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Abstract

Herein, the Epoxide Route, a one-pot room temperature alkalinization method based on the reaction between a nucleophile
and an epoxide, has been employed to synthesize LaPO, in the form of a Rhabdophane phase. The intrinsic features of this
synthetic approach allow the reaction to be followed by pH monitoring, making possible the identification of the different
precipitation steps involved in the formation of the solid. Once demonstrated the effectiveness of this chemical methodology,
the size and shape of the LaPO, particles were controlled by varying the identity and proportion of the organic co-solvents
employed to perform the reaction. By these means, crystalline particles with dumbbell, urchin and needle shapes were
obtained, with sizes that ranged from less than 200 nm to more than 5 pm. Finally, luminescent materials in the form of a
LnPO, Rhabdophane structure were easily obtained by the incorporation of Eu' along the whole composition range.
Additionally, photophysical characterization of selected samples was performed, with a promising outcome. The results
presented in this work pave the way to obtaining a wide variety of luminescent materials with sizes and morphologies
adjustable on demand, by using a simple and reliable synthetic approach.

Graphical abstract

The Epoxide Route has been adapted to drive the precipitation of lanthanum phosphates exhibiting high control on size and
morphology through a solvent-controlled growth approach. Additionally, this synthetic scenario allows the obtaining of
luminescent materials by simply incorporating Eu(IIl) in the whole composition range.
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Highlights

e Room temperature synthesis of pure crystalline lanthanum phosphate is achieved.

—

Introduction

Luminescent compounds based on rare-earth metals belong
to a versatile group of functional materials. In particular,
lanthanide-based compounds have application in a wide
variety of fields, from drug-delivery and biosensing devices,
to agriculture applications and laser industry uses [1-5]. In
this sense, phosphate lattices and rare-earth ion’s partner-
ship has enabled the development of uncountable new
research lines as diverse as the versatility these ions offer
[6, 7]. In fact the diversity in the chemistry observed in the
rare-earth phosphates has been exploited to such an extent
that now these materials have found their niches of oppor-
tunity in many technologically relevant applications [8].
These include their use as insulating ceramics, ionic con-
ductors, catalysts, dielectrics [9] and for nuclear waste
treatment [10]. Given the unique luminescent properties of
the rare-earth ions posses, perhaps the most exploited area is
that related to their stable optical properties. As a con-
sequence of their 4f" configuration, each rare-earth ion
displays a specific fingerprint of narrow intra f — f emission
bands, almost independent of the chemical environment.
Luminescent rare-earth doped materials do not suffer from
undesired photo-bleaching or photo-blinking which makes
them suitable for use as lasers [11], scintillating or lighting
materials, and even for applications that require upconver-
sion processes [12]. In particular, the optical and lumines-
cent properties of many rare-earth-doped phosphates have
been extensively studied, for a wide range of structures and
compositions both in bulk and in the nanoscale [13, 14]. Of
these, Eu'" doped LaPO, compounds are amongst the most
studied luminescent materials [15]. Firstly, LaPOy is chosen
because of its low toxicity, good biocompatibility, high
chemical, and thermal stability and its inherent capability to
host other Ln'" ions [16]. Specifically, its f° configuration
considerably diminishes the possibilities to cause deacti-
vation due to crossed relaxation with the host Ln'"’. In line
manner, it is desirable that the matrix could act as an
antenna to the phosphorus Ln'™, improving the material’s
luminescence. Furthermore, Eu is generally used as
dopant because of its prominent emission when irradiated
with UV light. Additionally, its emission spectrum is
strongly influenced by the symmetry of the crystalline site
the ion occupies, so it acts as probe of the nearest neigh-
bourgs [17, 18].

