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Upconverting nanoparticles (UCNPs) are well-known for their capacity to convert near-infrared light into
UV/visible light, benefitting various applications where light triggering is required. At the nanoscale, loss of
luminescence intensity is observed and thus, a decrease in photoluminescence quantum yield (PLQY),
usually ascribed to surface quenching. We evaluate this by measuring the PLQY of NaGdF 4 Er* Yb3*
UCNPs as a function of size (ca. 15 to 100 nm) and shape (spheres, cubes, hexagons). Our results show
that the PLQY of a-phase NaGdF, Er**,Yb®* surpasses that of p-NaGdF, for sizes below 20 nm, an obser-
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underlines that particle shape must not be neglected as a relevant parameter for PLQY. In fact, based on a
mathematical nucleus/hull volumetric model, shape was found to be particularly relevant in the 20 to
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60 nm size range of the investigated UCNPs.

Introduction

Considerable effort is being paid to improve the performance
of nanomaterials with the ability to emit light of wavelength
shorter than that of the excitation light (i.e. with anti-Stokes
properties) for a growing number of potential applications in
fields as diverse as energy, optical sensing, environment, or
health.’™ At the forefront of these types of nanomaterials are
trivalent lanthanide ion (Ln**)-doped nanoparticles that follow
an excitation scheme known as upconversion in which,
through long-lived 4f energy states, multiple near-infrared
(NIR) photons are converted into ultraviolet (UV) and/or visible
photons.®” Despite promising results, better understanding of
the relationship between the structural properties and lumine-
scence intensity is required to gain the basic knowledge
necessary to ultimately pave the way to more efficient upcon-
verting  nanoparticles (UCNPs).***  Photoluminescence
quantum yield (PLQY) constitutes a direct measure of a
material’s efficiency in converting absorbed photons into
emitted photons. Even if some efforts have been undertaken to
facilitate the measurement of PLQY in upconverting
materials,'* including for the first time sale of a commercial
unit in 2019,"* its quantification is not trivial."**

To date, most PLQY studies that consider UCNP size are
based on a limited range of particle diameters, and thus, the

This journal is © The Royal Society of Chemistry 2022
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establishment of trends and structure-property relationships
remains a challenge. Moreover, nanoparticle size and mor-
phology are closely related and linked to the particles’ crystal
structure for some of the most common nanoparticle hosts for
upconversion: NaLnF, (Ln =Y, Gd) can crystallise in either a-
(cubic, space group Fm3m) or p- (hexagonal, space group P6 or
P6;/m) crystal phase. Smaller particles tend to present a spheri-
cal shape regardless of the crystal phase. However, when
exceeding a critical size (typically 20 nm), they exhibit the
shape of cubes or hexagons, as dictated by the crystal phase."’
With this in mind, we investigated the effect of size and shape
on the PLQY of Er*'/Yyb®*" co-doped a- and p-phase NaGdF,
nanoparticles. For this study, we took into account rarely con-
sidered structural changes at the lattice-level of the host
material, demonstrating the relevance of the crystallographic
parameters and strain of the host crystal lattice for upconver-
sion PLQY.

Previous theoretical and experimental studies on upconver-
sion PLQY provide valuable knowledge required for the design
of more efficient UCNPs.'72°"2° vet, these studies focus on
mainly three aspects; namely, (i) the environment of the
UCNPs, including solvents and surfactants that can induce
quenching through high-energy vibrations (phonons);*>?® (ii)
the complicated relationship between excitation power and
PLQY of the non-linear upconversion process;*'”?*** and (iii)
dopant concentration dependency of PLQY,"*>73¢ while one
study addresses the relevance of scattering-related effects in
larger particles.'® Still, some aspects remain the subject of dis-
cussion, including the role of the host material and why (also
to what extent) some hosts perform better than others.*® The
most commonly accepted reasons are based on the effect of a
reduced multi-phonon relaxation probability when the cut-off
phonon energy of the host material is small, or on the avail-
ability of multiple optical sites that lanthanide ions can
occupy within the crystal lattice.?” Yet, further insight into the
host material’s properties is still chief for the design of more
efficient UCNPs. Besides, effects of reducing the particle size
below 100 nm are still under debate. In general, smaller
UCNPs exhibit lower PLQY than larger ones.'®*® This fact is
often attributed to environmental quenching,*®*** at least for
sizes above 10 nm, in which the crystal host is thought to keep
the properties of the bulk material (for smaller sizes there
might be a phonon confinement effect).*>*> Luminescence
quenching due to the local environment (e.g. solvent mole-
cules) of the lanthanide ions affects smaller particles to a
larger extent because a larger fraction of lanthanide ions are
close to the particle surface. In addition, the particle surface is
prone to have a high density of defects that can also influence
emission probability. This structural issue even affects if core—
shell interfaces are considered, instead of the external surface,
as it has been demonstrated that the degree of intermixing at
the interface also modifies the optical properties.*®™*®

This works revisits the commonly accepted theory of
surface quenching as major origin for low PLQY in small
UCNPs. PLQY was measured as a function of size, morphology,
and crystal phase and correlated with structural data obtained
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by electron microscopy and X-ray diffraction analysis. For
UCNPs smaller than 20 nm, distortion of the crystal lattice was
found to have a significant impact on PLQY, in particular for
a-NaGdF, in which case the observed trends in PLQY could
not be explained by surface quenching. Indeed, a-phase
NaGdF, were found to be more efficient upconverters than
their p-phase counterparts in this size range. This is an impor-
tant finding that limits the general agreement that UCNPs
based on the f-phase of NaLnF, (Ln = Gd, Y) are better
emitters.'>**°° Besides, a thorough analysis of PLQY in light
of the development of the particle shape versus size was con-
ducted with the help of a mathematical nucleus/hull volu-
metric model. For small UCNPs (sizes below 20 nm), the effect
of the morphology was small compared to general surface
quenching due to size reduction. However, the morphology
should not be neglected for those of the UCNPs investigated
the size of which falls within the 20 to 60 nm size range.

