7 ROYAL SOCIETY
PN OF CHEMISTRY

CrystEngComm

View Article Online

View Journal | View Issue

Kinetics or thermodynamics? Extolling their role
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KY3F10. a fluoride compound with two polymorphs (o and 8), has been a subject of study due to its unique
properties. Obtaining the metastable 3-phase has been challenging, but this study presents an enhanced
synthetic methodology using coprecipitation to isolate specific crystal phases. Varying the reaction
temperature and time allows for the modulation of polymorph formation. The structural analysis of the
synthesized powders reveals the influence of kinetic and thermodynamic control. The morphology of the
particles is also affected by these factors, with different reaction conditions leading to distinct particle
shapes. The luminescent response of Eu*"-doped powders helps understand the structural stability. It is
demonstrated that time-resolved fluorescence spectroscopy is a sensitive and direct measurement to
follow the observed changes. Overall, this study demonstrates the interplay between thermodynamics and
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1. Introduction

When it comes to materials synthesis, the corresponding
thermodynamic phase diagram should be used as a starting
point to yield the most stable product. However, it is not
difficult to find some crystal phases that, although predicted
as thermodynamically stable, cannot be synthesized
experimentally and, instead of them, metastable phases are
formed.'™ This fact evinces the competitive nature between
the thermodynamic and the kinetic factors.

Thermodynamics is the cornerstone of materials and
solids engineering because it helps us to study, predict, and
explain the existence of different crystal phases, their range
of stabilities, and their physicochemical properties.* On the
other hand, the kinetics of a given chemical system involves
the study of the concentration of reagents, reaction medium,
pressure, temperature, catalysts, etc. that affect the reaction
time or the formation of a specific product to the detriment
of others. Given that, designing new synthetic approaches
becomes a powerful strategy to tune the reaction pathways
and thus the formation of the final product. Commonly,
kinetic/metastable  products (which are less stable
thermodynamically) are favored under reaction conditions of
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kinetics in materials synthesis and the impact on crystal phase formation and properties.

low temperatures.” In contrast, high temperatures or
pressures facilitate stabilizing thermodynamic products.®’

In materials science, the controlled synthesis of polymorphs
(i.e., compounds with the same chemical formula but different
crystal phases) has attracted significant interest because it
opens up a plethora of possibilities regarding the
functionalization and applications of solid materials.®’
However, understanding the involved crystal phase
transformations is still a challenge in some compounds.'>**

In that sense, the KY;F,, host lattice emerges as a fluoride
that deserves special attention. This compound presents two
polymorphs with cubic structure’>'? but completely different
properties: the thermodynamic a-phase and the metastable
d-phase. Indeed, a 6 — o phase transformation is observed
around 440 ©°C," thus corroborating the higher
thermodynamic stability of o-KY;F;o. a-KY3F; crystallizes in
a fluorite-type cubic structure with the Fm3m (no. 225) space
group (SG). The lattice parameter is @ = 11.536 A, and the cell
volume is V = 1535.20 A® with 8 formula units per unit cell (Z
= 8)."? The structure can be described by means of square
antiprisms formed by YFg units, having the Y** central cation
a C, local symmetry, Fig. 1(a). On the other hand, the
8-KY;F;o-xH,0O compound has also a cubic structure with a
similar SG = Fd3m (no. 227), Z = 16, and a = 15.492 A (cell
volume V = 3717.90 A®).'* The crystal structure is also
composed of YFg square antiprisms, having the Y** central
cation a C,, local symmetry (e.g., a symmetry lower than in
0-KY;3F;,) Fig. 1(b). Additionally, the &-phase incorporates
crystalline water molecules which gives rise to a zeolitic
behavior in this unique phase.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Structure of (a) a-KY3Fio and (b) 8-KYsF19-xH>O highlighting the coordination polyhedra of Y3* ions along with their local symmetry. The
labels F1, F2, and F3 refer to fluoride anions situated at different Wyckoff positions in each compound. The global structure view has been selected

for simplification proposes due to the high number of atoms.