Traditionally, synthetic methods used to obtain LaPO,-
based materials include hydrothermal recrystallization and/
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Particle size and shape can be easily controlled by using green organic co-solvents.
La,_,Eu, PO, phases can be obtained in the whole composition range, yielding luminescent materials.

or thermal decomposition [19, 20]. These techniques ensure
a high luminescence, chemical stability and enhanced
crystallization, resulting, in most of the cases, in the isola-
tion of the most thermodynamically stable phases. How-
ever, in some cases, soft crystallization methods are
excellent complementary approaches, not only because they
could favor the quantitative precipitation of pure metastable
phases but also because they allow a fine tuning of mor-
phology/shape and size. In this context, a distinct polarized
emission taking place in LaPOy containing Eu' nanorods
has recently been reported. Thus, a straightforward syn-
thetic method allowing control over the size and morphol-
ogy of rare-earth-based phosphates would be very
convenient [21].

For that reason, during the last few years, we have been
intensely working on the development of the Epoxide Route
[22], a one-pot homogeneous alkalinization method taking
place at room temperature. Specifically, the main reaction
involves the nucleophilic attack of an anion over an epoxide
(chloride and glycidol, respectively), resulting in the net
generation of hydroxyl moieties (Scheme 1). This approach
has been successfully employed for the synthesis of several
materials [23, 24] such as layered hydroxides [25], either in
the form of purely inorganic [26] and hybrid phases
[27, 28], a plethora of layered double hydroxides (LDHs)
[29, 30], hydrogels [31], metal organic frameworks [32],
gold nanoparticles [33], and more recently calcium phos-
phate phases [34]. However, beyond the possibility of
synthesizing all of these materials, the most characteristic
feature of the Epoxide Route is the possibility of performing
in situ experiments thanks to the inherently mild conditions
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Scheme 1 Schematic representation of the strategy followed in this
work. The Epoxide Route was optimized to study the precipitation of
lanthanum phosphate phases, and additionally by employing our for-
merly solvent-controlled growth pathway, the size (from the nano to
the micro scale) and morphology (from dumbbells- to urchin- and
needle-like) can be easily tuned

LaCl, + H,PO,
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at which the alkalinization and subsequent precipitation
processes occur. By doing such studies, the understanding
of precipitation mechanisms and phase stabilities, and even
the role of different stabilizing agents over the materials
formation, has been achieved.

Herein, we introduce the use of the Epoxide Route for the
synthesis of a LaPO, Rhabdophane phase at room tem-
perature, allowing us to assess the precipitation pathway for
the first time. Additionally, by taking advantage of our
solvent-controlled growth process, we have tuned the size
(from <200 nm to >5 um) as well as the morphology (from
dumbbells-, to urchin- and needle-like) of this crystalline
phase. Finally, we have performed the incorporation of Eu'"
cations in the LaPO, Rhabdophane structure, where pho-
tophysical characterization demonstrates the formation of
binary LnPO, solid solution phases.

2 Experimental
2.1 Chemicals

Lanthanum chloride heptahydrate (LaCl;-7H,0), europium
nitrate hexahydrate (Eu(NOj3);-6H,0), phosphoric acid
(H3PO,4), sodium chloride (NaCl), glycidol (Gly), and
ethylene glycol (EG) were purchased from Sigma-Aldrich.
Ethanol (EtOH) was purchased from Cicarelli. All chemi-
cals were used as received. Milli-Q” water was employed in
all cases.

2.2 Synthesis

Typically, precipitations were driven by aging at room
temperature, from 2 to 24 h, aqueous solutions containing
LaCl; and H3;PO, with the following concentrations:
[La™ = [H3PO,] = 10 mM; [HCI] = 250 mM, [NaCl] from
100 to 400 mM and [Gly] from 100 to 3400 mM. It is worth
mentioning that the addition of hydrochloric acid ([HCI] =
250 mM) is used to guarantee the solubility of all chemical
species at the beginning of the reaction. The tested solvents
were water, EtOH, and EG. In the case of water:EtOH and
water:EG mixtures, solutions were prepared with a deter-
mined volume of EtOH or EG so as to achieve concentra-
tions of 25, 50 and 75% v/v; (% v/v defined as volume of
non-aqueous solvents over total reaction volume).

