) were selected as protecting (i.e.,
optically inactive) shell materials. The main objective is to
understand how material combinations influence the crystal
structure and chemical organization of the final homo- and
heterostructured NCs together with the consequences on the
downshifting properties of Tm>" above 1600 nm. Mechanistic
investigations regarding the dynamics of shell growth for the
different material combinations reported, although of interest,
are beyond the scope of this article. Therefore, only static
characterizations performed on the final products are reported.
For a fair comparison, all material combinations were
synthesized under the same experimental conditions (solvent,
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Figure 1. Selected crystal structures for homogeneous and
heterogeneous material combinations. Cubic (a) and tetragonal
(b) crystal structures from which six different material combina-
tions were derived for the synthesis of anticipated core/shell
nanocrystals. All six material combinations are described in the
main text. For each crystal structure, the scheme of the
corresponding unit cell is shown together with the symmetry of
the metal site (RE = rare earth element, Tm or Y in this article).
Tables underneath the unit cells summarize relevant crystallo-
graphic information such as the Wyckoff positions, atomic
coordinates, site occupation frequencies (SOFs), and site
symmetry. The ionic radii of all investigated cations (taken from
Shannon)*’ are given for coordination numbers observed in the
crystal structures of the selected materials (c).

capping agent, chemical precursors, shell precursor delivery,
heating rate, aging time, and growth temperature) as detailed
in the Supporting Information. Homogeneous material
combinations refer to core and shell materials that exhibit
the same crystal structure with a high probability of forming

core NCs reveals the formation of the expected cubic structure
with no trace of secondary phases. Indeed, the experimental
PXRD pattern (Figure 2a — black open symbols) is properly
described when performing a Pawley refinement with a single
cubic (Fm3m) phase (Figure 2a — color solid line). The
corresponding lattice parameter of the synthesized a-NaTmF,
core NCs is 5.4762(2) A. The Pawley refinement was
performed by implementing the whole powder pattern
modeling (WPPM) method with a spherical isotropic
model,””" which allows for an isotropic crystallite size
(mean sphere diameter) of 9.1 + 2.4 nm to be extracted.
The latter value is in good agreement with the particle size
distribution obtained by the analysis of high-angle annular
dark-field transmission scanning electron microscopy
(HAADF-STEM) images with a mean size of 8.6 = 2.0 nm
(Figure 2b,c). The synthesized a-NaTmF, NCs are utilized as
the starting seeds for all material combinations with optically
inactive @-NaYF,, CaF,, and LiYF,.

Structural Characterization of Homogeneous and Heter-
ogeneous Material Combinations with Cubic a-NaTmF,
Core NCs. The homogeneous combination with NaYF, is a
classical archetype widely reported in the literature. The PXRD
pattern of a-NaTmF,/NaYF, reveals the formation of two
phases (Figure 3a). The cubic and hexagonal phases were
quantified to be 99 and 1 wt %, respectively. Due to the
minimal content of the hexagonal phase, it is neglected in the
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Figure 2. Structural characterization of the starting @-NaTmF, core nanocrystals (NCs) utilized as starting seeds for homogeneous and
heterogeneous material combinations. Experimental (black open symbols) powder X-ray diffraction (PXRD) pattern and corresponding
Pawley refinement (color solid line) (a). The difference between the experimental and calculated PXRD patterns is shown (gray solid line)
together with Bragg peak positions (green vertical bars). Note that the peak identified with a star (*) at ca. 80° does not belong to the cubic
crystal structure but to the low background (911)-oriented silicon wafer onto which NCs are drop casted (Figure S1). The peak is properly
modeled because the signal of the empty low background (911)-oriented silicon wafer was utilized to define the background. The inset
shows a magnification of the (200) reflection, the relevance of which is discussed in the main text. Representative low magnification high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) image (b) and size distribution histogram (c). A
minimum of 300 individual particles from different HAADF-STEM images were analyzed for the size distribution histogram. The standard

deviation is given as two sigma (20).
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Figure 3. Structural characterization of material combinations of @-NaTmF, core nanocrystals (NCs) with cubic @-NaYF, (homogeneous
combination — top row), cubic CaF, (heterogeneous combination — middle row), and tetragonal LiYF, (heterogeneous combination —
bottom row). Experimental (black open symbols) powder X-ray diffraction (PXRD) patterns and corresponding Pawley refinements (color
solid lines) (a, d, g). The Pawley refinements are shown only for the homogeneous (NaYF,) and first heterogeneous (CaF,) combinations.
The difference between the experimental and calculated PXRD patterns is shown (gray solid lines) together with Bragg peak positions
(green vertical bars). Note that the peak identified with a star (*) at ca. 80° does not belong to the cubic crystal structure but to the low
background (911)-oriented silicon wafer onto which NCs are drop casted (Figure S1). The insets (a, d) show a magnification of the (200)
reflection, the relevance of which is discussed in the main text. Representative low magnification high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images (b, e, h) and size distribution histograms (c, f, and i). A minimum of 300
individual particles were analyzed from different HAADF-STEM images for each size distribution histogram. The standard deviation is given

as two sigma (20).

analysis. Bragg peaks of the cubic phase (Figure 3a — black
open symbols) are significantly sharper compared to the pure
a-NaTmF, core NCs (Figure 2a). The corresponding Pawley
refinement (Figure 3a — color solid line) indicates a larger
lattice parameter (a = 5.52194 (13) A) compared to the
starting core NCs. The isotropic size of the coherent domains
(WPPM approach, isotropic model) clearly increases com-

pared with the starting core, reaching 21.4 + 1.6 nm. The
overview HAADF-STEM image (Figure 3b) shows the
formation of isotropic particles with a subtle but clearly visible
contrast between the inner and outer regions of the particles.
The extracted overall size distribution histogram (Figure 3c)
yields a mean size of 19.0 = 3.0 nm, which is in relatively good
agreement with the PXRD measurements. Despite the poor
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Figure 4. Chemical analyses of material combinations of @-NaTmF, core nanocrystals (NCs) with cubic @-NaYF, (homogeneous
combination — first and second rows) and cubic CaF, (heterogeneous combination — third and fourth rows). High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) images of the energy dispersive X-ray (EDX) spectroscopy mapping areas (a, i)
and corresponding Tm (Tm-L, line) (b, j), Y (Y-L line) (c), and Ca (Ca—K, line) (k) chemical maps together with their overlap (d, 1) for
the homogeneous (a—-d) and heterogeneous (i—-1) material combinations. HAADF-STEM images of single particles for homogeneous (e)
and heterogeneous (m) material combinations on which EDX line-scan (yellow arrows) analyses were performed. Normalized raw (f, n) and
calculated (subshell approach) (g, o) chemical profiles obtained for the homogeneous (e—-g) and heterogeneous (m—-o) material
combinations. Qualitative scheme illustrating the most probable distribution of cations for the homogeneous (h) and heterogeneous (p)
material combinations. Tm, Y, and Ca are represented in blue, magenta, and red, respectively.

contrast difference between the inner and outer regions, it was
possible to obtain the size distribution histogram of the
brighter “core” region only (Figure S2). Although the accuracy
is limited due to the poor contrast, it is obvious that the
corresponding “core only” histogram is shifted toward the
smaller size range.

