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ABSTRACT

Upconversion nanoparticles are a promising class of materials for bioimaging. Their attractive
optical properties are influenced by their crystalline phase, size, and morphology resulting from
the preparation method employed. Herein, we synthesized NaYFa4:Yb,Er nanocrystals by the co-
precipitation method followed by a heat treatment step. The influence of the treatment
temperature and the type of reactor on the phase transition from the a-cubic to the B-hexagonal
phase was investigated. We found that before the phase transition, the size and shape of a-
NaYFa4:Yb,Er nanocrystals evolved due to a coalescence mechanism with microtubular reactors.
In contrast to the flask system, we also observed an anisotropic growth of B-NaYFs:Yb,Er
nanorods in microtubes whose length can be controlled by adjusting the temperature. The
diameter of microtubes plays a critical role in the shape evolution of the final products from
spheres to nanorods. The type of reactor and thus the resulting temperature gradient could be
considered as a promising parameter to control the phase, shape and size of UCNPs without

changing the chemical composition.

KEYWORDS: Upconversion nanoparticles, NaYFs nanocrystals, nanorods, spherical particle,
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1. INTRODUCTION

Through the last decade, lanthanide-doped upconversion nanoparticles (UCNPs) have been
widely investigated for their potential applications in a large range of areas, such as therapeutics,
multimodal bioimaging, solar cells, sensors, high-density optical storage, deep ultraviolet lasing,
photolithography and three-dimensional flat-panel displays.’”” Numerous investigations have
been reported on rare-earth (RE) doped fluorides UCNPs especially NaYF4 nanocrystals because
of their excellent properties such as low phonon energy (< 400 cm™) and excellent chemical
stability.2® Several methods for producing these nanocrystals have been developed, which
include co-precipitation, thermal decomposition, hydrothermal synthesis, sol-gel synthesis,
combustion synthesis, and flame synthesis.® The synthesis of NaREF4 nanocrystals by the co-
precipitation method comprises two steps that include first the precipitation at low temperature
followed by a post-treatment at high temperature (typically around 300 °C).1°

These nanocrystals have two major types of crystalline structures, cubic a-phase and hexagonal
B-phase, the latter exhibiting higher luminescence intensity.'* Cubic a-phase with lower forming
energy is the first to be produced during the synthesis that is later converted into B-phase
following a treatment at high temperature. Many investigations on the phase transition to
control of nanocrystals’ size, shape and luminescence intensity report, for example, the
introduction of trivalent lanthanide dopant ions with larger radius, such as Gd3*,2 the doping
with alkaliions (Li* or K* ions),3 the use of mixtures of surfactants such as oleic acid, oleylamine,
and tributylphosphine, ' the effect of the chemicals concentration ratio (oleic acid,
octadecene, NaOH, and NH4F),Y”2° the replacement of sodium oleate by oleic acid,?! the addition
of separated or combined solutions of NH4F and NaOH,?? the effect of the reaction time and
temperature.?>2* Significant efforts have also been invested in the characterization of their
growth and phase transition mechanism.?>=32 Suter et al. have investigated the growth of
nanocrystals and the transition from cubic a-phase to hexagonal B-phase in real-time by
monitoring their NIR-to-visible upconversion emission.3° They have defined four stages related
to the evolution of NaYFs nanocrystals during the heat treatment step, in which the longest
period of time is between the initial formation of the small cubic a-phase nanocrystals and the

start of the phase transition that was called relative stasis phase. May et al. have studied the



mechanism of crystals growth by a mathematical model,3? while Radunz et al. have investigated
the evolution of size and optical properties of NaYF4 nanocrystals with different techniques such
as small-angle X-ray scattering (SAXS), transmission electron microscopy (TEM), X-ray powder
diffraction (XRD) and inductively coupled plasma atomic emission spectroscopy (ICP-OES).?6

To the best of our knowledge, despite significant efforts invested in controlling the phase, shape,
and growth of nanocrystals, no study has been focused on the effect of the type of vessels used
and their inherent heat transfer rates on the growth of NaLnF4 nanocrystals. In this study, the
selection of an appropriate reactor for the growth of NaYFa:Yb,Er nanocrystals during the heat
treatment step was considered. We designed a system for the heat treatment step based on
stainless steel microtubes that can be used at different lengths with capacities ranging from
several milliliters to a few hundred milliliters affording an easy access to scale-up. In addition to
the advantage of scale-up, these tubes as closed systems, allow eliminating some of the
parameters that have a tangible effect on the final product such as argon gas flow, stirring rate,
and volume of the mixture for reaction.3® The simultaneous control of all these parameters is
frequently difficult and nanocrystals may differ from batch to batch. This can be avoided by using
microtubes that allow the control of these parameters and thus improve the repeatability of the

growth process of nanocrystals.