While the a-phase has been widely studied in the literature
and different synthetic procedures have been developed,'>™°
the obtention of single-phase &KY3;F;, has been more
challenging.?®®! In a recent article, we employed a
sonochemical synthesis to obtain both the o and § compounds
by accurately adjusting the pH of the reaction medium.> The
complex formation mechanism of the §-phase was discussed in
detail employing equilibrium reactions. Inspired by this
peculiar and delicate system, we published another study in
which a novel and easy coprecipitation method was developed
to obtain nanospheres of the &-phase at room temperature.*!
The results highlighted the delicacy of this fluoride-based
system because by only changing the speed of addition of the
fluoride source (KF/HF solution) into the Y*" solution it was
possible to obtain the single &-phase or a mixture of o + &.
Additionally, the site-selective emission of the Eu*"-doped
d-phase was found to be 20 times more intense than that of the
o-phase, a fact that illustrated the importance of exploring this
metastable phase.

Therefore, this last synthesis process was a good
candidate to explore the influence of kinetic and
thermodynamic factors on the reaction system and the final
product. However, as outlined in the ESIf of the present
study, it is not possible to properly achieve only the
thermodynamic phase (o) by performing several experiments
in which the influence of temperature is implemented
(thermodynamic conditions). Moreover, another secondary
phase starts to appear.

Herein we introduce an enhanced synthetic methodology
with some modifications of the coprecipitation strategy
previously mentioned that allows to properly follow the
transition-phase pathway. To consider both the kinetics and
thermodynamics and see how they affect the formation of
one or another polymorph, the reaction temperature was
varied from 25 to 80 °C, and the reaction time was varied
from 1 hour up to 7 days. The results revealed the possibility
of isolating both crystal phases depending on the
experimental conditions. In addition, due to the different
optical responses of both phases, the samples were doped

This journal is © The Royal Society of Chemistry 2023

with Eu®*", and all the structural changes were followed by the
luminescence of the lanthanide ion.

2. Experimental section
2.1. Materials and methods

The reagents used for the synthesis of the powders were
yttrium(m)  nitrate  hexahydrate  [Y(NO);-6H,O  99.8%],
europium(m) nitrate pentahydrate [Eu(NOj3);:5H,0 99.9%],
potassium fluoride [KF 99.5%], and hydrofluoric acid aqueous
solution [HF 40% wt]. All of them were purchased from Sigma-
Aldrich and used without further purification.

The compounds were prepared by a coprecipitation
method. Different temperatures were fixed (25, 40, 60, and 80
°C) combined with different reaction times (1 h, 1 day, and 7
days) yielding a total number of 12 samples. The amounts of
reagents were adjusted to obtain approximately 0.5 g of the
final product. First, 3.0 mmol of the hydrated Ln(NOs); were
dissolved in 30 mL of water (0.1 M Ln** solution; Ln =Y, Eu;
3 mol% Eu®") in a double-necked round-bottom flask. One of
the necks was fitted with a refluxing condenser and the other
one was sealed with a rubber septum. The flask was put in a
silicon oil bath with the desired temperature fixed. The
system was maintained under stirring for 10 min to ensure
that the Ln*" solution had achieved the fixed temperature.

After that, the fluoride-source solution was prepared by
dissolving 6 mmol of KF in 10 mL of water and, subsequently,
adding 270 pL of HF aqueous solution 40% wt. (6 mmol HF).
The resulting solution (0.6 M KF/HF) was added dropwise to
the previous Ln*" solution in the flask. For that purpose, the
rubber septum was removed and it was placed again after
finalizing the addition process. Immediately, a white
precipitate appeared and it was allowed to mature at the
desired time under continuous stirring. Finally, the products
were collected by centrifugation, washed twice with water, and
dried under an infrared lamp. A summary of the abbreviations
used for the samples according to the fixed temperature and
reaction time is indicated in Table 1 and a scheme of the
experimental procedure is depicted in Fig. 2.