The synthetic protocol is straightforward [35]: once the
experimental conditions were defined (initial concentrations
of each reagent), stock solutions were mixed either in glass
or plastic vessels; Gly was added as the last reagent, since
its addition triggers the start of the reaction. All the reac-
tions were performed under continuous magnetic stirring.
For all cases, the solids were collected by centrifugation
(8000 RPM for 10 minutes), washed three times with a

H,O:EtOH solution of the same proportion (%v/v) as the
precursor solution, and stored in absolute EtOH. Solids
were dried at room temperature in a desiccator when
necessary.

2.3 Precipitation pH profiles

Representative alkalinization (controls) and precipitation
pH curves as a function of time were obtained by in situ
potentiometric pH measurements. These were performed at
room temperature under continuous magnetic stirring of
aqueous media, exclusively.

2.4 Chemical and structural characterization of
solids

The crystalline structure of the obtained solids was char-
acterized by powder X-ray diffraction (PXRD), using a
Panalytical Empyrean diffractometer with a graphite-filtered
Cu Ka source (A = 1.5406 A). The morphology of the solids
was determined by field emission scanning electron
microscopy (FESEM) with a Carl Zeiss SUPRA 40
microscope; ImageJ software was employed to analyze the
size distribution of obtained particles. FTIR spectra were
collected in ATR mode, employing a Shimadzu Prestige 21
instrument. Thermogravimetric analysis (TGA) was per-
formed in a TA Instruments SDT Q600 equipment, using
alumina crucibles. The samples were heated, under inert
atmosphere, from room temperature up to 800 °C (10 °C/
min heating rate).

2.5 Photophysical characterization of solids

For the photophysical characterization, the powders
obtained from the syntheses were air dried at room tem-
perature. No further sample preparation was performed.
Emission and excitation spectra of samples placed in quartz
capillary holders were recorded using a PTI Inc. Quanta-
Master QM4 spectrofluorimeter. Excitation spectra were
measured by exciting the sample in the 220-500 nm interval
while recording the emission at 590 nm. Emission spectra
were measured in the 500-750 nm region, while exciting
the sample at 295 or 394 nm. Schott filters WG345, OG570,
and N4G were employed for all the measurements.

3 Results and discussion

As a first step to explore the synthesis of lanthanide
phosphate samples, we carried out a detailed study of the
precipitation process by following the pH profiles
employing La”™" as model lanthanide. Subsequently, the
influence of the composition and viscosity of the solvent on
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Fig. 1 pH evolution profiles recorded at room temperature employing
[HCI] = 250 mM aqueous solutions containing: [Gly] = 1000 mM,
[NaCl] = 250 mM (black dotted line), [H;PO4] = 10 mM (red line) or
[La™ = 10mM (green line), and [HsPO4] = 10mM + [La'] =
10 mM (black line)

the morphology of the obtained phases was assessed
(Scheme 1). Once the proper synthetic conditions to pre-
cipitate well-defined LaPO, particles were defined, we
have explored the incorporation of Eu'’ as a luminescent
center and we characterized its effect on the photophysical
properties.