Results and discussion

Oleate-capped Er**/Yb®" co-doped cubic (a)- and hexagonal (B)-
NaGdF, UCNPs of various sizes were prepared using the same
reagents and synthetic route, which is based on a thermal
decomposition strategy. The fact that all UCNPs were prepared
following the same strategy allows for minimizing any effects
that starting materials or synthetic routes may have on particle
composition and structure and hence, PLQY, either due to a
different level of impurities or to the presence of different sur-
factants. During the synthesis, metal trifluoroacetates, used as
source of lanthanides, sodium and fluorine, were injected to a
flask containing a hot mixture of 1-octadecene and oleic acid
to trigger fast nucleation and growth (specific experimental
details are provided in the ESI, section S1 and Table S17). Size
and phase control of the UCNPs was achieved by tuning the
reaction parameters, ie., reaction temperature (mainly
affecting crystal phase) and precursor injection rate (mainly
affecting particle size).

Irrespective of their crystalline phase and size, all UCNPs
were co-doped with 2 mol% Er’* and 20 mol% Yb**, an ion
concentration that is most often used.’"** The narrow size dis-
tribution (ESI, Fig. S1f) and crystal phase purity of the
obtained UCNPs were confirmed by transmission electron
microscopy (TEM) and powder X-ray diffraction (XRD) analysis
(Fig. 1). Overall, this provided a set of a- and p-NaGdFEr’"/
Yb®>" UCNPs (hereafter o- and B-NaGdF,) spanning the size
range from 15 to almost 100 nm. As such, a comprehensive
library of eleven UCNPs of different phases and sizes was avail-
able for PLQY assessment. It must be noted that the size range
covered by the fB-phase UCNPs is wider than that for the
a-phase UCNPs. This is because of the thermodynamic stabi-
lity of the respective crystal phase. For bulk NaGdF,, the temp-
erature range in which the metastable a-phase can be observed
is higher than room temperature, at which the thermo-
dynamically stable B-phase is typically found. Indeed, in the
bulk, the a-phase only exists at temperatures above 750 °C.>?
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Fig. 1 (a) TEM images of the oleate-capped NaGdF4:Er*/Yb** UCNPs investigated in this study. Two sets of samples were prepared, one for each
NaGdF, crystal phase, a and B. The label in each TEM image indicates the crystal phase and average diameter. XRD diffraction patterns of the
samples are shown for all (b) a- and (c) p-phase samples, together with their respective reference pattern (JCPDS: [00-027-0697] for « and [00-027-

0699] for p).

However, for materials constituted by only a small number of
unit cells - as in case of small nanoparticles - this restriction
can be overcome, and it is possible to stabilize a-NaGdF,
UCNPs even at lower temperatures. Nonetheless, a size limit-
ation for the a-phase remains and, if exceeded, inevitably trig-
gers the o« — P phase transformation.>® Elemental analysis
(ICP-OES) experiments (ESI, Table S2}) were performed for all
samples to confirm consistent sodium (Na') to gadolinium
(Gd*) ratios and rule out the presence of any alternative non-
stoichiometric composition. Further evidence for the high crys-
tallinity of the UCNPs was obtained by high-resolution TEM
(HRTEM) and selected area electron diffraction (SAED, represen-
tative morphologies are shown in Fig. 2; data for all other
samples under investigation are shown in Fig. S2 of the ESIY),
which demonstrated that the UCNPs were all single crystals. It
is also clear from Fig. 1 and 2 that, even though the compo-
sition is the same for each sample, size and phase play an
important role for the morphology of the UCNPs. Indeed, as
shown in the top scheme of Fig. 2, for both crystal phases, the
smaller UCNPs (~15 nm diameter) had a spherical morphology,
while larger UCNPs transformed into hexagonal plates or into
cube-like structures in the case of hexagonal p-phase and cubic
a-phase UCNPs, respectively. In the latter case, additional inter-
mediate states in the form of truncated cubes appeared.®*>®

As mentioned above, the main reason argued to explain the
typically lower PLQY of smaller UCNPs is an increased prob-
ability of surface quenching. Underpinning this claim is the
fact that the smaller the UCNPs are, the larger the percentage
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of ions near the surface is.?%°%°7

Consequently, the observed
variation in morphology gains relevance, as it determines the
surface-to-volume ratio (S/V) of the UCNPs, which is the para-
meter typically used to quantify the fraction of material in
close proximity to the surface. Therefore, careful analysis of
the morphology of each batch of UCNPs was performed based
on the HRTEM images given in Fig. 2 and S2.} The shape evol-

ution is shown in the top scheme of Fig. 2.