CrystEngComm, 2023, 25, 5918-5931 | 5919
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Table 1 Samples prepared under different reaction conditions of time
and temperature

T (°C) 1 hour 1 day 7 days

25 R25-1 h R25-1 d R25-7 d
40 R40-1 h R40-1d R40-7 d
60 R60-1 h R60-1d R60-7 d
80 R80-1 h R80-1d R80-7d

2.2. Characterization techniques

Powder X-ray diffraction (XRD) of the samples was performed
at room temperature using a Bruker-AX D8-Advance X-ray
diffractometer with CuK,; radiation from 26 = 20° to 90° at a
scan speed of 2.25° min~". To characterize the morphology of
the particles, a JEOL 7001F scanning electron microscope
(SEM) was used (acceleration voltage = 30 kV, measuring time
= 20 s, and working distance = 8 mm). Previously, the
powders had been deposited on double-sided carbon stickers
(adhered to the surface of aluminum stubs) and had been
sputtered with platinum (10 s).

The photoluminescence response of the materials was
recorded with an Eclipse Fluorescence Spectrophotometer
(Varian). All the photoluminescence experiments were carried
out at room temperature and recorded with a detector delay
time (DT) of 0.2 ms to observe the contributions from the higher
excited level °D, in the emission spectra and discriminate
between the optical response of a, 8, and (o + 8) phases.
Excitation spectra were recorded in the range 250-500 nm fixing
the emission wavelength at 593 nm, while the emission spectra
were collected with an excitation at 395 nm in the 500-750 nm
range. Time-resolved luminescence measurements were
performed at different emission wavelengths (593 nm to collect
the °D, — ’F,; emission and 554 nm to record the response
arising from the °D; — ’F, transition). The excitation wavelength
was monitored at 395 nm ("F, — °Lg transition) and lifetime
values were extracted from the corresponding decay profiles.

3. Results and discussion
3.1. Structural characterization

Fig. 3 presents the XRD patterns of the resulting powders
under reaction times of (a) 1 h, (b) 1 day, and (c) 7 days. To
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facilitate the interpretation of the XRD peaks, especially when
there is a coexistence of o + & phases, the theoretical main
reflection peaks for each crystal phase have also been
incorporated. The pattern standards used were ICSD card 00-
040-9643 (0-KY;Fy,) and ICDD card 04-016-7073 (8-KYs-
F10:xH,0). Additionally, Fig. S2 of the ESI} depicts the most
useful diffraction peaks that can be used to assign and/or
corroborate the presence of the above crystal phases(s).

Regarding Fig. 3(a), with a reaction time of 1 h, it is
important to note that at 25 °C a clear mixture of both crystal
phases is obtained. This result is optimum to be used as a
starting point to study the influence of kinetics and
thermodynamics on this particular system. Then, the kinetic
factor will be ascribed to the reaction time while the
thermodynamic factor, to the reaction temperature. The
subsequent increase in the temperature produces a profound
effect on the resulting material. The presence of the
polymorph & decreases and only a single-phase is obtained at
the maximum temperature of work (80 °C). This tendency
evidences the clear importance of the thermodynamic effect
to yield the “thermodynamic phase”, i.e., a.

Very similar conclusions can be extracted from
Fig. 3(b) and (c) if one compares the evolution of the
resulting crystal phase(s) with the increase in temperature.
However, to analyze the kinetic factor (time) and its
influence, one can compare the XRD patterns of samples
obtained at the same reaction temperature, but at different
maturation times. Perhaps, the most evident and fascinating
results are found evaluating the powders obtained at 25 °C.
Since the temperature is mild enough to avoid
thermodynamic control, it is expected that the kinetic effect
becomes more prominent. Indeed, comparing samples R25-1
h, R25-1 d, and R25-7 d, it is clearly shown that the
metastable d-phase is stabilized and R25-7 d contains only
this crystal phase without any traces or impurities from
o-KY;F;0. However, it is quite curious that the metastable
phase can be stabilized to detriment of the thermodynamic
o-phase, as one may expect a priori. Further explanations are
given below in a subsection.