2. EXPERIMENTAL SECTION

2.1. Materials

Yttrium(lll) chloride hexahydrate (99.99%), ytterbium(lll) chloride hexahydrate (99.99%),
erbium(lll) chloride hexahydrate (99.99%), oleic acid (technical grade, 90%), 1-octadecene
(technical grade, 90%), sodium hydroxide (anhydrous, ACS reagent, 297%), and ammonium
fluoride (ACS reagent, 298.0%) were purchased from Sigma-Aldrich. Ethanol (absolute, 99.99%).

Cyclohexane (99.8%), methanol (99.8%), and acetone (99.8%) were purchased from Carlo Erba.

2.2 Synthesis of NaYF4:Yb3*,Er3* nanocrystals

NaYF4:20% Yb3*, 2% Er3* nanocrystals were synthesized according to a previously reported
procedure in two steps with some modifications (Scheme 1).1°

Formation of primary nuclei. Yttrium(lll) chloride hexahydrate (0.78 mmol, 237 mg), ytterbium(lIl)
chloride hexahydrate (0.2 mmol, 78 mg), and erbium (lll) chloride hexahydrate (0.02 mmol, 8 mg)

3



were added into a solution of oleic acid (6 mL) and 1-octadecene (15 mL) in a 50 mL three-neck
round bottom flask. The mixture was heated to 150 °C under an argon atmosphere and vigorous
stirring. Once a homogeneous solution was obtained, it was cooled to 30 °C. A mixture of NaOH
(2.5 mmol, 0.100 g) and NHa4F (4 mmol, 0.145 g) in 5 mL of methanol was added dropwise to the
solution and stirred for 30 min at 30 °C. To remove methanol, the temperature was increased
stepwise (15 min at 80 °C and then 15 min at 110 °C) and finally the reactive medium was placed
under vacuum for 10 min at 110 °C to remove the last traces of methanol and moisture.

Heat treatment in flask systems. The mixture was heated to a given temperature (290, 300, 305,
or 310 °C) for 30, 60, 90, 120, or 180 min under an argon atmosphere.

Heat treatment in microtubes. The primary solution was transferred to a 20 mL syringe under
argon atmosphere and then injected in the microtube with a fixed internal diameter (ID of 4083,
1753, or 876 um) previously filled with argon by applying three cycles of argon-vacuum.
Microtube’ inlet and outlet were then sealed (no flow through) and the tubular reactor was thus
operated as a batch reactor with no stirring. The microtubes were placed into a thermoregulated
oven at a fixed temperature (290, 300, 305, 310, or 315 °C) and maintained at this temperature
for different times (30 to 330 min) and then cooled to room temperature.

Product recovery. The products were precipitated by adding acetone, collected by centrifugation,

and redispersed into cyclohexane.
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Scheme 1. General approach for the synthesis of NaYF4:Yb,Er nanocrystals in a round bottom
flask (RBF, a) and in a microtubular reactor along with the representation of the method
employed for filling it with the primary solution (b).



2.3 Characterizations of nanocrystals

High-resolution transmission electron microscopy (HRTEM) images were obtained using a Tecnai
G2 microscope (FEI) at 200 kV. 5 uL of the nanocrystals suspension in cyclohexane was deposited
onto a carbon-covered copper grid (400 mesh). The suspension was left for 15 seconds and excess
remove using a filter paper. Images were acquired with an Eagle2K ssCCD camera (FEI). The size
distributions of the samples based on HRTEM images for more than 100 particles were
investigated by the open-source Imagel software (Version 1.51n, Wayne Rasband, National
Institutes of Health, USA). The primary investigation about size evolution of nanocrystals was
conducted by dynamic light scattering (DLS) (Malvern Zetasizer nano series) in cyclohexane. The
helium-neon laser (4 mW) was operated at 633 nm, the scatter angle was fixed at 173° and the
measurements were performed in triplicates at 25 °C. The XRD measurements were carried out
on a Bruker D8 Advance powder diffractometer in the Bragg-Brentano geometry. The
diffractometer was equipped with a front monochromator (Cu Kal wavelength A =0.154 056 nm)
and a LynxEye linear detector. Some of the diffraction patterns were refined by profile matching
method (Lebail refinement) with an anisotropic crystal shape model using Fullprof software.3*.
This allows to relate the crystal shape with its orientation. Luminescence spectra of UCNPs were
obtained using a homemade setup as described in details in our previous work.>® Briefly, the
excitation at 980 nm was provided by a continuous-wave laser coupled to a single mode fiber
with a maximum output of 350 mW (Qphotonics, QFBGLD-980-350), whereas the emission was

collected on a fiber-optic spectrometer (Avantes, AvaSpec-3648).