Hence, firstly and with the objective of shedding light on
the precipitation of lanthanum phosphate phases, in situ pH
profiles were recorded at room temperature (Fig. 1). The
dashed line in Fig. 1 depicts the pH profile for the control
alkalinization experiment where Gly (the epoxide) was
added to an aqueous solution containing HCl and NaCl,
exclusively. As can be observed, after adding the epoxide,
the pH increases reaching values higher than 9 in less than
60 minutes, even under this highly acidic initial condition
([HC1] = 250 mM). It is important to highlight that alka-
linization and subsequent precipitation kinetics depend on
the concentration of both Gly and chloride (the nucleo-
phile), following: viop_) = k[Gly][C1™] [22, 29]. In the case
of the second control experiment (red line), the initial
mixture also contained phosphoric acid. After the addition
of Gly, the reaction required tenfold additional time in
comparison with the first control experiment (ca. 600 min),
to reach pH values higher than 9. This difference is mainly
due to the presence of an additional amount of a triprotic
acid. As is observed in related systems [34], while in the
first control experiment the pH profile resembles a strong
acid (HCI) titration curve, the second example resembles
the titration curve of a weak acid (H3;POy,); furthermore the
[H,PO, ):[HPO,*>"] buffer formation centered at around
pH = 6.5 can be observed. In the last control experiment
(green line) a solution containing H3PO,4, HCI, and NaCl
was tested. In this case, the addition of Gly results in a
profile identical to the first control experiment up to ca.
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50 min, where a slight change is observed. At that point,
the pH curve splits from that of the HCl 4+ NaCl control
and a plateau centered around pH = 8.2 is noticeable. This
event is followed by a white solid formation, attributed to
lanthanum hydroxide precipitation in perfect agreement
with its solubility product constant (pr,a(OH)3 =18.7)
[36]. After these three control experiments, we have
explored the precipitation kinetics of our target compound:
LaPO, (black line). In this case, after adding Gly, the pH
rises to an overshoot at pH = 2.06 followed by a plateau
centered around pH = 1.96, while the formation of a white
solid takes place. Interestingly, the precipitation occurs
mainly in the presence of the triprotic and diprotic moieties
from the phosphoric acid ([H3PO4]: [H,PO4 ] = 1.23, see
Fig. S1 in SI). After around 200 min, the pH sharply
increases to pH > 9, indicating the absence of post pre-
cipitation events, recently observed for calcium phosphates
[34]. In addition, the absence of a buffer zone around
phosphoric acid’s second acidic constant (pK,;) indicates
the quantitative precipitation of the phosphate moieties in
the previous event. This characteristic pH profile is
assigned to the LaPO, formation, in good agreement with
its solubility product constant (pKi™"%*=22.4) [36].
Therefore, from these characteristic in situ pH profiles
experiments, we can successfully confirm the formation of
LaPO, at room temperature by employing the Epoxide
Route. It is important to highlight that this feature arises as
the most unique fingerprint of our synthetic method,
allowing the “real-time” identification of the precipitation
events [26, 30, 37].

To univocally identify the occurrence of the LaPQ,, the
sample was characterized by PXRD, FTIR and TGA tech-
niques. Figure 2A depicts the PXRD pattern of the sample,
which is fully coincident with the Rhabdophane crystalline
phase (LaPOy '%H20). Moreover, ATR-FTIR analysis
(Fig. 2B) supports this interpretation: the presence of water
molecules is confirmed by the presence of a broad band at
ca. 3500 cm ™! and a weak one at 1650 cm™, corresponding
to the stretching and bending modes of OH moieties,
respectively. Additionally, the bands centered at ca.
1000 cm ™! and 600 cm™! are attributable to the stretching
and bending modes of phosphate moieties, respectively
[38]. Specifically, the triplet around 600cm™' can be
ascribed to the antisymmetric stretching associated with the
vy4 vibration mode while the broad unresolved band corre-
sponds to the v; mode for a hydrated hexagonal Rhabdo-
phane LaPOy, [39]. Finally, TGA characterization confirms
the presence of two kinds of water molecules in the solid
material: the first one, physisorbed, which is released below
100 °C; and the second one, belonging to the Rhabdophane
structure, that is lost at 200 °C [40]. Hence, the occurrence
of Rhabdophane structure can be confirmed. In addition,
PXRD and ATR-FTIR characterization of the calcined
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Fig. 2 PXRD patterns, without background subtraction, and crystallographic structure for Rhabdophane (A), ATR-FTIR spectrum (B), and TGA
profile (C) for the LaPO, sample obtained at room temperature through the Epoxide Route from a solution containing: [HCI] = 250 mM, [La™ =

[H;PO,] = 10 mM, and [Gly] = 1000 mM

Fig. 3 FESEM images for the
sample obtained by aging for
24 h at room temperature
aqueous solutions containing:
[HCI] = 250 mM, [La™| =
[H;PO4] = 10mM, and [Gly] =
1000 mM

product confirms its transformation from the hexagonal
Rhabdophane phase into the monoclinic Monazite phase, as
expected (see Figs. S2 and S3, SI) [21].