Photoluminescence as a function of size and crystal phase

Er**/Yb®" co-doped materials present certain luminescent pro-
perties given by the distribution of their energy states, which is
only weakly affected by the crystal host.>® Among these pro-
perties is the ability of Er** ions to generate visible emissions
with blue, green and red wavelengths upon excitation with
near-infrared light (around 980 nm), mainly absorbed by the
Yb®" ions (Fig. 3a).” As an example, Fig. 3b shows the visible
emission spectra obtained upon excitation at 980 nm, compar-
ing the largest and smallest UCNPs of each crystal phase con-
sidered in this study. The complete upconversion mechanism
that leads to these emissions has contributions of several sim-
ultaneous processes including energy transfer from Yb®" to
Er** and between Er*" ions, as well as excited state absorption
involving Er’* ions. Among these processes, those accounting
for higher probabilities are shown in the scheme of Fig. 3a,
which includes the involved energy levels of Er** and Yb**
ions, the main energy transfer steps between Yb*>" and Er**
ions (curved dashed black arrows), excited state absorption

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Mechanism of the upconversion emission process in Er**/Yb** co-doped UCNPs leading to blue, green and red emission. (b)
Upconversion emission spectra of selected Er**/Yb®** co-doped UCNPs following excitation with 980 nm. All spectra are normalized to the
maximum emission, and the spectrum in the blue region was multiplied by a factor of 10; the number in the sample name refers to the size of the
UCNPs in nm, o and p refer to the cubic or hexagonal crystal phase of the host lattice, respectively. (c) CIE 1931 chromaticity diagram showing the
emission colour of the samples in (b), according to the standard CIE tristimulus curves.

and energy-transfer-triggered excitation (solid black arrows),
radiative relaxations of Er*" ions (coloured arrows), and non-
radiative relaxation processes (straight dashed arrows).

The resulting PLQY of the emission will be affected by all
these simultaneous processes. Due to the multi-step and com-

This journal is © The Royal Society of Chemistry 2022

petitive character of upconversion, the relationship between
PLQY and excitation intensity is not linear. Instead, it follows
a power function that depends on the number of steps.’®
Accordingly, there is a steep increase of PLQY with illumina-
tion intensity. Yet, it can be partially dampened as a result of
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the competition existing in each intermediate state between
the probability of participating in excitation or in relaxation
processes.'”?%?73932 This dampening, often called saturation,
strengthens at higher illumination intensities and even domi-
nates the trend above a certain excitation power density
threshold. In this study, the laser excitation density was kept
constant at 5.8 W em™?, which is in the lower range of power
densities applied in most of the related works and is below the
saturation regime (see ESI, section S61)."” Under these illumi-
nation conditions, emission spectra (Fig. 3b) were recorded on
UCNP dispersions in hexane with a concentration of 75 mg
mL~". All spectra were normalised to their respective
maximum emission.

Four emission bands were considered: one in the red wave-
length region (Er*" transition *Fo;, — “I;5,), two in the green
region (Er’** transitions *Hyy/, — *Iy5,, and *S3/, — *1355,), and a
less intense one in the blue spectral region (Er’*" transition
*Ho;, — ‘Lisp). The latter, though, was too weak to be
measured for all samples. From the obtained spectra, it can be
stated that the most intense emission band is the green one in
the case of the hexagonal crystal phase (8-NaGdF,), while the
red emission becomes more intense for UCNPs based on the
cubic crystal phase (a-NaGdF,). Aiming to quantify to what
extent these differences can be perceived, the CIE colour coor-
dinates of the emissions given in Fig. 3b were plotted in a
chromaticity diagram (CIE 1931, Fig. 3c). This analysis shows
the relevance of the spectral difference between upconversion
emissions originating from f- and a-phase UCNPs; the former
mainly showed green emission, while the latter showed emis-
sion in the yellow-orange range. An effect of size was observed
in both cases, though it seems larger in the case of the
a-phase UCNPs despite the narrower size range considered. In
terms of average human perception, small differences
observed in the green range around 545 nm are less noticeable
than in the yellow-orange range, around 570 nm.%°
Accordingly, the colour differences observed for the a-phase
are not only larger, but also lie in a range in which it is easier
to be noticed by human eyes, thus size-control is in this case
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more important in applications in which a luminescent colour
palette is an asset. On the other hand, the human eye presents
a greater sensitivity to the green colour than to the yellow-
orange one, which supports f-phase particles as optical labels.

In order to provide information about the emission inten-
sity in absolute terms, the internal quantum yield needs to be
considered, as given by:

number of emitted photons
number of absorbed photons

PLQY(%) = (1)

According to eqn (1), emission is normalised by absorption,
which makes PLQY a purely intrinsic parameter. Absolute
PLQY was measured using an integrating sphere with the
same parameters used to record the emission spectra given in
Fig. 3a (further experimental details are given in section S2 of
the ESI}). The obtained values are plotted in Fig. 4a (hexagonal
phase) and Fig. 4b (cubic phase) as a function of the surface-
to-volume ratio, S/V (see Table S4 of the ESIT for details). In
preparation of a meaningful comparison between UCNPs of
various sizes and crystal phases, thermal effects due to laser
heating that could affect any PLQY trends were ruled out (a
more in-depth discussion is provided in the ESI, section S87).
Also, scattering effects can be considered negligible, given the
small size of the UCNPs."®