3. RESULTS AND DISCUSSION

3.1 Comparison of nanocrystals growth and phase transition in a microtube and a round-
bottom flask

One of the most common protocol for the synthesis of NaYFs:Ln3* nanocrystals by the
co-precipitation method consists in mixing a 1.0 mmol of rare-earth chloride, 4.0 mmol NH4F,
2.5 mmol NaOH, 6 mL of oleic acid and 15 mL of octadecene before applying, a heat treatment
at 300 to 310 °C.1° Using this typical formulation, we investigated the influence of the geometry
of the reactor on the heat treatment step by following the growth of the nanocrystals and by

determining their crystal structure.



As a reference, we selected the most widely used round-bottom flask reactor (RBF) and we
applied a 300 °C heat treatment. As shown in Figure 1a, the size of the nanocrystals increased
with the heat treatment time before reaching a plateau value. A careful HRTEM investigation of
the samples obtained after different heat treatment times revealed that B nucleation was already
observed after 30 min. Indeed, as seen on Figure 1b, two populations of nanocrystals coexisted,
small a-phase crystals and larger B-phase crystals. After 120 min, phase transition was completed
since HRTEM micrograph revealed only the presence of bigger nanocrystals with an interplanar
spacing of 0.52 nm corresponding to the (1010) plane of B-NaYF4:Yb,Er (Figure 1c).

The influence of the reactor on the growth of crystals and phase control was investigated using
microtubes with various internal diameters (879, 1753, and 4083 um that will be referred later
as microtubesgyg, microtubeisss, and microtubespss respectively) as alternate heating systems. The
volume of each microtube was kept constant and equal to 5.3 mL by adjusting their length to
900, 220 and 40 cm respectively. The filled microtubes were placed in an oven equipped with a
sensitive thermometer. The oven set temperature was considered as the temperature of the
reaction media. Indeed, given the high surface to volume ratio of the microtubes and their small
inner diameters, it is assumed that the temperature gradient from their external surface to their
center is small. We started with microtubeasogs at 300 °C with different heat treatment times and
compared it to the RBF (Figure 1a). In contrast to the RBF, experiments conducted in
microtubesoss showed that the nucleation process of the B-phase was delayed by approximately
120 min. Indeed, HRTEM images revealed that only cubic a-phase nanocrystals were present
after 120 min heating since the observed lattice fringe with a spacing of ~0.31 nm correspond to
the (111) d-spacing of a-NaYFa:Yb,Er (Figure 1d). This observation was confirmed by an XRD
analysis (Figure S1). However, when the heat treatment time was increased to 180 min, B
nucleation clearly occurred since bigger particles coexisted with smaller a-phase nanocrystals
(Figure 1e). The (o> B) phase transition continued over time so that after 330 min heat treatment
no a-phase nanocrystal could be observed anymore (Figure 1f) in agreement with the completion
of the nanocrystal growth phase. Interestingly, whereas the RBF reactor produced nearly solely
spherical B-NaYF4:Yb,Er nanocrystals with an average diameter of 30.1 £ 0.7 nm, the microtubular

reactor produced B-NaYF4:Yb,Er nanorods with a length of 48 + 12 nm and a width of 22 £ 2 nm



(Figure 1f). The influence of the type of reactor and temperature on the B-phase transition time
range and the shape of nanocrystals will be discussed in depth in Sections 3.2 and 3.3

respectively.
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Figure 1. Evolution of the size of the nanocrystals (determined by DLS) during the heat treatment
step at 300 °C for RBF and microtubeaoss (a). HRTEM images of nanocrystals synthesized at 300 °C
in the flask (b and c) and microtube (d-f) systems: mixture of cubic and hexagonal phase (RBF, 30
min) (b), hexagonal B-phase nanocrystals (RBF, 120 min) (c), cubic phase (microtubeasoss, 120 min)
(d), mixture of cubic and hexagonal B-phase (microtubeasoss, 180 min) (e), and hexagonal B-phase
(microtubeaoss, 330 min) (f). Insets show images of nanocrystals at higher magnifications and the
lattice fringes.