Once the solid sample was chemically and structurally
characterized, morphological aspects were assessed. Figure
3 depicts FESEM images of the obtained product, where the
occurrence of the so-called dumbbell shaped particles
approximately 5.6 um long is observed. These polycrystal-
line systems consist of highly anisotropic needle/rod units
about 2.7 um long and about 90 nm wide, both exhibiting a

narrow distribution. The occurrence of this peculiar mor-
phology was already observed in numerous compounds and
its origin is still a matter of debate [41]. Additionally, this
remarkable length:thickness ratio is consistent with a highly
anisotropic crystallographic growth, as was previously
reported for layered hydroxides [35] and Brushite phase
layered calcium phosphates [34] prepared by employing the
Epoxide Route, positioning our synthetic method as a
powerful approach for controlling anisotropic crystal
growth.
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Fig. 4 FESEM images recorded
for LaPO, samples synthesized
at room temperature by
employing [HCI] = 250 mM
aqueous solutions containing:
[La™ = [H;PO,4] = 10 mM,
[Gly] = 1000 mM, and different
proportions of cosolvents: EtOH
(upper panel) and EG (lower
panel). 25 (A and D), 50 (B and
E) and 75% v/v (C and F) were
used. Scale bar represents

500 nm in all cases, and 50 nm
in the case of the inset in (F)

25% v/v

Recently we have observed that for the synthesis of
amorphous calcium phosphate nanospheres, the use of
green viscous solvents such as EG and glycerol could be
employed as a new tool to control the size of the particles,
as well as their internal structure [34]. Hence, keeping this
in mind, we decided to extend the use of organic co-
solvents as a tool for controlling size and shape in the
synthesis of LaPO, particles. For that, we opted for the
employment of EtOH and EG as cosolvents of water in the
initial synthetic mixture, as two representative members of
the “non-viscous” and “viscous” family of solvents,
respectively. Figure 4 depicts the FESEM images recorded
for the set of experiments carried out by employing 25, 50,
and 75% (v/v) of EtOH (upper panel) or EG (lower panel).
Interestingly, in both cases the increment in the organic co-
solvent proportion triggers the transition from isolated
needle-like/rod particles (Fig. 4A, D) to urchin-like ones
(Fig. 4B, C, E, F). These results could be related to a
reduction in the dielectric constant of the solvent mixture
(as the proportion of organic co-solvent increases) affecting
the colloidal stability of the growing seeds. This effect
would proceed via agglomeration of the primary units and
subsequent growth, resulting in the final formation of
polycrystalline particles. Moreover, the viscosity also
affects these two morphologies. For instance, in the case of
experiments performed with 25% of organic co-solvent
(needle-like morphology), a size reduction of around five-
fold to tenfold is observed in comparison with experiments
carried out in aqueous solution. Moreover, experiments
recorded with 75% of organic co-solvent (urchin-like
morphology) exhibit a marked downsizing around 50-fold
by solvent replacement. It is worth mentioning that these
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75% v/v

experiments provide the first evidence that the viscous
solvent-controlled growth process that we have recently
reported for amorphous calcium phosphate spherical nano-
particles [34] can also take place in the case of highly
anisotropic particles, where the solvent mixture induces
significant morphology changes, apart from those related to
the size.

Taking into account the possibility of synthesizing pure
LaPQO, with controlled size and morphology, we proceeded
to explore the incorporation of Eu'! cations as luminescent
ion guests into this inorganic host matrix, with the goal of
obtaining a representative family of La;_,Eu,PO, solid
solutions. Figure 5 depicts the FESEM images of the
samples obtained, where it can be observed that, in all the
cases, the size and morphology observed for La' based
particles are preserved. Additionally, while PXRD char-
acterization confirms the occurrence of Rhabdophane-like
structures, EDS analysis confirms the quantitative incor-
poration of Eu in all cases (Fig. S4, SI).