At 40 °C, the thermodynamic control starts to become
slightly more important since the temperature is higher,
although not enough to allow the thermodynamics to govern

Centrifuge

— —

A
—

Illustrative representation of the experimental procedure followed for the synthesis of the powders.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 XRD patterns of the Eu**-doped powders prepared under different reaction conditions of time and temperature: (a) products prepared
with a reaction time of 1 h, (b) products prepared with a reaction time of 1 day, and (c) products prepared with a reaction time of 7 days. For
samples that exhibit a single 5-phase (R25-7 d) or single a-phase (R80-1 h, R80-1 d, R80-7 d), the label “a” or “5” has been added as an inset in
the corresponding XRD pattern. The corresponding theoretical ICSD/ICDD cards of the o and & crystal phases are also shown.

the whole reaction process and neglect the kinetics. The most
substantial change occurs between samples R40-1 h and R40-1
d. The XRD pattern corresponding to the latter one presents a
higher presence of the metastable &-phase. This major
contribution is even slightly higher at a long reaction time
(sample R40-7 d). These results underscore that we are under
experimental conditions where the competitiveness between
kinetics and thermodynamics plays an important role and it is
not possible to obtain either single a or 3-phase.

Following this line of reasoning, when the temperature is
increased and set to 60 °C, the thermodynamic control is
more than evident because all the XRD patterns of samples
R60-1 h, R60-1 d, and R60-7 d exhibit virtually the same
profile regardless of the total reaction time. The powders are
mainly composed of a-KY;F;, with some minor impurities of
6-KY;F4, thus highlighting that the kinetics do not play any
significant contribution at this point.

This fact is even accentuated considering samples
synthesized at 80 °C because independently of the reaction
time (1 h, 1 day, or even 7 days), the final product only exhibits
the main XRD reflections ascribed to o-KY;F;o. Thereby,
thermodynamics governs the whole reaction pathway.

In summary, the structural analysis of the synthesized
powders has revealed the possibility of modulating the
desired polymorph(s) of KY;F;, thanks to thermodynamic
and kinetic control.

Additionally, all the experimental diffraction patterns of
the powders were refined using the Rietveld method. The
weight fractions (%) of 0-KY3F;, and 8-KY;F;0-xH,O crystal

This journal is © The Royal Society of Chemistry 2023

phases are indicated in Table 2. The values are in very good
agreement with the previous discussion of the XRD results
and the kinetic/thermodynamic effects. Fig. 4 and 5 depict
the Rietveld refinements of the XRD patterns for samples
obtained at 25/40 °C, and at 60/80 °C, respectively. Further
information about the Rietveld refinement can be found in
Section S2 of the ESL} Table S1 of the ESIT complements the
results with the refined unit cell parameter (a = b = ¢) for the
different experimental XRD patterns, although no substantial
changes seem to take place comparing all the samples.

3.1.1. Understanding the (a + 8) — & transformation. The
Ostwald rule of stages, which is relevant in the study of
polymorphism, describes the sequential formation of
different crystal structures during crystallization, with less
stable phases appearing first and more stable phases
following as the process continues.”® Therefore, one could
expect that when exposing sample R25-1 h (o + &) to long
maturing times (R25-7 d, 7 days of maturation), the product

Table 2 Weight fractions (%) of a-KYsFio and 3-KYzFio-xH,O crystal
phases obtained using the Rietveld refinement of the different XRD
patterns of the powders

% o % &
T (°C) 1 hour 1 day 7 days 1 hour 1 day 7 days
25 68.3 41.9 0 31.7 58.1 100
40 92.8 63.7 61.3 7.2 36.3 38.7
60 95.1 93.9 93.6 4.9 6.1 6.4
80 100 100 100 0 0 0
CrystEngComm, 2023, 25, 5918-5931 | 5921
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Fig. 4 Rietveld refinements of the XRD patterns for samples obtained at (a) 25 °C and (b) 40 °C. The goodness of fit x> parameter is also indicated

in each plot.

would evolve toward the formation of the most
thermodynamic polymorph, which in this case is a-KY;Fy,.
Surprisingly, the opposite behavior occurs, being able to
isolate the d-phase in sample R25-7 d.