The obtained PLQY values were below 1% for all samples,
reaching values as low as 0.001% in some cases. Such low
PLQY is expected for upconversion due to the non-linear
nature of the process and the many alternative and competing
relaxation routes. As values were small, experimental error
might be large. To provide an uncertainty (error bars in Fig. 4a
and b), each sample was measured at least twice and on
different days, so they confirm the consistency of the obtained
trends. Table 1 summarises the literature PLQY data for experi-
mental conditions as close as possible to those applied in this
study. Even though the comparison of PLQY values obtained
under different experimental conditions (dopant concen-
tration, particle size, excitation power, etc.) is difficult, Table 1
shows that our results are in the same range as those found by

. b) g 0.5% 0.50
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0 10°4 a 4 N o5
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Fig. 4 Measured PLQY values versus the surface-to-volume (S/V) ratio for (a) p-NaGdF4:Er®*,Yb®* and (b) a-NaGdF4:Er®*,Yb** samples. (c) S/V ratio
as a function of the UCNP volume calculated for the limiting case, i.e., spherical and hexagonal-shaped UCNPs with the radius/thickness ratio
observed in the synthesized samples. The shaded area represents impossible values for solid geometries. Experimental values are also plotted, as
measured from HRTEM micrographs (blue squares are a-NaGdF,; UCNPs and purple dots are f-NaGdF, UCNPs). The inset shows a zoom-in of the

volume region 0 to 30 nm®.
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Table 1 Comparison of the total (green plus red) PLQY obtained in this work (23 nm sized p-phase UCNPs) and reported in the literature.
Experimental details that may play a role for the reported values, i.e., excitation power density and solvent used to prepare the UCNP dispersions, are

included to allow for comparison

Host Concentration [Er**], [Yb*] (%) Size (nm) Excitation (W em™2) Solvent Upconversion PLQY Ref.
p-NaYF, 2,20 30 150 Hexane 0.1% 18
B-NaYF, 5,33 24 63 Chloroform 0.07% 62
B-NaYF, 2,20 23 20 Cyclohexane 0.045% 26
B-NaYF, 3,17 25 ~3 Toluene 0.01% 17
f-NaYF, 2,15 28 ~10 Toluene ~0.01% 27
B-NaGdF, 2,20 4 420 Cyclohexane 4x107°% 11
B-NaGdF, 2,20 23 5.6 Hexane 0.018% This work

other authors. For the sake of comparison, the obtained
results were also framed in the context of two additional
popular upconversion host materials, LiYF, and NaYF,, with
equivalent S/V values. As this comparison is beyond the main
subject of this work, these data can be found in the ESI,
section S9.F

Effect of particle shape

For the sake of clarity, prior to a detailed discussion of the
PLQY data, the choice of using S/V as a variable instead of par-
ticle diameter shall be rationalised. As mentioned above, only
the smallest UCNPs are spheres and thus, have a well-defined
diameter. Upon variation of the morphology from a spherical
geometry, a more general parameter than diameter has to be
introduced to allow for comparison. As PLQY is thought to be
mainly affected by surface effects, a parameter considering the
relevance of surface over volume seems practical and has to be
accurately defined for each morphology. Since S/V has been
used before, we followed this same approach.’® Aiming to
evaluate S/V, a geometry-based formula has been defined for
each shape found, ie., spheres, cubes, truncated cubes and
hexagonal plates, and has been applied to the corresponding
UCNPs (detailed information in ESI, section S5t). Still, to
provide an intuitive guide, data points in Fig. 4a and b, which
are plotted versus S/V, are also labelled in the graph with the
respective diameter (for spheres), diagonal length (for hexa-
gons) or side length (for cubes and truncated cubes).

A certain volume of material can be shaped in several
different ways to produce a particle. If shape has an effect on
PLQY, following a geometrical rationale, one would expect a
better performance from spherical UCNPs as this shape mini-
mises the surface area per unit of volume. Conversely, flat geo-
metries, for instance hexagonal plates, will always have a larger
surface per volume than a sphere of comparable volume.
Fig. 4c visualises this general fact. The grey full line depicts
the mathematical curve of S/V versus the volume of spherical
nanoparticles. Given that the sphere mathematically mini-
mises S/V, any value below this line does not exist (shaded
area). The addition of the obtained experimental S/V data for
f- and a-phase UCNPs to the plot shows that those UCNPs
exhibiting cubic geometries (blue symbols) are closer to this
optimal boundary than hexagonal plates (purple symbols).
Experimental data points obtained for hexagonal UCNPs

This journal is © The Royal Society of Chemistry 2022

match well with the line that describes S/V versus volume cal-
culated for a hexagonal geometry (black dashed line; see
details on the calculation in the ESI, Fig. S37). Note that for
both crystal phases, a spherical geometry is only observed for
the smallest UCNPs. Consequently, given the importance of
S/V with respect to luminescence quenching effects, the mor-
phology evolution towards cubes or hexagonal plates can be
considered detrimental for PLQY. Both shapes induce a less
than optimal S/V, whereas the hexagonal plate geometry is
even more unfavourable than the cubic one. Nevertheless, one
must keep in mind that larger UCNPs generally exhibit a
higher PLQY as the volume gains relevance over the surface as
the particles grow (see how the curves in Fig. 4c become less
steep for larger particles). Consequently, these two trends -
shape-induced S/V and size - compete against each other.