The PXRD pattern of the first heterogeneous combination
with CaF, (a-NaTmF,/CaF,) indicates the formation of a
unique cubic phase with no trace of secondary phases (Figure
3d — black open symbols). It is important to emphasize that,

despite the larger size of Ca** (rCa(Vm) = 112 pm) compared
to Y** (rY(VHI) = 102 pm), the Pawley refinement (Figure 3d

— color solid line) indicates a nearly unchanged lattice
parameter (a = 5.47068(13) A) compared to the starting core
NCs, while the size of the coherent domains (WPPM
approach, isotropic model) increases up to 16.4 + 5.0 nm.

It is worth noting that contrary to the core NCs (a-
NaTmF,) and homogeneous material combination (a-
NaTmF,/NaYF,), the Pawley refinement is not able to
properly model specific Bragg reflections such as (200) (Figure
3d — inset), (222), (420), and (600). That particular point will
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be treated later in the text (see the dedicated section “Focus on
diffraction data”). The HAADF-STEM image shows the
formation of monodisperse cubes with rounded corners
(Figure 3e). Additionally, a pronounced contrast difference
between the inner and outer regions of the particles is clearly
visible. The extracted overall size distribution histogram
(Figure 3f) exhibits a mean size of 14.5 = 2.3 nm, in
agreement with the crystallite size obtained from X-ray
diffraction. The pronounced contrast difference between the
inner and outer regions of the particles can easily be used to
extract an accurate size distribution histogram (Figure S3) of
the brighter “core” region only, which is in very good
agreement with the size distribution histogram of the starting
core NCs (Figure 2c).

The PXRD pattern of the second heterogeneous combina-
tion with LiYF, (a-NaTmF,/LiYF,) shows uncommon
features with extremely broad peaks (several tens of degrees)
together with relatively sharp peaks (Figure 3g). The origin of
the broad peaks is very likely a legacy of the original a-
NaTmF, cubic phase, which is completely fragmented into
very small crystallites within the tetragonal phase. Indeed, the
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Figure S. Structural characterization of the starting LiTmF, core nanocrystals (NCs) utilized as starting seeds for homogeneous and
heterogeneous material combinations. Experimental (black open symbols) powder X-ray diffraction (PXRD) pattern and corresponding
Pawley refinement (color solid line) (a). The difference between the experimental and calculated PXRD patterns is shown (gray solid line)
together with Bragg peak positions (green vertical bars). Representative low magnification HAADF-STEM image (b) and size distribution
histogram (c). As anisotropic particles are obtained, size distribution histograms for both the short (S) and long (L) axes are given. A
minimum of 300 individual particles from different HAADF-STEM images were analyzed for the size distribution histograms. The standard

deviation is given as two sigma (26).

sharper peaks match the formation of the tetragonal phase
LiYF,. The corresponding overview HAADF-STEM image
supports the “fragmentation” of the original core domain with
a highly homogeneous contrast throughout the individual
particles (Figure 3h). The latter are mostly spherical with a
mean size of 21.0 + 1.9 nm (Figure 3i). Because of the
complete alloying, the heterogeneous material combination a-
NaTmF,/LiYF, was not further investigated regarding its
structural characterization.

Chemical Organization of Material Combinations with
Cubic a-NaTmF, Core NCs. Chemical maps obtained by
energy-dispersive X-ray (EDX) spectroscopy, with spatial
resolution down to the nanometer scale, provide a facile
means of obtaining a first insight into the spatial distribution of
cations in homogeneous (a-NaTmF,/NaYF,) and heteroge-
neous (a-NaTmF,/CaF,) material combinations. The EDX
chemical maps of Tm (Tm-L, line) are of particular interest
because Tm is supposed to be confined only in the core
domain for both the homogeneous and heterogeneous material
combinations. Consequently, any change in the Tm distribu-
tion can be unambiguously determined by analyzing its EDX
chemical maps. This is more challenging for the chemical
elements that are supposed to be confined in the shell
domains, such as Y (homogeneous combination) and Ca
(heterogeneous combination), which also surround the Tm
core domain. A clear difference is visible between the EDX
maps of Tm for the homo- (Figure 4a,b) and heterostructured
(Figure 4i,j) NCs. Indeed, the Tm distribution is more diffuse
in the former compared to that in the latter. Additionally,
subtle but real differences are also visible when inspecting the
EDX maps of the shell elements Y (Y-L line) (homogeneous
combination only, Figure 4c) and Ca (Ca—K, line)
(heterogeneous combination only, Figure 4k). In the latter
case, dark voids are visible, and their spatial localization is in
agreement with the strongly localized spatial distribution of
Tm. This effect (i.e., void formation) is nearly nonexistent in
the case of Y distribution (Figure 4c) for the homogeneous
material combination. Interestingly, the superposition of the
EDX maps of the core-confined and shell-confined elements
suggests, to a certain extent, the formation of an alloy for the

homogeneous material combination (Figure 4d). On the
contrary, for the heterogeneous material combination (Figure
41), the formation of particles with a true core—shell
organization is very probable.

Chemical mapping can be refined by separately recording
and analyzing independent EDX line-scans. Indeed, chemical
concentration profiles are obtained by the quantification of
EDX spectra recorded along a line that passes through the
center of the analyzed particle with probe and step sizes of 0.25
and 1 nm, respectively.

Although not performed on a whole particle but only
through a single line crossing the analyzed particle, chemical
information (along that line) with a local precision of ca. 1 nm
can be obtained. At this point, it is important to emphasize that
the quantification of EDX spectra recorded during line-scan
analysis leads to the determination of “overlapped” chemical
concentration profiles, which are averaged along the electron-
beam direction. Thus, a mathematical treatment of the
obtained raw chemical concentration profiles must be
implemented to obtain the localized chemical composition
corrected from the outermost “subshell” domain contribution.
It is worth noting that such a mathematical procedure, known
as the subshell approach"” is sensitive not only to the overall
shape of the particle but also to the shape of the buried core
domain. Consequently, quasi-spherical/elliptical core and shell
geometries have been used for the homogeneous material
combination (@-NaTmF,/NaYF,) while quasi-spherical core
geometry and cubic shell geometry have been used for the
heterogeneous material combination (@-NaTmF,/CaF,).*”
Even if the utilized core and shell geometries in the subshell
approach are ideal ones, they constitute relatively good
approximations of the real shapes. Finally, to deal not only
with deviations from ideal geometries but also with the
orientation of the particle relative to the incident electron-
beam, at least ten particles are analyzed for each material
combination.

The normalized raw chemical profiles (i.e., before
mathematical treatment) of Tm (Tm-L series) and Y (Y-L
series) obtained for the homogeneous material combination
(a-NaTmF,/NaYF,, Figure 4e) demonstrate the presence of
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Figure 6. Structural characterization of material combinations of LiTmF, core nanocrystals (NCs) with cubic @-NaYF, (heterogeneous
combination — top row), cubic CaF, (heterogeneous combination — middle row), and tetragonal LiYF, (homogeneous combination —
bottom row). Experimental (black open symbols) powder X-ray diffraction (PXRD) patterns and corresponding Pawley refinements (color
solid lines) (a, d, g). The difference between the experimental and calculated PXRD patterns is shown (gray solid lines) together with Bragg
peak positions (green vertical bars). In the case of the heterogeneous material combination LiTmF,/CaF,, two sets of Bragg peak positions
are requested for the tetragonal (green vertical bars) and cubic (pink vertical bars) phases. Note that the peak identified with a star (*) at ca.
80° does not belong to the cubic crystal structure but to the low background (911)-oriented silicon wafer onto which NCs are drop casted
(Figure S1). Representative low magnification high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
images (b, e, h) and size distribution histograms (c, f, i). A minimum of 300 individual particles from different HAADF-STEM images were
analyzed for each size distribution histogram. The standard deviation is given as two sigma (20).