To shed some light on the mechanism underlying such
crystal phase transformation, further experiments were
conducted to prove whether it would be possible, or not, for a
to dissociate into the corresponding ions in the reaction
medium and then form the less stable &-phase. For that
purpose, the pure a-KY;F;, was synthesized following the same
experimental conditions as those described for sample R80-1 h
(T = 80 °C, reaction time = 1 hour). Then, the resulting

5922 | CrystEngComm, 2023, 25, 5918-5931

precipitate in the reaction medium was allowed to cool down
until room temperature under continuous stirring. To have a
better understanding of the process of transformation, several
aliquots of the mixture were taken during one week. The dried
powders were characterized by XRD diffraction and the results
showed that the sample did not experience any partial a to &
phase transformation (see Fig. S3 of the ESIt).

Although this fact seems to be somewhat counterintuitive,
there are several studies in the literature that address the
crystallization of polymorphs that do not follow Ostwald's rule
of stages.>™° Quite often, a process can result in the
simultaneous  crystallization of multiple polymorphic

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Rietveld refinements of the XRD patterns for samples obtained at (a) 60 °C and (b) 80 °C. The goodness of fit x> parameter is also indicated

in each plot.

structures, further complicating the control of polymorphism,
as is our case (e.g. sample R25-1 h). Various mechanisms have
been suggested to explain this occurrence, which is referred to
as concomitant polymorphism. This phenomenon has been
attributed to competing processes of nucleation that can lead
to the cross-nucleation of a metastable polymorph on the
stable polymorph and finally obtain the less stable
polymorph.>” Therefore, the observed results could indicate
that the o to 8 phase transformation might undergone a cross-
nucleation mechanism, as depicted schematically in Fig. 6.
Following this line of reasoning, the formation of crystal
nuclei consisting of o particles would take place first and

This journal is © The Royal Society of Chemistry 2023

fast. Then, nuclei of & particles would start to crystallize on
the surfaces of the most stable a-nuclei. Subsequently, the
amount of d-phase would start to become more prominent
until finally this polymorph is isolated despite being less
stable thermodynamically. We believe that these interesting
results should be subjected to further study and confirmed
with future lines of research.

3.2. Morphological characterization

Given the structural results, it is of interest to analyze the
morphology of the particles in order to illustrate their

CrystEngComm, 2023, 25, 5918-5931 | 5923
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00
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Fig. 6 Schematic representation of the suggested cross-nucleation
mechanism that explains the obtention of the metastable 3-phase
instead of the thermodynamic a-phase when exposing the precipitate
(o + 8) at long times of maturing. t,, indicates an intermediate time of
maturing.

evolution and corroborate the kinetic/thermodynamic effects.
Fig. 7 presents the SEM images of the Eu**-doped powders

Time=1h

Time = 1 day
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prepared under different reaction conditions of time and
temperature.

Fig. 7(a) shows the micrographs of samples synthesized at
25 °C with different maturing times. Sample R25-1 h is mainly
composed of particle aggregates without a morphology clearly
defined. Notwithstanding, with the evolution of time, the
aggregates tend to form spherical particles, with the most
notable effect appreciated in sample R25-7 d (single &-phase),
in which the coalescence of spheres is demonstrated. Thus, not
only does the kinetics serve as a director of the crystal structure
but also as a morphological modulator.

Regarding Fig. 7(b), i.e., samples synthesized at 40 °C, no
substantial changes can be appreciated depending on the
reaction time. However, a major degree of order (particles
with more regular shapes instead of large aggregates) is
formed at this temperature. Compare for instance sample
R40-1 h with R25-1 h.

In a similar way to the results issued by the XRD analysis,
where no difference was appreciated among the samples at
different reaction times, the SEM images of Fig. 7(c)
corresponding to powders obtained at 60 °C reflect the same

Time = 7 days

(a)

T=25°C

(b)

T=40°C

)
T=60°C

~ M R60-1h
100 nm

(d)

T=80°C

@ Rs0-1h
#5100 nm

.