In light of these considerations, the PLQY evolution as a
function of size and shape was analysed in more detail. The
data obtained for p-NaGdF, (Fig. 4a) and o-NaGdF, (Fig. 4b)
follow opposite trends. Interestingly, the PLQY of p-NaGdF,
was found to increase for larger UCNPs, while that of
a-NaGdF, decreased with size to such an extent that the PLQY
of a-NaGdF, surpasses that of f-NaGdF, when the particle size
becomes sufficiently small. This behaviour is noticeable since
f-NaGdF, is typically reported to be the most efficient host
material for Er’*/Yb*" upconversion when compared to
a-NaGdF,."”**?° The switch of positions in this intensity
ranking for small enough UCNPs has been previously
suggested by few works comparing emission intensities or life-
times, though none of these studies could systematically
4951 However, Fig. 4 corroborates their
observations and provides further evidence that, indeed, there

compare both phases.

is a differentiating size-dependent behaviour. It is such that
the PLQY of a-phase UCNPs surpasses the PLQY of p-phase
UCNPs when a small-enough size regime is reached. This is,
within our experimental conditions, below ~20 nm.

Based on Fig. 4, p-NaGdF, followed the expected trend that
larger UCNPs emit more efficiently, which implies that the size
change affects PLQY more strongly than shape change from
spheres to hexagonal plates does.>®*° In the surface-quenching
context, it is possible to understand an UCNP as a particle
comprised of two different regions: (i) an emitting region in
the particle core that remains mainly unaffected by the exter-
nal environment, thus, behaving as close to bulk material as
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possible, and (ii) a surrounding external region that can be
described as a hull and that is affected by quenching (see
schemes given at Fig. 5, bottom).*>°* Hence, it is possible to
establish a simplified volumetric model that allows visualizing
the relevance of the particle’s shape on the resulting PLQY,
described by the following general expression:

PLQY = ¢1(R) = (¢sVs + ¢sVz)/Vr (2)

where ¢ is the PLQY, R is the radius, V is the volume and the
sub-indices T, S, and B stand for total, surface and bulk contri-
butions, respectively. Eqn (2) can be specified to the case of
spheres (s superindex) and hexagonal plates (h superindex) as
follows:

PLQY® = ¢5(R) = ¢bs (1 - (R;—Sd)) + ¢B(R;—3d) (3a)
PLOY" = () = dy(1 — Vi) + g E— D20 g

in which d is the thickness of the hull (the surface-quenched
region), and £ is the thickness of the plate (see scheme in
Fig. 5). These equations have been used to fit the experimental
values, as shown in Fig. 5.

It is worth discussing the meaning of d and ¢s and their
influence on the total value of PLQY. Within this model, d, the
hull thickness, should be understood as an effective depth
reaching into the UCNP covering the area in which Ln*" ions
are strongly quenched. If we assume energy transfer from
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Fig. 5 p-NaGdF, experimental PLQY data (green emission on top, red
emission below) fitted to a simple nucleus/hull volumetric model
assuming spherical (dashed lines) and hexagonal particles (full line). A
scheme of the two shapes indicating the different parameters used for
their definition is given below the graphs.
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lanthanides to other molecules or defects as the main reason
for quenching, d can be linked to the critical radius defined
within the energy transfer theory. As a reference value, it has
been experimentally demonstrated in analogous experiments
that an inert shell (without any Ln*" ion) of around 6 nm
could avoid surface quenching.®® Our situation is different as
there is no inert shell, but instead a strongly quenched area
containing lanthanide ions. Accordingly, we are not only
dealing with energy transfer to external molecules, as in the
mentioned work, but also with migration processes that can
transport energy from inner areas of the particle closer to the
surface. Hence, we can expect our effective depth, d, to be
longer than the previously reported value of 6 nm. For
instance, a 10 nm surface region doped with Er*" but largely
non-emissive due to quenching has been defined for Ln,Os:
Er** nanoparticles.®®

Regarding ¢s, i.e., the PLQY contribution of the surface, its
value would logically vary within the region defined by d. In
particular, it should depend on the distance to the surface, r,
since quenching is more likely the closer an emitting ion is to
the outer environment (¢s=¢s(r)). Specifically, if we assume
quenching effects led by dipole-dipole energy transfer, it
should follow a function of 1/7°.

As ¢ is related to the hull only, it will govern the PLQY
trend for particles with a radius, R, smaller or equal than d, as
in this case there isn’t a bulk region (in other words, the whole
particle suffers quenching). The experimental values in this R
< d range can be used to set ¢s. Considering the discussion on
d above, only two experimental data may fall within the size
range in which we can a priori assume that the whole UCNP is
strongly quenched, i.e., those obtained for UCNPs of sizes
smaller than ~15 nm in diameter. Thus, defining the depen-
dence of ¢g on r, is not feasible. We can assume, instead, an
effective constant for ¢s, which will be a fair approximation as
long as R 2 d. Within this approximation, a fit to the experi-
mental data gives a ¢g of 0.001% for the red emission and
0.005% for the green upconversion emission. Such approxi-
mation makes the shape of the curve unrealistically flat for
sizes below 20 nm (Fig. 5), but circumvents the need to
increase the number of variables with parameters that we
cannot reliably fit.