Tm well beyond the spatial limits of the core region as it is
detected until the edges of the particle (Figure 4f). This is in
perfect agreement with the EDX map of Tm (Figure 4b).
When applying the subshell approach to the raw normalized
concentration profiles of Tm and Y, a fully alloyed NC with
concentration gradients is revealed (Figure 4gh). It is
important to emphasize that neither pure core nor pure shell

domains are detected for the homogeneous material
combination. This is in distinct contrast with the Tm and
Ca chemical profiles calculated after applying the subshell
approach for the heterogeneous material combination (a-
NaTmF,/CaF,, Figure 4m), which are in perfect agreement
with the formation of a true core—shell structure (Figure 4n—
p) with pure Tm-core and Y-shell regions. This supports the
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Figure 7. Chemical analyses of material combinations of LiTmF, core nanocrystals (NCs) with cubic CaF, (heterogeneous combination —
first and second rows), and tetragonal LiYF, (homogeneous combination — third and fourth rows). High-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images of the energy dispersive X-ray (EDX) spectroscopy mapping areas (a, i) and
corresponding Tm (Tm-L, line) (b, j), Ca (Ca—K, line) (c), and Y (Y-L line) (k) chemical maps together with their overlap (d, 1) for the
heterogeneous (a—-d) and homogeneous (i—-1) material combinations. HAADF-STEM images of single particles of heterogeneous (e) and
homogeneous (m) material combinations on which EDX line scan (yellow arrows) analyses were performed. Normalized raw (f, n) and
calculated (subshell approach) (g, o) chemical profiles obtained for the heterogeneous (e—-g) and homogeneous (m-—o) material
combinations. Scheme illustrating the most probable qualitative distribution of cations for the heterogeneous (h) and homogeneous (p)
material combinations. Tm, Y, and Ca are colored blue, magenta, and red, respectively.

qualitative results from EDX mapping (Figure 4j—I). Addi-
tional EDX line scans treated with the subshell approach are
available in the Supporting Information (Figures S4 and S5).

Material Combinations with Tetragonal LiTmF, Core
NCs. Structural Characterization of the Starting LiTmF,
Core NCs. The PXRD pattern of the synthesized LiTmF, core
NCs reveals the formation of the expected tetragonal structure
with no trace of secondary phases. Indeed, the experimental
PXRD pattern (Figure Sa — black open symbols) is properly
described when performing a Pawley refinement with a single
tetragonal (I4,/a) phase (Figure Sa — color solid line). The
corresponding lattice parameters of the synthesized LiTmF,
core NCs are 5.14971(15) A (a and b parameters) and
10.6507(4) A (c parameter). The Pawley refinement was
performed by applying an elliptical anisotropic model with the
double Voigt approach.”® The latter allows to extract an
anisotropic crystallite size of 14.6 + 1.8 nm and 19.4 + 2.1 nm
for the short and long axes, respectively. These values are in
perfect agreement with the particle size distribution obtained
by the analysis of HAADF-STEM images with mean sizes of
14.7 + 2.5 nm and 20.0 + 2.9 nm for the short axis and long
axis, respectively (labeled S and L in Figure Sc). The
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synthesized LiTmF, NCs are utilized as the starting seeds
for all material combinations with @-NaYF,, CaF,, and LiYF,.

Structural Characterization of Homogeneous and Heter-
ogeneous Material Combinations with Tetragonal LiTmF,
Core NCs. The PXRD pattern of the first heterogeneous
material combination with NaYF, (LiTmF,/NaYF,) indicates
the formation of a unique cubic phase (Fm3m) with no
remaining trace of the initial tetragonal phase (Figure 6a —
black open symbols). The corresponding Pawley refinement
(Figure 6a — color solid line) indicates a lattice parameter of
the cubic phase of 5.52321(8) A. The isotropic size of the
coherent domains (WPPM approach, isotropic model) clearly
increases compared to the starting core to reach 26.4 + 8.7 nm.
The PXRD pattern analysis shows that the structural integrity
of the starting core NCs has been completely destroyed. The
corresponding overview HAADF-STEM image supports the
total destruction of the original core NCs with a highly
homogeneous contrast throughout individual particles (Figure
6b). The latter exhibit nonuniform and irregular shapes with a
very broad size distribution (Figure 6c) in agreement with
PXRD results. Because of the complete alloying, the first
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heterogeneous material combination LiTmF,/NaYF, was not
further investigated regarding its structural characterization.

Interestingly, the PXRD pattern of the second heteroge-
neous combination with CaF, (LiTmF,/CaF,) reveals the
coexistence of both the initial tetragonal phase together with a
new cubic (Fm3m, a = b = ¢ = 5.46485(11) A) phase (Figure
6d — black open symbols). The corresponding Pawley
refinement (Figure 6d — color solid line) indicates slight
modifications of the lattice parameters of the tetragonal phase
(a = b =51704(5) A, ¢ = 10.641(2) A) compared to the
starting core NCs. The corresponding HAADF-STEM image
indicates the formation of isotropic NCs with a clear contrast
difference between the core and shell domains (Figure 6Ge).
The extracted size distribution histogram (Figure 6f) indicates
the formation of larger particles (compared to the starting core
NCs) with a mean size of 28.3 + 4.0 nm. The marked contrast
difference between the inner and outer regions can easily be
used to extract a size distribution histogram (Figure S6) of the
brighter “core” region only. Similar to the starting LiTmF, core
NCs, the bright regions exhibit a slightly anisotropic shape.
Both the short and long axes are slightly shorter compared to
the starting core NCs (Figure Sc), which indicates a
modification of the starting core domain.

The PXRD pattern of the homogeneous combination with
LiYF, (LiTmF,/LiYF,) reveals the formation of a single
tetragonal phase with no sign of secondary phases (Figure 6g).
Bragg peaks of the tetragonal phase (Figure 6g — black open
symbols) are significantly sharper compared to the starting
LiTmF, core NCs (Figure Sa). The corresponding Pawley
refinement (Figure 6g — color solid line) indicates a larger ¢
lattice parameter (10.7105(3) A) compared to the starting
LiTmF, core NCs while the a and b lattice parameters are very
similar (5.16385(10) A). The size of the coherent domains
(WPPM approach, isotropic model) increases compared to the
starting core NCs to reach 29.6 + 2.5 nm. The HAADF-STEM
image shows the formation of slightly anisotropic particles with
a subtle but distinguishable contrast difference between the
inner and outer regions of the particles (Figure 6h). The
extracted size distribution histogram (Figure 6i) is in relatively
good agreement with PXRD measurements with a mean size of
27.9 + 3.1 nm and 32.3 + 4.4 nm for the short and long axes,
respectively. The relatively good contrast difference between
the inner and outer regions can easily be used to extract an
accurate size distribution histogram (Figure S7) of the brighter
“core” region only. Although the size of the short axis (14.3 +
2.5 nm) is in good agreement with the starting core NCs
(Figure Sc), it is obvious that the size of the long axis (16.9 +
2.6 nm) is shorter compared to the starting core NCs (Figure
5¢).