3.2 Influence of temperature and type of reactor on the time range of -phase transition

The experiments conducted in the microtube system showed that the dissolution process of the
cubic a-phase nanocrystals (a—> B) proceeded with a slow rate, despite the high heat transfer
and subsequent temperature homogeneity of the microtube compared to the flask system (see
Section 3.2.4). From the previous results, it seems that the low rate of dissolution of cubic a-
phase nanocrystals in microtube led to a low concentration of monomers for B-phase nucleation
(i.e. below supersaturation for crystallization). Ultrasmall B-phase nuclei are thermodynamically
less stable than a-phase nuclei.3® Therefore, at a low concentration of monomers, B-phase nuclei

after being formed do not have the opportunity to reach the critical radius corresponding to the



minimum size that allow them to survive in solution without being redissolved (and thus evolving
back to a-phase???’). In contrast, if the concentration of monomers is high enough in the system
(i.e. supersaturation), the B-phase nuclei can reach the critical size above which they can
survive.'”38 In conclusion, the type of reactor seems to have a strong effect on the time scale
over which a heat treatment had to be applied for the phase transition to occur. In order to

confirm this assumption, experiments with smaller ID were performed.

3.2.1 Comparison of nanocrystals growth in large and small ID microtubes (4083 and 879 um)
We used a microtube with an internal diameter (ID) of 879 um, which is about 4.5-fold smaller
than the previous one, microtubesgss. The morphologies and crystal-phase of the resultant
NaYF4:Yb,Er nanocrystals at various heating times were investigated by HRTEM and XRD (Figure
2 and Figure S2). The images showed that B-phase nucleation occurred already after 60 min of
heating and resulted in a mixture of a-phase nanocrystals having an average size of 5.7 + 1.2 nm
and B-phase nanocrystals with a narrow size distribution (9.4 + 0.6 nm) as shown in Figure 2c.
Increasing the heating time led to an overall increase of the size of B-phase nanocrystals with a
broadening of their size distribution as well as a change in their morphology from spherical to
rod-like shape (Figure 2d). The resultant B-NaYF4:Yb,Er nanocrystals for 150 min of heating
(Figure 2f) included a mixture of spherical (13 £ 2 nm) and rod-like (23 £ 4 nm in length) B-phase
nanocrystals. One could also observe residual a-phase nanocrystals.

Two major differences can be identified by comparing microtubegzs and microtubesoss, namely
the B-phase nucleation time range and the size distribution of the nanocrystals. The first B-phase
nanocrystals were observed after 60 min of heating in microtubeszo whereas 180 min of heating
was needed for microtubeasoss. On the other hand, the B-phase nanocrystals from microtubeszg
had a poor size distribution compared to the larger ID microtube. The consumption of cubic a-
phase nanocrystals, B-phase nucleation, and growth of B-phase nanocrystals overlapped strongly
in the smaller microtube. For this reactor, after 150 min of heating, spherical B-NaYFa:Yb,Er
nanocrystals with a diameter ranging from 10 nm to 18 nm coexisted with 40 nm long axis
nanorods (Figure 2f). For the larger microtube (4083 um), the new nucleation (from the smallest

B-phase nanocrystals, <10 nm) apparently stopped at 180 min heating time favoring the growth



of more uniform crystals as supported by the presence of monodisperse spherical B-phase

nanocrystals (~18 nm, Figure 1e).
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Figure 2. Size evolution (determined by DLS) (a) and HRTEM images of NaYF4:Yb,Er nanocrystals
obtained in microtubesys (b-f), heated at 300 °C after different heating times.

3.2.2 Growth of nanocrystals into microtubesys at higher temperature (310 °C) for various heat
treatment times

At this stage, one can question the effect of temperature and the possibility of getting narrow
size distribution of B-phase nanocrystals in the smaller microtube. In order to further investigate
the effect of the temperature on the formation of NaYF4:Yb,Er nanocrystals, the experiment was
repeated in microtubesyo at 310 °C. The nanocrystals obtained after 30 min of heating had a cubic
a-phase as reported by XRD analysis (Figure S3), in agreement with HRTEM images that indicated
lattice fringes of 0.31 nm characteristic of a-NaYF4:Yb,Er nanocrystals (Figure 3a). These spherical
nanocrystals were highly monodisperse with a diameter of 5.9 + 0.5 nm. After 60 min of heating,
a bimodal distribution of a-phase nanocrystals was observed, where small and spherical
nanocrystals coexisted with bigger nanocrystals having an irregular shape (Figure 3b). Increasing
the heat treatment to 90 min led to an increase in the particle size up to 8.3 + 1.8 nm (Figure 3b-
c) without altering their crystalline phase as indicated by HRTEM (see inset in Figure 3a-c) and
confirmed by XRD (Figure S3). At 90 min, the majority of the a-NaYF4:Yb,Er nanocrystals had an

irregular shape with a broad size distribution (Figure 3c). The XRD results indicated the presence
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of single a-phase nanocrystals without any impurity (Figure S3) in agreement with the ~0.31 nm

lattice fringes in the HRTEM images (Figure 3c).