Having determined the surface contribution, ¢, we can
proceed to fit equations 3a and 3b to determine the bulk con-
tribution, ¢. By doing so, it becomes clear that given its small
values, the surface contribution to the total PLQY is negligible
for sizes slightly larger than ~20 nm, since the bulk term dom-
inates the trend. Indeed, most of the PLQY variation observed
in Fig. 4c is due to the fact that when a quenching hull exists,
not all of the material emits, while all of it absorbs.

As ¢y is the PLQY value of the material without surface
quenching, i.e., that of larger crystals in which shape shouldn’t
play a role, both geometrical models (sphere and hexagonal)
are fit with the same ¢),. From this fit we determined that the
red emission was best modelled with ¢}, equal to 0.7% and d
equal to 8.9 nm, while the green emission requires a ¢ of
1.4% and a d of 8.4 nm. As predicted above, the fitted values
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of d are slightly larger than those reported in a previous study
(d = 6 nm) which is consistent with the presence of energy
migration.®® Besides, it is clear from Fig. 5 that the model
based on a spherical geometry overestimates the PLQY of the
UCNPs for particles smaller than ~60 nm. It can be concluded
that in a surface-quenching model, the shape of the UCNP
plays a role that is connected to the different weight of the
surface over the volume as a function of particle size (Fig. 4c).

Limitations of the surface-quenching model: the case of
o-NaGdF,

It was not possible to fit this surface-quenching model to the
PLQY values measured for o-NaGdF, phase (Fig. 4b), as the
observed trend was opposite to its predictions. Nonetheless, it
is worth mentioning that such behaviour has been previously
observed in experiments based on intensities or lifetimes,
leading to the hypothesis that crystal defects and lattice distor-
tion may play a key role in this case.'®*° This idea is consistent
with the fact that the cubic phase of NaGdF, is per se thermo-
dynamically unstable at room temperature (as mentioned
above) and can only be stabilised for small enough particle
sizes, so certain lattice distortion as particles grow larger can
be expected. Alternative hypotheses may include quenching
through vibrational energy of surface ligands linked to uncon-
trolled concentrations of surfactants; or heterogeneous dopant
ion distributions in the host lattice (inducing possible changes
in the distance between Er’* and Yb*' ions). However, both
aspects were ruled out as major reason for the observed PLQY
trends (further optional reading is provided in the ESI, sec-
tions S10 and S117). In light of this — and in the context of the
observed size-dependent variation of PLQY - it seems reason-
able to consider differences in the crystal lattice itself as a
function of particle size, ultimately affecting its phase stability
and PLQY.

In order to gain deeper insight into the crystallographic
characteristics of UCNPs, which may account for the PLQY
variation, Rietveld refinement was applied to their XRD diffrac-
tograms (ESI, section S127). Resulting lattice parameters of the
cubic and hexagonal unit cells (a = b, ¢ for the p-phase and a =
b = ¢ for the a-phase) for all samples under investigation are
summarised in Table 2. The error represents the standard devi-
ation of two fits for each sample, all of them with y* < 1.5. The
volume of the unit cell was calculated from these lattice para-
meters (Fig. 6a and b), unveiling a contraction when particles
become smaller, regardless the crystal phase. Comparison of
the obtained data as a function of S/V showed that the contrac-
tion was stronger for the cubic phase (steeper slope, p, approxi-
mating the three values of lower S/V to a straight line: pg
~=0.06, py ~—3).

In general, uniform lattice modifications, such as homo-
geneous doping, contribute to a shift of the XRD reflections
and hence have an effect on lattice parameters and unit cell
volumes when compared to an undoped material. Moreover,
any deviation from perfect crystallinity, i.e., any distortion that
is not uniform throughout the crystal, is also reflected in XRD
patterns as it affects the width of the diffraction peaks. These
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Table 2 Summary of data obtained through Rietveld refinements of
XRD diffractograms, including the crystal lattice dimensions, the crystal-
lite size calculated from Scherrer formula, and, for comparison, the size
observed in TEM images

B-NaGdF,

. i Crystallite TEM size
S/V(m™) a(A) c(4) size (nm)  (nm)
0.08(6) 6.0317 £ 0.0004 3.5685 + 0.0004 90 98
0.16(1) 6.0285 £ 0.0003 3.5696 £ 0.0006 47 50
0.21(7) 6.0276 £ 0.0002 3.5688 £ 0.0003 42 37
0.21(9) 6.0275 £ 0.0002 3.5697 £ 0.0003 36 35
0.30(1) 6.0272 £ 0.0002 3.5698 + 0.0002 28 23
0.40(3) 6.0279 £ 0.0003 3.571 £ 0.001 16 15
0.41(8) 6.0270 £ 0.0009 3.5711 £ 0.0002 14 14
oa-NaGdF,

Crystallite TEM size

S/V (nm™* a(A) — size (nm) (nm)
0.20(6) 5.5840 £ 0.0006 30 29
0.22(2) 5.5832 £ 0.0008 23 26
0.25(5) 5.58205 + 0.00003 22 22
0.40(0) 5.5816 £ 0.0001 13 15

deviations include the finite size of the crystal and micro-
strains related to surface tension, morphology or the presence
of impurities. Such effects can thus be studied through the
reflections’ half-width, fj. In particular, Williamson-Hall
equation, which assumes that the different contributions to
the width are additive, can be applied:**®
P :rjsa+4etan9 a@:%+%sin0 (4)