Chemical Organization of Material Combinations with
Tetragonal LiTmF, Core NCs. EDX chemical mapping shows
that the Tm (Tm-L, line) distribution is localized in the
anticipated core region with signs of diffusion into the shell
region both for the heterogeneous (Figure 7a,b) and
homogeneous (Figure 7ij) material combinations with
LiTmF, core NCs. Interestingly, the Tm distribution appears
to be more confined in the case of the homogeneous
combination compared to its heterogeneous counterpart,
which is in opposition to the observation made for material
combinations with cubic a-NaTmF, core NCs (Figure 4). It is
worth noting that despite the highly concentrated Tm
distribution in the core region of the heterogeneous material
combination, a secondary Tm distribution with a much lower

intensity is also visible in the shell domain. The corresponding
speckled Tm distribution extends within the entire volume of
the particles. Although a similar behavior is observed for the
homogeneous material combination, Tm does not reach the
outermost regions of the particles. The EDX maps of the
distribution of the shell elements Ca (Ca—K, line)
(heterogeneous combination only, Figure 7c) and Y (Y-L
line) (homogeneous combination only, Figure 7k) exhibit the
formation of dark voids in the innermost regions of the
particles, whose spatial localization is in agreement with the
main spatial distribution of Tm. Interestingly, the super-
position of the EDX maps of the core-confined and shell-
confined elements suggests the formation of core—shell
structures both for the heterogeneous (Figure 7d) and
homogeneous (Figure 71) combinations. Nevertheless, the
superposition of the EDX maps shows that no pure shell
domain (i, Ca only) is formed for the heterogeneous
material combination (Figure 7d) contrary to the homoge-
neous material combination (Figure 71) for which a thin (ca.
2-3 nm) pure Y region is formed at the outermost regions of
the particles.

The normalized raw chemical profile of Tm (Tm-L series)
obtained for a single homostructured NC (LiTmF,/LiYF,,
Figure 7m) reveals the presence of Tm well beyond the spatial
limits of the starting core NCs but without being detected at
the edges (Figure 7n). When applying the subshell approach
with bipyramidal core and shell geometries (Supporting
Information) to the raw EDX chemical profiles of Tm and Y
(Y-L series), a true core—shell structure is revealed (Figure
70,p). Nevertheless, although the existence of pure core
(LiTmF, with a size of about 8—9 nm) and pure shell (LiYF,
with a thickness of about 2—3 nm) domains is not
questionable, a thick (ca. 10 nm) interfacial layer is observed,
which is in agreement with EDX maps. Thus, LiTmF, and
LiYF, coexist with a third crystalline (tetragonal) interphase,
which is a nonhomogeneous alloy (LiTm,_,Y,F,) with
concentration gradients (i.e., different values for x depending
on the spatial location within the interphase) in between the
pure core and pure shell domains. The “spiky” aspect of the
concentration profile of Tm (Figure 70) was observed for all
particles investigated for this material combination. It is
probably caused by the relatively large fluctuation for the
gradient in the intermixing regions and the deviation of the real
structure from the ideal model used in the subshell analysis.
Note that the Tm concentrations determined for the
outermost regions of the core domain are characterized by
larger errors compared to all other Tm concentrations
measured along the EDX line scan due to a thickness effect
at the tips of the bipyramid.

The normalized raw chemical profile of Tm obtained for a
single heterostructured NC (LiTmF,/CaF,, Figure 7e)
confirms the presence of Tm well beyond the spatial limits
of the core region until the outermost edges of the particle
(Figure 7f).

The subshell approach with idealized bipyramidal core and
cubic shell geometries (Supporting Information) was applied
to the raw EDX chemical profiles of Tm and Ca and
demonstrates the formation of a core—shell structure (Figure
7g,h). Nevertheless, contrary to its homogeneous counterpart,
and although a pure core region is observed, the whole shell
domain is doped with a constant concentration of Tm (ca. 8 at.
%), indicating the formation of a homogeneous Tm-doped
shell. The presence of Tm in the shell region detected by EDX
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Figure 8. Comparison of PXRD data for homogeneous and heterogeneous material combinations with cubic a-NaTmF, core nanocrystals
(NCs). (a) Experimental PXRD patterns of @-NaTmF, core NCs (blue solid line), homogeneous @-NaTmF,/NaYF, (magenta solid line),
and heterogeneous a-NaYF,/CaF, (red solid line) material combinations. (b—-m) Experimental (black open symbols) and calculated (color
solid lines) peak profiles for the (200), (222), (420), and (600) Bragg reflections. Data of individual Bragg reflections are given for -
NaTmF, core NCs (first row from the bottom), homostructured @-NaTmF,/NaYF, (second row from the bottom), and heterostructured a-

NaYF,/CaF, (third row from the bottom) NCs.

line-scan analysis confirms the interpretation of the EDX map
of Tm (Figure 7b) and is corroborated by additional EDX line
scans (Figure S8) as well as by the Rietveld refinement of the
corresponding PXRD pattern. Indeed, the refinement of the
SOF of the Ca site (Wyckoff position 4a) indicates a
substitution of Ca by Tm of up to 7 at. %. The doping of
the CaF, shell by Tm is further confirmed when analyzing the
two-dimensional Fourier transform (FT) pattern of the high-
resolution transmission electron microscopy (HRTEM) image
of the outermost shell region (see dedicated section “Focus on
diffraction data”).

Focus on Diffraction Data. In the previous sections
dedicated to material combinations with cubic a-NaTmF, or
tetragonal LiTmF, core NCs, experimental evidence of the
formation of alloyed or core—shell (with or without
intermixing) structures was based on the utilization of EDX
spectroscopy techniques (chemical maps and line scan
analysis). Interestingly, for certain material combinations
(e.g, a-NaTmF,/CaF,), a detailed inspection of the PXRD
pattern revealed interesting features. The latter, when not

performing proper refinements (in our case Pawley refine-
ment), can easily pass unnoticed or be simply overlooked.
Despite peak broadening due to the small size of the
coherently diffracting domains, PXRD patterns of NCs are
still of major interest when particular features can be exploited
to extract useful structural information.

Compared to the starting cubic seeds (a-NaTmF,), all Bragg
peaks of the homogeneous combination (@-NaTmF,/NaYF,)
are shifted toward lower two theta angles while Bragg peaks of
the heterogeneous combination (@-NaTmF,/CaF,) remain
almost unchanged (Figure 8a). This indicates that very likely
differences exist in the microstructure (i.e., atomic-scale
organization) of the two different combinations (homoge-
neous vs heterogeneous). Indeed, materials used for the
homogeneous and heterogeneous combinations not only are
isostructural polymorphs (Fm3m) but also possess nearly
identical lattice parameters. Thus, if the final atomic-scale
organization of the two material combinations was equivalent,
the same features should be observed for both the PXRD
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patterns of the homogeneous and heterogeneous combina-
tions.