I 30 min

w—
10 nm §

Figure 3. HRTEM images at two magnifications of NaYF4:Yb,Er nanocrystals synthesized at 310 °C
in microtubegyg after different heating times, 30 (a), 60 (b), 90 (c) and 120 min (d). The red box
on the micrograph at 90 min highlights a zoom reported in Figure 4.

The upconversion emission of the a-NaYF4:Yb,Er nanocrystals obtained after 30 and 90 min of
heating was measured under the same conditions and concentrations in cyclohexane (40

mg-mL?) (Figure S4). The a-NaYF4:Yb,Er nanocrystals obtained after 90 min of heating showed a
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twofold increase in intensity compared to the nanocrystals obtained after 30 min of heating. This
increase may result from a lower amount of crystal defects induced by the rearrangement of
atoms in the internal and surface structure of nanocrystals as well as the growth in nanocrystal
size during the heating process and thus a more favorable surface to volume ratio. A meticulous
investigation of the HRTEM micrographs of the irregular a-NaYF4:Yb,Er nanocrystals obtained
after 90 min of heating revealed several occurrences of sintering between two nanocrystals
(Figure 4). The resulting sintered nanocrystals are then tougher to relax into a spherical
nanocrystal larger than the two initial nanocrystals (Figure 4), which supports an oriented

attachment mechanism, i.e. coalescence process® during the nanocrystal growth phase.

microtubegyg at 310 °C after 90 min of heating.

Therefore, it seems that the primary step for phase transition (a=> B) could be the growth of
small a-phase nanocrystals followed by a coalescence process which led to larger nanocrystals.
The coalescence process could be driven by surface energy reduction because the surface area
of a newly formed nanocrystal was less than that of the sum of the surface areas of the primary
nanocrystals. Overall, our results are in agreement with the work of Lee et al.*° who showed that
oriented attachment is an effective mechanism for the formation of anisotropic nanocrystals
under hydrothermal annealing. Their results, such as the change in the morphology of primary
nanocrystals from spherical to anisotropic and production irregular-shaped nanocrystal by heat
treatment, are consistent with our results.

An induction period before the phase transition towards B-phase nanocrystals is commonly
observed for NaYFs; nanocrystals. According to Suter et al., the heating time before phase
transition (>25 min) could be defined as a relative stasis of a-phase nanocrystals population.3°

However, this mechanism is still unclear. Our results strongly suggested that the a-phase
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nanocrystals may also grow by the coalescence process beside the Ostwald ripening
phenomenon that was reported in the literature.?3932

Surprisingly, despite the high temperature (310 °C) and homogeneous heat transfer of the
microtubesyy, one could not observe any hexagonal B-phase with HRTEM before 90 min of
heating. This was probably related to the slow change in shape and size of the a-phase
nanocrystals.

As shown in Figure 3d after 120 min of heating, all nanocrystals had a rod-like shape with narrow
size distribution. Their average size was 73 £ 6 nm in length and 22 + 1 nm in width (Figure 3d).
Obtaining B-NaYF4:Yb,Er nanocrystals was confirmed by HRTEM image displaying an interplanar
spacing of 0.52 nm (Figure 3d) and by XRD analysis (Figure S5). The hexagonal crystal system of
the B-phase with rod-like shaped nanoparticles suggests a preferential growth along the [00I]
direction. This was investigated by refining the XRD pattern with an anisotropic shape model (Fig
S5b) leading to a mean shape of the crystallites of 72 nm along [00l] and around 16 nm along the
[hkO] directions. This is in agreement with the TEM images and confirms the preferential grow
along the [001] axis. A sharp phase transition occurred between 90 min and 120 min during the
heat treatment step, since all the a-phase nanocrystals were converted into the B-phase
nanocrystals. Na et al. have prepared B-NaYF4:Yb,Er nanorods (L = 60.1 nm and W = 21.5 nm)
with the same components but with a higher ratio of oleic acid to solvent (9.5 vs. 0.4 in the
present study) and slightly higher temperature (i.e. 320 °C vs. 310 °C) in a flask system.?® In order
to check the repeatability of our microtube system for nanorod synthesis, the 150 min heating
experiment was duplicated. The resultant B-NaYF4:Yb,Er nanoparticles had a size (L=76+ 7 nm
and W =22 + 1 nm) comparable to those produced in the initial experiments, indicating that the
system has a good repeatability for the formation of nanorods (Figure S6).