R80-1d

100 nm 100 nm

Fig. 7 SEM images of the Eu**-doped powders prepared under different reaction conditions of time and temperature: (a) compounds prepared at
25 °C, (b) compounds prepared at 40 °C, (c) compounds prepared at 60 °C, and (d) compounds prepared at 80 °C. For samples that exhibit a
single 8-phase (R25-7 d) or single a-phase (R80-1 h, R80-1 d, R80-7 d), the label “a” or “5” has been added as an inset in the corresponding

micrograph.
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Fig. 8 Schematic representation of the influence of the
thermodynamic (temperature) and kinetic (time) factors that allow to
obtain both crystal phases.

behavior. As previously commented with samples of Fig. 7(b),
the temperature (and, thus the thermodynamic factor) also
contributes to the formation of more regular sphere-shaped
particles.

Finally, Fig. 7(d) underscores two main points: (1) the
good correlation between the structural and morphological
characterization, and (2) the prevalence of the
thermodynamic control over the particle shapes.
Interestingly, all the powders (which present the a-KY;F;,
polymorph) exhibit the same morphology regardless of the
reaction time: spherical particles resulted from the self-
assembly of subunits around 20 nm. More intriguing is the
fact that this morphology is the same that has been possible
to obtain under the aforementioned process of synthesis
mediated by sonochemistry.**

Hence, the evolution of the polymorphs is governed by
kinetic and/or thermodynamic control, also reflected in the
evolution of the morphology of particles. As a schematic
representation, Fig. 8 summarizes the above effects. At the
beginning (sample R25-1 h), a mixture of both o and &
phases is obtained, but with the incorporation of the
thermodynamic (temperature) or kinetic (time) factors it is
possible to modulate the formation of a single crystal
phase.

3.3. Photoluminescence properties

3.3.1. Excitation and emission spectra. One of the main
key points of this study is the capability of relating the
luminescent response of the materials with the
thermodynamic and/or the kinetic effect throughout the
reaction pathway. Thus, a direct measurement, as it is the
luminescence of the Eu*'-doped powders, serves to easily
interpret the structure-stability conjunction because the two
polymorphs of interest exhibit some particular differences
regarding the optical response.

Fig. 9 shows the room temperature excitation spectra for
different samples as an example of the §-phase (R25-7 d),
a-phase (R80-1 h), and a + & (R25-1 h). Regardless of the
sample composition, there are no substantial changes in the
excitation spectra of the different powders. All the bands can
be attributed to the transitions of Eu*" from the ground ’F,
level to higher excited levels. As outlined with the dashed
line, the maximum intensity corresponds to the band
associated with the "F, — °L¢ transition (395 nm).

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Room temperature excitation spectra obtained with a DT = 0.2
ms for different samples as an example of the §-phase, a-phase, and o
+ 8. The dashed line at 395 nm serves as a guideline to observe that
there are no substantial changes in the excitation spectra of the
different powders and the maximum intensity corresponds to the band
associated with the 'Fq — °Lg transition (395 nm).

In addition, there are no bands associated with charge
transfers (CTs) from the anions of the host lattice (F') to the
Eu®" ion. For Eu**-doped fluorides, the F -Eu®** CT appears at
high-energy positions in comparison with oxidic matrices
because of the band gap of compounds and the optical
electronegativity of the ions implied.”**° These CTs usually
have low intensity and are expected to appear in the 150-170
nm spectral region so they might be difficult to detect
sometimes due to instrumental limitations.?" Therefore, the
emission spectra of the powders have been recorded under
an excitation wavelength of 395 nm.