The modification of the atomic-scale organization depend-
ing on the material combination is strengthened especially as
the profile of some specific reflections — namely (200), (222),
(420), and (600) — is successfully modeled for the core
(Figure 8 — first row from the bottom) and homostructured
(Figure 8 — second row from the bottom) NCs, but not for the
heterostructured (Figure 8 — third row from the bottom) NCs.
Such features (Bragg peaks shifting combined with the
modified line profile of specific Bragg reflections) constitute
interesting X-ray diffraction hallmarks to differentiate between
alloying and phase segregation.

To verify our hypothesis, Debye’s scattering equation was
used to calculate the theoretical diffraction pattern of various
atomistic models for a single NC.>**° In the case of a single
isotropic NC of CaF, (Fm3m) with a size of 21.8 nm (namely
40 unit cells), the theoretical diffraction pattern shows that
intensities of the (200), (222), (420), and (600) reflections are
equal to or very close to zero (Figure S9). On the contrary,
when Ca is replaced by Tm in the atomistic model of the single
NC, intensities of the (200), (222), (420), and (600)
reflections are clearly different from zero (Figure S10).
Consequently, as the nonzero intensity of specific Bragg
peaks ((200), (222), (420), (600)) of the cubic crystal
structure is fully dominated by the presence of Tm atoms, such
Bragg peaks can be used to determine whether the underlying
atomic-scale organization is compatible with alloying or phase
segregation. The (200) reflection is particularly interesting
because it is located at a low two theta angle (ca. 32.5°) with
the highest relative intensity and no peak overlap compared to
the (222), (420), and (600) reflections. As previously
indicated (see section “@”), the Pawley refinement (with a
single crystal structure) of the experimental PXRD pattern of
the heterogeneous combination (a-NaTmF,/CaF,) fails to
properly model the line profile of the (200), (222), (420), and
(600) reflections, although it is adapted to all other reflections.
It is important to emphasize that the calculated line profile of
the (200) reflection is too narrow compared to the one
experimentally observed. As the observation of the (200)
reflection in the PXRD pattern is exclusively related to the
presence of Tm within the diffracting domain, the discrepancy
between the calculated and experimental line profiles can now
be explained. Indeed, the size of the coherently diffracting
domain within which Tm is confined is significantly smaller
compared to the overall crystallite size. As the latter is in good
agreement with the mean size obtained by HAADF-STEM, it
confirms the structural coherence of the Ca domain
throughout the entire particle even if Ca is absent from the
core domain. Thus, the experimental PXRD pattern of the
heterostructured NCs not only reflects the size of the Tm
domain but also the size of the entire coherently diffracting
domain, which includes both the Tm and Ca regions.
Simulations showed that it is impossible to understand the
overall line profile as a convolution of separate core and shell
contributions. On the contrary, simulations with a perfect
coherence between the core and shell domains can explain the
observed line profile (Figure S11). Interestingly, the results
obtained by advanced PXRD data analysis can be independ-
ently validated by the analysis of HRTEM data.

The HRTEM image of a single a@-NaTmkF,/CaF, NC
(Figure 9 — top row) confirms, in the direct space, the
structural coherence of the entire NC. As expected, all

Figure 9. High resolution transmission electron microscopy
(HRTEM) data for the heterogeneous material combination -
NaTmF,/CaF,. HRTEM images (a—c) and the two-dimensional
Fourier transforms (FTs) of the highlighted dashed area (shown
on the associated HRTEM image) together with their correspond-
ing indexation. HRTEM images are the exact same, but different
areas of the same particle were analyzed such as the inner region
(a, d), the outermost (ca. 3—4 nm) shell (b, e), and a thicker
region (ca. S nm) of the external shell (¢, f). All corresponding FTs
can be indexed with a cubic crystal structure (Fm3m) in the [001]
zone axis. For better readability of the two-dimensional FTs, the
indices of only a small number of reflections are reported. Indices
of all other reflections can be deduced from the indexed reflections
and by symmetry. The zero-order beam (ZB) is marked with a
white circle. All reflections marked with a pink or green circle
belong to the cubic crystal structure (Fm3m). Reflections marked
with a green circle are characterized by a structure factor [Fl
close to or equal to zero in the case of pure CaF, and should not be
observed.

reflections (highlighted by pink and green circles) of the FT
pattern of a central region (Figure 9a,d) of the NC can be
indexed with a cubic crystal structure (space group Fm3m). As
in the case of PXRD, simulations have shown that the structure
factor |F)l of certain reflections (highlighted by green circles
on the FT pattern) is close to or equal to zero for pure CaF,
but different from zero when Ca is substituted by Tm (ca. S at.
% or higher). As the FT pattern of the central region (Figure
9d) is a superposition of the FT patterns of the core and shell
domains, it is normal to observe all reflections. On the
contrary, the FT pattern of the outermost 3—4 nm shell region
is characterized by the absence of specific reflections, and in
particular the (200), which is in perfect agreement with the
formation of pure CaF, (Figure 9b,e). This nicely validates the
conclusion derived from the analysis of the nonhomogeneous
peak broadening observed for specific Bragg reflections on the
PXRD pattern of a-NaTmF,/CaF, NCs (Figure 8b—e). To
demonstrate the sensitivity of the method, the FT pattern of a
thicker (ca. S—6 nm) outermost shell region was also obtained.
As in the case of the central region, the “forbidden” reflections
are visible (Figure 9¢,f). This is expected because the thickness
of the analyzed region (Figure 9c) is larger than the thickness
of the pure CaF, shell as determined by EDX analysis (Figure
4n,0). Therefore, the corresponding FT pattern (Figure 9c) is
a superposition of the FT patterns of the pure CaF, shell and
a-NaTmF, core domains. The exact same strategy was applied
to the HRTEM data of the heterogeneous combination
LiTmF,/CaF,. The analysis of the FT patterns of different
regions (Figure S12) confirms the inclusion of Tm into the
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Figure 10. Tm*'downshifting optical properties in the far-end of the SWIR region for homogeneous and heterogeneous material
combinations. Typical absorption (abs) spectrum of Tm** ions with the dashed area representing the range of the used wavelengths for the
excitation of Tm*'-based homo- and heterostructured nanocrystals (a). Accepted downshifting mechanism for Tm** emission in the spectral
region 1600—2100 nm involving cross-relaxation (CR) between Tm>" atoms (b). Typical Tm>* emission spectrum in the far-end of the
SWIR region (A, 1600—2100 nm) for the heterogeneous @-NaTmF,/CaF, (c) and homogeneous LiTmF,/LiYF, (d) material
combinations. Absolute power dependence downshifting photoluminescence quantum yield (PLQY) from 0.5 to 3.5 W/cm? for the
heterogeneous a-NaTmF,/CaF, (light- and dark-red symbols) and homogeneous LiTmF,/LiYF, (light- and dark-pink symbols) material
combinations (e). The dashed line represents the highest downshifting PLQY value for Tm*" downshifting emission in the far-end of the
SWIR region reported in the literature.'” The dotted line represents the highest downshifting PLQY value for Er** downshifting emission in
the 1400—1650 nm SWIR region reported by our group with a heterogeneous material combination.”> Comparison of Er** and Tm>
emission through different intralipid (1 vol % in either H,O or D,0) thicknesses (f). The incident power density was kept as close as
possible to 50 mW/cm? for all images. Displayed intensity levels were optimized for each image.

limitations apply to the homogeneous material combination
LiTmF,/LiYF, (Figure S14).