In summary, the growth of nanocrystals in microtubesyg at 310 °C included two steps: i) growth
and subsequent accumulation of irregularly shaped a-phase nanocrystals and ii) fast phase
transition (a—> B) which produced pure B-NaYF4:Yb,Er nanorods. For the first stage, it seems that
irregularly shaped a-NaYF4:Yb,Er nanocrystals could be the mature-form of the cubic a-phase.
This type of nanocrystal could be less stable than primary cubic nanocrystals despite their larger

size. This instability may be due to different interactions of the oleic acid (capping agent) on the
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surface of the nanocrystals (i.e. strong coordination interaction or weak Van der Waals
interaction) as explained by Mai et al. for a-NaYF4:Yb,Er nanocrystals with different shapes and
sizes. If the adhesion energy or interaction on the surface is low, the chances of instability and
dissolution of the nanocrystal will be high.?” On the other hand, nanocrystals with irregular or
anisotropic shapes have lower stability compared to spherical nanocrystals of the same volume
due to their higher surface areas which renders them metastable.?”*! Therefore, dissolution of
this type of nanocrystals should be a source of monomers for the growth of B-phase nanocrystals.
As observed in microtubular reactors the phase transition happened when most of the cubic a-
phase spherical nanocrystals became irregular in shape with a critical size around 12 nm. It seems
that as the number of this type of metastable nanocrystal in the system went up, e.g. when
heating time was increased, more monomers were produced by their dissolution. As a result, the
concentration of monomers reached a critical concentration thus initiating the second stage: B

nucleation (Figure 5).

heating time

a-phase |

g 009 oE 9

monomers \) \)J . Ld l\) L | I
L 2 a8 3'15-‘:15

B-phasé -

J

Figure 5. Schematic illustration of size, morphology and phase evolution of NaYF4:Yb,Er
nanocrystals when increasing the heating time from 30 to 120 min at 310 °C in microtubesys.

3.2.3 Size and morphology of a-phase nanocrystals before full conversion in B-phase
nanocrystals at different temperatures for the flask system

To get a deeper insight, we studied the size and morphology of a-NaYF4:Yb,Er nanocrystals before
full conversion of the cubic a-phase into hexagonal B-phase for the flask system at 310 °C. In
contrast to microtubesgyg, after 30 min of heating, a mixture of cubic and hexagonal phase was
observed. The HRTEM images showed that the size and morphology of a-NaYFs:Yb,Er
nanocrystals were similar to those of nanocrystals produced with the microtube before phase

13



transition (Figure S7a). An additional 30 min heating time led to a complete dissolution of the
a-NaYF4:Yb,Er nanocrystals and production of pure B-NaYFa:Yb,Er (Figure S7b). The formation of
these irregular a-NaYF4:Yb,Er nanocrystals was also investigated at 290 °C in the flask system. As
seen in Figure S8 both size and shape were similar to the a-NaYF4:Yb,Er nanocrystals observed at
310 °C and obtained either with the flask or the microtubular reactor.

Overall, if one compares the time for nucleation and growth of B-phase in flasks and microtubes
at 310 °C, it can be concluded that the B nucleation happened faster in flasks. This may be
interpreted by considering that a homogeneous heat transfer system (microtube) could impede
the formation of irregular a-NaYF4:Yb,Er nanocrystals by suppressing the coalescence process.
Therefore, the accumulation of these nanocrystals as a source of monomers for B-phase
transition could be delayed. An additional reason may be the high pressure inside the microtube
which may slow down the dissolution of irregular a-NaYF4:Yb,Er nanocrystals. The collision
between two nanocrystals is another critical parameter for promoting the coalescence
process.*®*? |t is also worth to note that the microtubes were devoid of any physical source of
mixing. To summarize, our experiments suggested that a system with heterogeneous heat

transfer facilitated phase transition (a—=> B).

3.2.4 Comparison of nanocrystals growth in different temperature gradient reactors

In order to get a better insight on the underlying mechanism, we used two different stirred flask
systems (Erlenmeyer flask (EF) and RBF) at 290 °C that present different heat transfers (Figure
S9). The EF presents the highest temperature gradient (~100 °C) between its flat bottom in
contact with the hot plate (temperature higher than 390 °C) and the bulk of the liquid at 290 °C
(set temperature); while the RBF exhibits a temperature gradient three times lower (30 °C)
between its external wall (320 °C) and its center (290 °C).