In this expression, the first addend is the contribution
given by the crystallite size, i.e., the Scherrer formula, and the
second addend is the contribution from microstrains. 6 is the
diffraction angle (in rad), ¢ is the strain parameter, 4 the X-ray
wavelength (1.5418 A), D is the crystallite size and K is the
Scherrer parameter. Typically, K takes values around 1, though
it changes slightly depending on the crystallite geometry and
the diffraction plane. Exact values for K are tabulated for a
number of geometries, including all those considered here
(ESI, section $13+).6%7

Given the different angle dependence of both addends, it is
possible to rearrange the Williamson-Hall expression as in the
right side of eqn (4). Such rearrangement allows to separately
evaluate experimental data with respect to crystallite size and
strain, which can be performed through a linear fit (Fig. S127).
The values of D obtained in this way are given in Table 2
together with the respective TEM sizes for comparison. The
generally good agreement between both values indicates that
the UCNPs are single crystallites, as it was already suggested
by HRTEM. The strain parameter calculated for each sample is
shown in Fig. 6c¢ as a function of S/V, unveiling minimal strain
in both phases. While strain appears to be size dependent,
which is in agreement with Zhao et al., differences between
crystal phases cannot be discerned.*’
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Fig. 6 Unit cell volume calculated from the lattice parameters given in
Table 2 and plotted versus the S/V ratio for (a) f- and (b) a-NaGdF,
UCNPs. Schemes depicting the ion positions within each unit cell are
given as insets. (c) Microstrain parameters obtained for each sample as a
function of S/V.

Summarizing the XRD results, strains might indeed play a
role, as they change with size. Also, all UCNPs suffered a size-
dependent cell contraction, which is more relevant for smaller
sizes. Both, strain and lattice contraction, may contribute to
variation in luminescence given that they influence the posi-
tion of the lanthanide dopant ions within the lattice, which
may affect the symmetry around the optical centres. In this
context, it should be noted that electronic transitions in 4f
lanthanide levels are parity forbidden by selection rules.
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However, asymmetric environments provoke mixing of oppo-
site parity states, making f-f transitions partially allowed.
From this perspective, highly asymmetric local environments
of the lanthanide dopants account for a higher transition
probability as well as higher relative intensities from electric
dipole transitions. Accordingly, lattice distortion is an
additional aspect influencing photoluminescence in UCNPs. A
good example that supports this claim is the work of van Hest
et al. showing, through a careful analysis of the emission of
Eu’” ions in nanocrystals, that surface defects play a role in
lowering the symmetry of lanthanide optical centres, and con-
stitute a major difference between nanocrystals and bulk
samples.®®

But why exactly would a and p phases be so different in
that regard? Different effects can be expected for a-NaGdF,
and B-NaGdF, UCNPs as both crystal phases can be differ-
ently affected by the observed changes. This is due to the
differences between both phases regarding the symmetry of
the sites occupied by the dopant ions. In the hexagonal phase
lanthanides are mostly found in C; symmetry sites, which is
the lowest symmetry possible.®® Hence, even if defects may
still involve a stronger deviation from the inversion symmetry,
their effect will be weaker than in any other case, as has been
demonstrated in Eu®*-doped nanoparticles.®® It should be
noted that in the p-phase there is also a smaller fraction of
lanthanides in more symmetric Cjy, sites (to be precise, there
are twice as many ions in C; than in Cjj) that may benefit
from the symmetry lowering induced by defects.®” In
a-NaGdF, UCNPs, instead, all lanthanides are in Cg and C,
sites, which involve symmetry operations that can still be
broken, and thus can be locally affected by defects.”’”?
Consequently, we hypothesise that defects and lattice distor-
tion can play a major role for UCNPs crystallised in
the a-phase through symmetry relaxation, to the extent that it
can compete with surface quenching. Ultimately, this gives
rise to the dependence of PLQY with size (and shape) as seen
in Fig. 4.

In addition, the multisite structure of f-NaGdF, has been
pointed out as a possible reason for its excellent performance
as upconverting host material. This characteristic could be
extended to the smaller a-NaGdF, particles as defects would
involve a larger number of differentiated optical sites.””"”?
Such considerations are in line with previously published data
and with our own results. However, confirming which one
plays the major role would require additional experiments,
likely with single-doped nanoparticles, that go beyond the
scope of this current work. It is possible, though, to gain
additional insight into the upconversion properties of a- and
f-phase UCNPs by considering the emission decay behaviour
of samples from both phases. The UC decay curves of the
green (dem = 550 nm) and red (le, = 650 nm) emission of
UCNPs dispersed in toluene are displayed in Fig. 7. As shown,
each decay curve exhibits a remarkable deviation from single-
exponential behaviour. This deviation is typical of structural
situations in which lanthanide ions appear in a variety of local
environments, resulting in multiple excited state lifetimes that
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Fig. 7 UC luminescence decay curves for (a), (c) p- and (b), (d)
a-NaGdF, UCNPs of two different sizes (S/V as labeled in the figure) dis-
persed in toluene monitoring either the UCNPs' green (4e, = 550 nm) or
red (lem = 650 nm) emission following 980 nm excitation. From these
decay curves, respective excited state lifetimes have been determined
using a Kohlrausch fitting function (solid lines).