Effect of Material Combinations on Tm?' SWIR
Emission above 1600 nm. The downshifting SWIR
emission properties of Tm*" were assessed in the solid-state
for all investigated material combinations. Figure 10a shows a
typical absorption spectrum for Tm?* in the NIR-SWIR region.
Among all absorption bands, the one centered at 800 nm is
often considered as the optimum excitation wavelength for
bioimaging, as it overcomes the absorption peak of water in the
range of 900—1050 nm (Figure S15). The widely accepted
mechanism for Tm>* emission above 1600 nm, illustrated in
Figure 10b, involves cross-relaxation between the *H, and °F,

crystal structure of the CaF, shell, which is in agreement with
the results obtained by EDX and Rietveld refinement.

At this point, it is worth noting that the ability to
discriminate between alloyed and core—shell structures (with
or without intermixing) by PXRD or HRTEM (combined with
FT) is highly dependent on the type of material combination.
Indeed, the existence of unique features (e.g., zero-intensity of
specific reflections) that are inherent to the diffraction patterns
of the pure materials is an absolute prerequisite. For instance,
in the case of the homogeneous material combination a-
NaTmF,/NaYF,, neither PXRD nor HRTEM data (Figure
S13) can be used to unambiguously discriminate between

alloyed and core—shell structures (with or without intermix-
ing). Indeed, the zero-intensity of specific reflections is no
longer valid when CaF, is replaced by a-NaYF,. Thus, only
meticulous EM characterization based on EDX spectroscopy
can be used to reveal the atomic scale organization. The same

26244

electronic energy levels of two Tm> ions.”® No luminescence
was detected for the starting core NCs (@-NaTmF, and
LiTmF,), which was expected due to surface quenching. The
latter is even exacerbated for small core NCs with a high
concentration of optically active ions, as a multitude of energy
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migration pathways to surface quenching sites are easily
accessible. Interestingly, for the homogeneous (@-NaTmF,/
NaYF,) and heterogeneous (a@-NaTmF,/LiYF,) material
combinations with the cubic core NCs (a-NaTmF,), no
emission was detected (Figure S16). Similarly, the Tm?®"
emission was also not detectable for all heterogeneous material
combinations (LiTmF,/NaYF,, LiTmF,/CaF,, Figure S17)
with the tetragonal core NCs (LiTmF,). The absence of Tm**
emission for all these material combinations can be easily
explained as the final homo- and heterostructured NCs exhibit
complete (i, alloying) or partial (discrete doping) redis-
tribution of Tm®* throughout the entire volume of the particles
without the existence of any pure protecting inert shell as
initially anticipated. Therefore, the broken spatial confinement
of the optically active centers (initially localized in the core
domain) creates novel pathways for energy leakage to surface
quenchers.

Out of the six investigated material combinations, only two
exhibit Tm*" emission above 1600 nm as illustrated by the
broad emission bands observed for the heterogeneous cubic
material combination (a-NaTmF,/CaF, — Figures 10c and
S18) and the homogeneous tetragonal material combination
(LiTmF,/LiYF, — Figures 10d and S19). The power-
dependent absolute measurement of downshifting PLQYs
was obtained at two different excitation wavelengths (770 and
800 nm, Figure 10e). For the cubic heterogeneous material
combination (@-NaTmF,/CaF,), which forms a true core—
shell structure with an abrupt interface, the downshifting
PLQY is close to 14%. Note that such a PLQY value is very
close to the highest PLQY values reported for Tm>* emission
above 1600 nm by Chang et al. (16%) and Yang et al.
(14%)."7*" It is also worth noting that the downshifting PLQY
of the cubic heterogeneous material combination was boosted
up to 24% (Figure S20) by lowering the quantity of Tm?* in
the starting core NCs down to 50% (a-NaYysTm,sF,/CaF,).
As no chemical composition optimization was performed for
the cubic heterogeneous material combination, the PLQY
might still be improved for such a combination. Interestingly,
the downshifting SWIR PLQY reaches a value of 39% (Figure
10e) for the tetragonal homogeneous material combination
(LiTmF,/LiYF,), which forms a core—shell structure with a
thick alloyed interphase in between the pure thin protecting
shell (LiYF,) and pure core (LiTmF,) domains. Such a high
PLQY value, to the best of our knowledge, has never been
reported for SWIR emission in the far-end (>1600 nm) of the
SWIR region and, although slightly weaker, is comparable to
the highest PLQY value reported (49%) for Er** emission at
1550 nm (Figure 10e).*”

Additionally, to measure the downshifting efficiency,
fluorescence images were acquired to compare the potential
of the most efficient material combination obtained (LiTmF,/
LiYF,) with the performance of the previously reported
heterogeneous material combination (NaYF,:Yb:Er:Ce/CaF,)
for SWIR emission at ca. 1550 nm.”” Fluorescence images were
obtained at various depths within 1 vol % intralipid solutions,
which are commonly used to represent light propagation in
tissue, particularly the effect of photon scattering and
absorbance.”® To isolate these optical effects, intralipid
solutions were prepared in both D,O and H,O. Indeed, in
the SWIR spectral region of interest, the absorption of Tm?®"
emission by H,O is the dominating effect for a contrast
decrease with penetration depth. On the other hand, in D,0,
the contrast decrease is mostly due to scattering (Figure S15).

For the homogeneous material combination (LiTmF,/LiYF,),
the scattering effect starts to be noticeable for thicknesses
larger than 11 mm for downshifting Tm*" emission (4., = 785
nm) in the 1650—1950 nm range (Figure 10f — first row). On
the contrary, for the heterogeneous material combination
(NaYF,:Yb:Er:Ce/CaF,) for downshifting Er** emission (4, =
968 nm) in the 1450—1650 nm range, scattering was observed
at thicknesses as short as 4 mm (Figure 10f — second row).
Intralipid solutions prepared in H,O illustrate the advantage of
the excitation wavelength at 800 nm compared to 980 nm.
Indeed, even though the PLQY is larger in the case of the
heterogeneous material combination (NaYF,:Yb:Er:Ce/CaF,)
compared to the homogeneous material combination
(LiTmF,/LiYF,), the Er’* signal becomes undiscernible from
the background for a penetration depth that is smaller
compared to the one observed for the Tm®" signal due to
water absorption (Figure 10f — third and fourth rows). NIR-
camera setup and extended figures related to the intralipid tests
are available in the Supporting Information (Figures S21—
$25).