The phase transition of the cubic to hexagonal phase (a—> B) in these two systems was studied
by HRTEM at different heating times. We found that the consumption of a-NaYFa:Yb,Er
nanocrystals and phase transition in EF took approximately 120 min to reach a pure B-phase;
whereas it took approximatively 180 min for the RBF. As shown in Figure 6a and b, after 150 min
of heating in the RBF a mixture of a- and B-phases was observed while for the EF only

B-NaYFa4:Yb,Er could be observed (XRD analyses in Figure 6c). The particle size of hexagonal
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B-phase after full conversion of cubic a-phase in the EF was 27.6 £ 0.5 nm and in the RBF 26.6 +
0.6 nm. The difference in the consumption rate of the cubic a-phase (120 min compared to 180

min of heating for EF and RBF, respectively) confirmed that high temperature gradients could

facilitate the phase transition, in line with our previous assumption.

B U

*(a-NaYF,)
o(B-NaYF,)

o]

Intensity (a.u.)

25 30 35 40 45 50 55 60 65 70O

20 (degree)

Figure 6. HRTEM images of NaYF1 nanocrystals obtained using the EF (a), the RBF (b) and XRD
analyses of the resulting nanocrystals after 150 min of heating at 290 °C (c).

In addition, we observed that the (a—>B) phase transition did not happen in microtubessy at
290 °C after 150 min (HRTEM in Figure S10), a system considered to have a small temperature
gradient owing to its high surface to volume ratio. Therefore, the temperature gradient appeared

as an important parameter for the phase transition.
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As reported by Yin and Alivisatos,*! nanocrystal growth depends upon the capability of the
surfactant for on/off-exchange at the crystal surface. This exchange of surfactant is strongly
affected by the temperature and occurs rapidly at higher temperatures. Since the temperature
gradient for the EF is significantly higher than for the round-bottom one, the a-phase
nanocrystals near its inner wall are exposed to a higher temperature. As a result, aggregation and
dissolution of a-phase nanocrystals could more likely occur due to the fast exchange of surfactant

molecules.

3.3 Influence of temperature, heating time and type of reactor on the shape of B-phase
nanocrystals

From the first set of experiments (Section 3.1 and Figure 1), it was observed that the shape of
the B-phase nanocrystals was different when the crystals were produced with a RBF or a
microtubular reactor. In the following, we will focus on the different parameters affecting the

shape and size of the B-phase nanocrystals.

3.3.1 Nanocrystals produced in microtubes with different internal diameters and at different
temperatures

In a new set of experiments, the synthesis of B-NaYFa:Yb,Er nanocrystals was carried out at
different temperatures from 300 to 315 °C with microtubes of different internal diameters (4083
and 1753 um). HRTEM images and size distribution histograms of B-NaYF4:Yb,Er nanocrystals are
presented in Figure S11, Figure S12 and Figure S13. As shown in Figure S11, the B-NaYFa:Yb,Er
nanocrystals synthesized in microtubeasoss at 305 °C after 180 min of heating were shorter in
length than those obtained with microtubei7s3. However, it is noteworthy to mention that the
widths of these nanocrystals had roughly the same value. At 310 °C the size (length and width)
and size distribution of B-NaYF4:Yb,Er nanocrystals were significantly different for both
microtubes (Figure S12). The nanorods prepared at 315 °C with both microtubes had the same
length (ca. 39 nm) and width (ca. 21 + 3 nm) (Figure S13a and b). However, the nanocrystals from
microtubesoss had uniform shape and narrow size distribution compared to microtubeiyss.

All information about the lengths and widths of the as-synthesized nanorods is summarized in
Figure 7. Overall, the results obtained with the two microtubes showed that B-NaYF4:Yb,Er

nanocrystals grown in the longitudinal direction. On the other hand, the transversal growth of
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nanocrystals was less influenced by the temperature and the diameter of the microtube.

Consequently, the width of the nanorods remained at the same value of ca. 20-22 nm.
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Figure 7. Length and width evolution of B-NaYF4:Yb,Er nanorods as a function of the temperature
and internal diameter of microtube: 4083 um (a), 1753 um (b). Length/width ratio of nanorods
in the two microtubes at different temperatures (c).