all combined, create the observed non-exponential behaviour.
In this case, a common approach to analyse the decay curves
involves a fit using a multi-exponential function that reflects
the multiple kinetic parameters.”*”” In the present case, fol-
lowing our PLQY volumetric nucleus/hull model, this
approach would involve one lifetime linked to the inner region
of the UCNPs where the local environment of the lanthanide
ions is presumably homogeneous. In contrast, in the sur-
rounding hull, as the luminescent ions approach the UCNP
surface, the local site environment is expected to be more and
more affected by strain, defects and surface quenching. Thus,
lifetime variation is expected to be more pronounced than in
the UCNP inner region. As the change from nucleus to hull is
gradual, one or more exponential functions could be used to
fit the contribution of the hull to the decay curves, resulting in
an unnecessarily large number of parameters.”® Alternatively,
the Kohlrausch function can be used, which offers a powerful
tool to analyse non-exponential features of luminescence
decays. This model has already been applied in disordered
and ordered solid hosts, as well as in nanostructured
materials,”””® including lanthanide-doped nanomaterials.*®”*
Following the Kohlrausch function, the emission intensity as a
function of time (¢) is described as:

1(2) = A exp[—(t/70)"] (5)

where y is a parameter that accounts for the deviation from
an exponential behaviour, 7, is the characteristic decay time
of the Kohlrausch function (it has time dimensions), and 4 is
a pre-exponential factor. In our context, y is a particularly
interesting parameter as the divergence from the single-expo-
nential function indirectly correlates with the presence of
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different local environments and to the relevance of surface
quenching. Indeed, the Kohlrausch function has been used,
for instance, to investigate the inhomogeneities of the local
environments of luminophores such as carbon dots.”” To
understand its meaning, it should be noted that y = 1
accounts for the single exponential, while lower values (0 < y
< 1) involve sub-exponential behaviours, also called stretched
exponentials.

The kinetic parameters obtained by fitting the emission
decay curves (shown in Fig. 7) using eqn (5) are reported in
Table 3. It can be noted that all fits generated y values lower
than 1, with generally smaller values for a-NaGdF,. This is
indicative of less homogenous environments in case of
a-NaGdF, compared to f-NaGdF,. For the latter, both the time
constants 7, and y decrease with decreasing particle size,
either for the red or green emissions. However, a more pro-
nounced decrease is observed for the red emission (see
Table 3). This shortening of the lifetimes (z,) can be reason-
ably explained by an increase of the distortion of the local
environment when S/V increases (i.e., the UCNPs become
smaller), which is consistent with an increase of the strain
parameter, as shown in Fig. 6c. Similarly, for a-NaGdF,, the
most significant effect is observed for the red emission, while
neither 7, nor y vary much with particle size in the case of the
green emission (see Table 3). Yet, noteworthy and in contrast
to p-NaGdF,, the time constant 7, of the red emission
increases, suggesting a decrease of the distortion of the local
environment around the lanthanide ions. Moreover, its y value
decreases most significantly with decreasing particle size,
pointing to a larger heterogeneity in terms of luminescent
centres. Importantly, these results agree with the trends
observed for PLQY. In fact, both the PLQY and lifetimes of the
B-NaGdF, notably decreases as S/V increases (Fig. 4a). On the
other hand, the PLQY of a-NaGdF, smoothly increases with
S/V, in particular for the red emission (Fig. 4b), again, as life-
time does.

Table 3 Kinetic parameters (zo and y) obtained by fit of the emission
decay curves with the Kohlrausch function (eqn (5)) for p- and a-NaGdF4
UCNPs dispersed in toluene (lexc = 980 nm)

B-NaGdF,

Aem = 550 nm Aem = 650 nm
S/V (nm™) 7o (ms) 7 7o (ms) ¥
0.30(1) 0.114(1) 0.75(1) 0.208(1) 0.92(1)
0.40(3) 0.081(1) 0.71(1) 0.096(1) 0.82(1)
o-NaGdF,

Aem = 550 nm Aem = 650 nm
S/V (nm™) 7o (ms) y 7o (ms) Y
0.26(1) 0.057(1) 0.61(1) 0.090(1) 0.82(1)
0.40(0) 0.054(1) 0.62(1) 0.121(1) 0.65(1)
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Conclusions

Through detailed investigation of a set of NaGdF,:Er’",Yb*"
UCNPs of different size, shape, and crystal phase, we have
revisited the commonly applied surface quenching theory,
used to explain why UCNPs typically account for lower PLQY
values than the bulk material. Overall, the obtained results are
consistent with the previously established theory; however,
interestingly, some limitations were identified. In particular, it
was confirmed that the behaviour of p-NaGdF, PLQY can be
largely explained based on the established theory, while this is
not the case for a-NaGdF,. Indeed, in this case PLQY showed
the opposite trend versus size than expected. To explain this,
we propose that the increasing distortion of the cubic crystal
lattice upon decrease of the particle size may be playing a par-
ticularly relevant role in this specific crystal phase, given its
symmetry characteristics.

Besides that, the results of this study show that an accurate
model to describe how PLQY depends on UCNP size must also
consider the shape of the particle as relevant parameter. This
is particularly noteworthy for NaGdF, UCNPs in the 20 to
60 nm size range, whereas quenching in smaller or larger
UCNPs was found to no longer being affected by particle geo-
metry (and its associated surface-to-volume ratio).
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