DISCUSSION

Out of three material combinations with the exact same
optically active cubic (a-NaTmF,) core NCs, the Tm?*
emission above 1600 nm can only be observed for one
combination (i.e, a-NaTmF,/CaF,). EDX chemical maps,
EDX line scan analyses, and PXRD and HRTEM (when
suitable) demonstrated that various material combinations
with the same cubic core NCs and synthesized under the same
experimental conditions lead to dramatically different chemical
organizations with direct consequences on the SWIR emission
performance of Tm®". Indeed, the magnitude of cation
intermixing is totally modified depending on the type of shell
material that is combined with the exact same starting cubic
core NCs. For the homogeneous material combination
between isostructural crystalline phases with the ability to
easily form a solid solution (i.e, @-NaTmF, and a-NaYF,),
cation intermixing is severe and leads to full alloying, although
nonhomogeneous. The same behavior is observed for the
heterogeneous material combination involving different
crystalline phases (a-NaTmF, and tetragonal LiYF,). It is
worth mentioning that despite the dissimilar crystal structures
(cubic vs tetragonal), the selected tetragonal shell material did
not nucleate separately as could have been expected. Not only
the alloying option was preferred, but also the initial cubic
crystal structure was nearly entirely converted to the tetragonal
crystal structure. The energetically favored tetragonal crystal
structure to the detriment of the cubic crystal structure acting
as the driving force for the fragmentation and destruction of
the starting core NCs can be ruled out, as the exact opposite
was observed when growing a cubic shell on tetragonal core
NCs (LiTmF,/NaYF, combination). The heterogeneous
material combination between isostructural crystalline phases
with limited miscibility (i.e., a-NaTmF, and CaF,) is the only
one that succeeded in forming a true core—shell structure with
no sign of cation intermixing between the core and shell
domains in agreement with what our group recently
reported.” It is important to emphasize that despite the fact
that the lattice mismatch is very similar between the
homogeneous (a-NaTmF,/NaYF,) and heterogeneous (a-
NaTmF,/CaF,) material combinations involving isostructural
materials, crystallographic considerations alone such as crystal
structure matching and lattice mismatch are not sufficient to
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predict a priori the magnitude of intermixing. Indeed, as the
material combinations were synthesized under the same
experimental conditions (solvent, capping agent, chemical
precursors, shell precursor delivery, heating rate, aging time,
and growth temperature), the interplay between crystallog-
raphy and chemistry very likely plays a role. For instance, the
shell precursors themselves might have an impact on the
stability of the starting core NCs. Thus, the ease with which
solid solutions between the core and shell materials can be
formed might play an important role in determining the
stability of the starting core NCs once in contact with the shell
precursor(s).

The results obtained with the last three material
combinations also demonstrate that it is currently impossible
to predict the final chemical organization that can be obtained
when simply considering the type of material combinations
(homogeneous vs heterogeneous, isostructural vs nonisostruc-
tural, chemical miscibility of the different domains). Indeed,
the exact same material combinations synthesized with the
tetragonal (LiTmF,) core NCs instead of the cubic (a-
NaTmF,) core NCs exhibit dramatic differences in two cases
out of three.

Interestingly, heterogeneous combinations involving differ-
ent crystal structures (i.e., tetragonal/cubic) lead to either the
total destruction of the starting core NCs (LiTmF,/NaYF,) or
the formation of a core—shell structure (LiTmF,/CaF,). As
these combinations involve isostructural shell materials, it
strengthens the hypothesis according to which the shell
precursors modify the stability of the starting core NCs.
Moreover, as the starting tetragonal phase is entirely destroyed
when combined with a-NaYF,, it is reasonable to assume that
the solid-state miscibility of the core and shell materials is one
of the driving forces. It is also important to note that although
the heterogeneous LiTmF,/CaF, material combination leads
to the formation of a core—shell structure similar to the one
formed with its isostructural counterpart (i.e., a-NaTmF,/
CaF,), a major difference exists. Indeed, while in the latter case
no Tm migrated in the CaF, shell, a small but constant
concentration of Tm was detected in the former case, which
was sufficient to fully quench the Tm SWIR emission.
Interestingly, the homogeneous combination (LiTmF4/
LiYF,) does not lead to full alloying but to the formation of
a core—shell structure with an alloyed (nonhomogeneous)
interphase in between the pure core and pure shell domains.
The exceptionally high PLQY of 39% obtained for the
homogeneous tetragonal material combination (LiTmF,/
LiYF,) can be attributed to two important factors. First, the
lower site symmetry of the tetragonal crystal structure (4)
compared to the highest site symmetry of the cubic crystal
structure (m3m) might be one important factor. It is indeed
known that lower local symmetry relaxes Laporte’s selection
rules leading to facilitated 4f—4f transitions.””*" Second, the
interphase observed in the homogeneous tetragonal material
combination (LiTmF,/LiYF,) might play a role. Indeed, the
best downshifting PLQY obtained for the only true core—shell
structure (a-NaTmF,/CaF,) is not obtained for 100% Tm®",
but for a significantly lower concentration (50% Tm?* although
not optimized). Therefore, the presence of a diffuse alloyed
interphase might have played a role in optimizing interatomic
distances between optically active centers. It is worth noting
that despite investigating the same material combination as
reported by Chang et al,, the absolute downshifting PLQY of
Tm?" is significantly better (39% vs 14%)."” This can be

explained by considering the experimental conditions for the
synthesis. Indeed, the precursors used for the syntheses
reported in this article are water free (Figures S26—S30)
while Chang et al. used heavily hydrated metal precursors in
their synthesis protocol. Water in the reactive medium is a
source of hydroxy groups that can be easily integrated into the
crystal structure of ternary alkali metal RE-based fluorides.
Haase et al. demonstrated the importance of maintaining an
OH-free environment to obtain highly efficient upconver-
sion.”!

Finally, it is important to emphasize that out of the six
investigated material combinations, Tm*" SWIR downshifting
luminescence can only be detected when a pure inert (i.e., no
optically active element) shell is formed. The presence of Tm**
in the outermost layer of the NCs with a high or low
concentration is sufficient to fully quench the SWIR emission.
This is due to the importance of protecting optically active
core NCs from surface quenching sites as demonstrated two
decades ago for RE-based luminescence (either downshifting
or upconversion).””®> Later, the importance of blocking
energy migration pathways to surface quenching sites has
been demonstrated and used to tune and/or enhance the
photoluminescence properties of RE-based NCs.**~°° To date,
the inert shell approach is still the most efficient strategy to
optimize the performance of RE-based NCs. The results
presented in this article are in agreement with known
quenching mechanisms and demonstrate that although initially
designed, the growth of a pure inert protecting shell is not
guaranteed depending on the type of material combination.

CONCLUSIONS

Despite intensive research on RE-based core—shell NCs for
more than two decades, the correlation between the atomic
scale organization of an arbitrarily selected material combina-
tion (either homo- or heterostructured) and its PL properties
has been poorly investigated. This article represents the first
foray into investigating the consequences of various material
combinations on the downshifting properties (Tm*" SWIR
emission above 1600 nm) of the synthesized homo- and
heterostructured NCs.

The results reported in this article, obtained for a single set
of experimental conditions with static characterizations of the
final products, are highly enlightening to reveal the diversity
behind the synthesis of RE-based core—shell NCs for which
the “one-size-fits-all” model is definitely obsolete. It is
important to emphasize that such diversity might even be
exacerbated when changing one or several experimental
parameters (e.g, growth temperature, nature of the shell
precursor(s) etc.) with potentially different outcomes although
dealing with the same material combination. The good news is
that such diversity can be captured by the EDX spectroscopy
toolbox (mapping and line scan analysis combined with the
“subshell” approach). It is now established that for suitable
material combinations such a toolbox can be wisely combined
to PXRD and HRTEM (combined with FT) to extract
accurate information regarding the atomic-scale organization of
“core—shell” NCs. This can definitely help to pave the way
toward the emergence of accurate atomistic 3D models of RE-
based core—shell NCs.