3.3.2 Step by step study of B-phase nanocrystals growth

By monitoring the growth processes of nanocrystals in microtubesoss for different reaction times
but constant temperature (310 °C), it was observed that the nanocrystals had a growth in the
longitudinal direction at an almost constant width (Figure 8a). The size of the B-phase
nanocrystals increased by a symmetric growth once a spherical nanocrystal of 18 nm was formed

after a set point of 90 min of heating. The B-phase nanocrystals evolved then from a spherical
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shape to nanorods by increasing their length. Moreover, the temperature seemed to affect this
set point. For example, the longitudinal growth of the B-phase nanocrystals for the same
microtube heated at 300 °C started after about 180 min of heating (Figure S14) while at 315 °C it
was after 60 min (Figure S15). The average size of nanocrystal increased stepwise until all the
cubic a-phase was consumed. Based on these results, it seems that the new nucleation of
B-phase stopped and B-phase nanocrystals had an asymmetric growth in the longitudinal
direction. Anisotropic shapes such as nanorods are formed when nucleation is stopped, which
can occur at low concentration of monomer.* However, in flask, the concentration in monomer
was higher due to the fast dissolution of o nanocrystals affording spherical shapes after full
consumption of the cubic a-phase (Figure 8b). Before the full conversion of cubic a-phase,
B-phase nanocrystals had a hexagonal shape that evolved into a spherical shape presumably due

to symmetric growth.
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Figure 8. Longitudinal growth of B nanocrystals at 310 °C in microtubeasoss (a) and symmetric
growth of B nanocrystals in RBF (b) at different times. Insets are the corresponding B-NaYF4:Yb,Er
nanocrystals HRTEM images.

3.3.3 Summary of nanocrystal phase evolution at different temperatures, heating times and
reactors

In order to precisely represent the influence of the temperature, heat treatment time and type
of heating system on nanocrystals phase, three graphs were plotted. The complete phase
transition point and details related to the type of phase for different conditions are reported in
Figure 9. The size evolution, phase, and shapes of nanocrystals were extracted from HRTEM
images and DLS measurements (Figure S16). From these data, we can conclude that
microtubesoss and microtubeizss almost had the same phase transition pattern than the flask

system. The main difference was that the phase transition in these microtubes was much slower.
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The nanocrystals produced in microtubeszg at 290 °C were only cubic a-phase while at 300 °C, a
mixture of a- and B-phases was observed. Interestingly, a sharp phase transition was observed
in microtubesgys at 310 °C, which was not observed for other conditions. Furthermore, increasing
the temperature led to increasing phase transition rate. In fact, high temperature facilitates the
formation of hexagonal phase by increasing dissolution of cubic phase.

The upconversion luminescence of all B-NaYFa:Yb,Er nanocrystals was validated by spectroscopy

measurements gathered in Figure S17.
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Figure 9. Summary information on the phase evolution of NaYF4:Yb,Er nanocrystals as a function
of temperature and heating time for microtubesoss (circle) and microtubeizss (cross) (a),
microtubesgys (b) and RBF system (c). Circle, cross, diamond and triangle represent the time points
at which the pure phase B-NaYF4:Yb,Er nanocrystals are formed.

4. CONCLUSION

The size, crystalline phase and shape of NaYF4:Yb,Er nanocrystals, synthesized by the co-
precipitation method followed by a heat treatment at high temperature (above 300 °C), proved
to be highly dependent on the type of reactor used for the heat treatment. At a given
temperature, the phase transition between the a-cubic and B-hexagonal phases was much faster

for reactors characterized by high temperature gradients, like the Erlenmeyer flask, as compared
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to low temperature gradient reactors such as the round-bottom flask or microtubes. Given the
slow growth of B-NaYF4:Yb,Er nanocrystals in microtubes, we could detect two populations of
nanocrystals with cubic a-phase before phase transition. We thus observed for the very first time
that a-NaYF4:Yb,Er nanocrystals passed through an anisotropic metastable intermediate by a
coalescence mechanism, similar to the so-called oriented attachment, before to rearrange and
dissolve to give rise to the B-NaYF4:Yb,Er nanocrystals by Ostwald ripening. Delay in phase
transition for the microtubes could also be attributed to the building pressure inside, low collision
possibility of nanocrystals and homogeneous heating which hindered the coalescence. We also
found that in the microtubular reactors, the B-NaYF4:Yb,Er nanocrystals grew in an anisotropic
hexagonal shape (nanorods) conversely to the flask systems for which only spherical nanocrystals
were produced. The length of the nanorods could be changed with heating temperature while
the width remained relatively constant. In perspective, microtubes could be considered for
B-NaYF4:Yb,Er nanocrystals production scale-up when operating in continuous-flow and used to
investigate the phase transition of other formulations. Continuous-flow production is recognized
to provide a high degree of reproducibility over time. Large batch reactors are known to exhibit
chemicals’ concentration and temperature gradients due to inhomogeneous mixing which will
likely induce the coexistence of a and B nanocrystals. Thus, the use of microtube appear as an
asset for the production and control of B-NaYFa:Yb,Er nanocrystals as potential probe for

bioimaging.
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