Finally, to further confirm the incorporation of Eu
the Rhabdophane-like structure, we have characterized the
La;_,Eu,PO,4 (x = 0.1) samples in terms of their lumines-
cent (excitation/emission) properties. The recorded emis-
sion spectra (Fig. 6) of Eu'" cations is in excellent
agreement with the relative intensities recorded for hydro-
thermally aged Eu@LaPO, phases [19]. The emission
spectrum features the °Dy — °F; (J = 1, 2, 3, 4) transition of
Eu'™ evidenced by the corresponding peaks located at 585,
591 CDy—"F)), 612, 619 (°Dy—"F,), 650 (°D,— "F3),
683, and 694 (5D0 - 7F4) nm. Among these emission lines,
the magnetic-dipole transition 5D0—> 'F ;7 (591 nm) is the
most intense set, characterized by orange-red emission.

11 in
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Fig. 5 FESEM images recorded
for La;_Eu,PO,4 samples
obtained through the Epoxide
Route by employing [HCI] =
250 mM aqueous solutions
containing [La™ + Eu'"] =

10 mM, [H3PO4] = 10 mM,
[NaCl] = 400 mM, [Gly] =
1300 mM, and x: 0 (A), 0.05
(B), 0.10 (C), 0.15 (D), 0.20 (E)
and 1 (F). Scale bar represents
1 pm in all cases

N
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Fig. 6 Excitation (black line) and emission spectra (red line) for
La; «Eu,PO,4 with x = 0.1 obtained through the Epoxide Route at room
temperature

Furthermore, the intensity of the transitions between dif-
ferent J-number levels depends on the symmetry of the
local environments of Eu' centers, typically described in
terms of the Judd-Ofelt theory. This behavior was also
observed for other Eu' contents in the solid, demonstrating
that this emissive ion isomorphically substitutes La posi-
tions within the lattice, in the form of a solid solution. These
results establish the Epoxide Route as an alternative one-pot
room temperature approach for obtaining luminescent
materials based on Eu'! with physicochemical properties
comparable to their hydrothermally synthesized analogs.
Additionally, having demonstrated the efficiency of the
Epoxide Route for obtaining multi-lanthanide phosphate

samples, we have characterized the luminescent properties
of calcined samples, i.e.: Monazite structure obtained after
calcining the Rhabdophane materials up to 900 °C (see Fig.
S5, SI). The spectrum for the Monazite-like sample exhibits
an enhancement of the intensity of the bands associated
with the magnetic (°Dy— 'F,) transitions in comparison
with the Rhabdophane-like sample. Specifically, this result
suggests a more intense magnetic-dipole transition (°Dy —
7F,) associated with Eu' jons located at sites with inversion

symmetry, as expected (see SI for more details) [19, 21, 35].

4 Conclusions

In this work, we have demonstrated that the Epoxide Route
constitutes an excellent alternative for synthesizing lantha-
nide phosphates with different morphologies and composi-
tions. In particular, we showed that Rhabdophane phase of
LaPO,4 can be synthesized at room temperature using this
simple experimental procedure. In addition, thanks to the
versatility of the Epoxide Route, we were able to identify
the events that lead to the formation of this phase by simple
in situ experiments, such as following the reaction progress
using a pH-meter. Furthermore, we have demonstrated that
the previously reported solvent-controlled growth approach
has a distinct effect over the final material morphology,
allowing crystalline particles with dumbbell, urchin and
needle shapes to be obtained, with sizes that ranged from
less than 200 nm to more than 5 um. Finally, the synthetic
method was adapted to incorporate Eu'! cations within the
LaPO, structure, allowing monophasic luminescent mate-
rials obtaintion.
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In summary, the results presented in this work demon-
strate that the Epoxide Route offers a straightforward pre-
parative path for obtaining pure and well-crystallized
lanthanum phosphates and their Eu(Ill) substituted solid
solutions, paving the way to the simple production of
luminescent materials for which a wide variety of applica-
tions can be envisioned.
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