This article demonstrates that the SWIR optical perform-
ance of Tm*" above 1600 nm is well correlated to the true
atomic-scale organization of the final NCs. Various material
combinations, synthesized under the same experimental
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conditions, can lead to drastically different atomic-scale
organizations with consequences on the downshifting perform-
ance of Tm*. Indeed, depending on the type of material
combination, the downshifting emission of Tm?" in the far-end
of the SWIR region spans a wide range from fully quenched
(i.e., no emission) to highly efficient with a PLQY value of
39%. The latter is 2.4—2.8 times higher than the best PLQY
values reported in the literature to date.

The experimental results of this article also demonstrate that
the formation of true core—shell structures with RE-based NCs
constitutes only one possibility among many others. It is
important to emphasize that, out of six different material
combinations investigated and synthesized under the same
experimental conditions, only one (a@-NaTmF,/CaF,) led to
the formation of a true core—shell structure (i.e., core and shell
domains perfectly segregated with an abrupt interface in
between). Interestingly, the experimental results also revealed
that the formation of a true core—shell structure with an abrupt
interface does not seem to be a critical feature to maximize the
optical performance, as long as a pure (i.e., without any trace of
optically active atoms) protecting shell can be formed.
Although the importance of the protecting outer shell to
improve the PL performance of NCs in general and RE-based
NCs in particular is not new, it is now demonstrated that the
formation of such a protecting shell is absolutely not self-
evident depending on the type of material combination. Thus,
out of six different material combinations investigated and
synthesized under the same experimental conditions, only two
(a-NaTmF,/CaF, and LiTmF,/LiYF,) end up with a pure
protecting shell.

This article constitutes a significant step toward the
emergence of informative guidelines to predict, in terms of
atomic-scale organization, the outcome of a core—shell
synthesis for various material combinations and experimental
conditions. To increase the accuracy and prediction
capabilities, this will ultimately require figuring out and
rationalizing the underlying driving forces, molecular mecha-
nisms, and dynamics involved in the formation of RE-based
core—shell NCs under various experimental conditions. This
article constitutes the first brick in the wall, and many others
are required to reveal the big picture. Such a monumental
piece of work, which is beyond the scope of this article, can be
tackled only collectively. It is anticipated that the results of this
article will significantly influence the field of RE-based NCs to
optimize their optical performances by understanding (instead
of assuming) their inherent structural and atomic scale
organization under various experimental conditions. In the
particular case of in vivo optical imaging in the far-end of the
SWIR region, highly efficient NCs with emission in the 1650—
1950 nm range can now be synthesized.

METHODS

Synthesis of a-NaTmF, Core NCs. Inside a glovebox
under nitrogen, sodium trifluoroacetate (1 mmol), thulium
trifluoroacetate (1 mmol), oleic acid (3.2 mL), oleylamine (3.3
mL), and octadecene (7.5 mL) were added to a SO mL Schlenk
flask. After dissolution of the starting trifluoroacetate
precursors, the mixture was heated up (under argon) to 300
°C for 30 min. After cooling to room temperature, the core
NCs were extracted, purified, and finally dispersed in
chloroform. The resulting solution was stored in a glass vial
under air. It was used as a stock solution for the subsequent
growth of core—shell NCs with different material combina-

tions. All experimental details regarding the synthesis of a-
NaTmF, core NCs are given in the Supporting Information.

Synthesis of LiTmF, Core NCs. Inside a glovebox under
nitrogen, lithium hydroxide (2.5 mmol) and ammonium
fluoride (4 mmol) were added to a 10 mL glass vial together
with 6 mL of methanol under constant stirring (ca. 90 min). In
parallel, thulium trifluoroacetate (1 mmol), oleic acid (6 mL),
and octadecene (15 mL) were added to a 50 mL Schlenk flask.
After dissolution of the starting trifluoroacetate precursor, the
methanol solution of lithium hydroxide and ammonium
fluoride was injected (ca. 40 °C) into the SO mL Schlenk
flask. After aging at 70 °C for 30 min, methanol was removed
under vacuum. The resulting mixture was heated up (under
argon) to 300 °C for 60 min. After cooling down to room
temperature, the core NCs were extracted, purified, and
dispersed in chloroform. The resulting solution was stored in a
glass vial under air. It was used as a stock solution for the
subsequent growth of core—shell NCs with different material
combinations. All experimental details regarding the synthesis
of LiTmF, core NCs are given in the Supporting Information.

Synthesis of Core—Shell NCs. Inside a glovebox under
nitrogen, 2 mmol of trifluoroacetate shell precursors was added
to a SO mL Schlenk flask together with oleic acid (7 mL) and
ocatadecene (7 mL). Then, under an argon flow, 1 mL of stock
solution of the starting core NCs (a-NaTmF, or LiTmF,) was
added to the 50 mL Schlenk flask. After dissolution of the
starting trifluoroacetate precursors, the mixture was heated up
(under argon) to 300 °C for 45 min. After cooling down to
room temperature, the core—shell NCs were extracted,
purified, and dispersed in chloroform. The resulting solution
was stored in a glass vial and used for structural and optical
characterizations. All experimental details regarding the
synthesis of every material combination are given in the
Supporting Information.

Structural Characterization of Core and Core—Shell
NCs. PXRD patterns of core and core—shell NCs were
acquired using a Bruker D8 Discover diffractometer with
Bragg—Brentano geometry (CuKal). The size, morphology,
and chemical composition of core and core—shell NCs were
investigated with FEI Osiris ChemiSTEM combined with a
Super-X EDX detector. EDX line scans of individual NCs were
obtained after quantifying the concentration profile of different
chemical elements acquired along a line passing through the
center of the corresponding NC. The EDX line scans were
further analyzed by using the mathematical subshell approach
based on various geometrical models for the shape of the core
and shell domains. An aberration-corrected FEI Titan®
operating at 300 kV was used for high-resolution imaging.
Every structural characterization technique is described in
detail in the Supporting Information.

Optical Characterization of Core and Core—Shell NCs.
Absorption spectra were acquired with a PerkinElmer Lambda
950 UV/vis/IR spectrophotometer. Downshifting emission
spectra and power-dependent PLQY were acquired with a
homemade optical system. Absorption and emission measure-
ments were performed by using two calibrated spectrometers
(Zeiss, PGS NIR 2.2; Thorlabs, CCS200/M) to register the
intensity of the sample emission and the excitation laser. The
NCs were measured both in chloroform colloidal solution and
in the solid state. All power-dependent PLQY measurements
were repeated at least three times and averaged. All optical
characterization techniques are described in detail in the
Supporting Information.
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SWIR Imaging. NCs were imaged using a custom setup
equipped with an InGaAs camera and a specialized lens to
prevent reflections. Filters were arranged to block off-angle
laser reflections, and the NCs were excited using 785 and 968
nm lasers. The lasers were coupled to a fiber-optic bundle,
passed through various optical components, and used to
uniformly illuminate the sample. The power density was set to
approximately 50 mW/cm?. Images were captured at exposure
times ranging from 0.25 to 30 ms, then processed for dark
correction, averaging, and normalization. NC colloidal
solutions were placed in capillary tubes for imaging, and
intralipid solutions were used to achieve the desired thickness
in a cell culture dish. All details regarding SWIR imaging are
given in the Supporting Information.
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