Regarding the emission profiles of the powders, Fig. 10
depicts a selection of four spectra as an example to appreciate
at first glance the modulation and changes in the
photoluminescence response of the compounds depending on
the polymorph(s). The observed bands correspond to the
common °D, — ’F, transitions of Eu*" but, due to the different
electronic nature of the o and § phases, the presence of bands
associated with transitions arising from the higher excited state
°D; can also be observed (marked with black stars in Fig. 10).%*
The presence of transitions from higher excited states is
attributed to the typical low phonon energies of fluorides (300-
550 cm™").*>** The internal vibrations of the host lattice are low
enough to avoid fast and non-radiative multiphonon relaxation
processes from the °Lg state to the lowest-lying excited state
°D,, allowing the observation of such °D; — “F; emissions.*>*°
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Fig. 10 Room temperature emission spectra obtained with a DT = 0.2
ms for different samples where the modulation of the crystal phases is
reflected in the optical response. The stars in the emission spectra
indicate bands associated with °D, — ’F; transitions from the higher
excited state 5D1.

Sample R80-1 h (o) is dominated by the D, — “F; magnetic
dipole transition, whose main peak appears at 395 nm.
Samples R25-1 h (o + ) and R25-1 d (o + 8, with a major
contribution of the §-phase) exhibit an intermediate optical
response between the two crystal phases. It can be well
appreciated how the peaks corresponding to the °D; — ’F,
transitions start to almost disappear and the D, — “F, electric
dipole transition (with the most intense peak at 621 nm)
becomes more prominent. Finally, the photoluminescence of
sample R25-7 d (3) is governed by the °D, — “F, transition and
the °D, — ’F; emissions are still present, albeit with very low
intensity, a fact that will be directly related to the lifetimes of
these states in the next section.

3.3.2. The crystal environment of Eu®* ions. In contrast to
other rare earth (RE) ions, the distinctive attributes intrinsic to
the electronic configuration of Eu®* render this trivalent ion
particularly esteemed within the realm of photoluminescence,

View Article Online
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especially due to its ability to act as a site-sensitive structural
probe.’”*® This unique characteristic engenders a significant
advantage, as it facilitates the extraction of pivotal insights
regarding the crystal field surroundings of europium ions that
have been incorporated into a host lattice. The analysis of the
emission spectrum, therefore, emerges as a powerful and
informative tool for elucidating the intricacies of the host
matrix and its interaction with Eu®' ions, which is of the
utmost interest in this case since the optical response and
associated physicochemical parameters are expected to be
different for both a and § crystal phases.

The great advantage is that these physicochemical
parameters (such as the well-known asymmetry ratio R, or
the Judd Ofelt parameters) can be directly extracted from the
emission spectra, a fact that allows for the avoidance of many
complex mathematical and computational calculations, as it
is the case in other rare earth ions.

Probably, the most popular parameter of Eu®" is the
asymmetry ratio, which can be calculated from the ratio
between the integrated intensities of the D, — ’F, electric
dipole (ED) and °D, — “F; magnetic dipole (MD) transitions.
This ED transition has a hypersensitive character to the ion's
environment, while the intensity of the above MD transition
is relatively independent of the Eu®" symmetry for a given
material. Thereby, R provides some useful information about
the local symmetry of the luminescent ion.

In direct connection with the structural analysis from the
emission spectrum of the luminescent centers, the Judd Ofelt
(JO) theory and the corresponding parameters emerge as a
robust framework for understanding and predicting the optical
properties of rare earth ions. The £, parameter is linked to the
polarizability and covalent nature of the RE®" ion, offering
valuable insights into the surrounding crystal structure of Eu®".
Consequently, it is regarded as a parameter that primarily
reflects the local environment.*® In fact, @, « R for the
europium ions of the material under consideration.*® Hence,
larger values of R and €, tend to indicate lower symmetry of
Eu’' ions in the host lattice.”"*> On the other hand, @, is
known as the long-range JO parameter because it is sensitive to
macroscopic properties such as viscosity and rigidity.**

The above parameters can be calculated by making use of
some physical equations,**** although recent application
software packages incorporate them and highly facilitate the
calculus.’®*” The JO and R parameters were calculated using
the LUMPAC software package and are presented in Table 3.
It must be noted that these parameters refer exclusively to

Table 3 Asymmetry ratio (R) values and Judd-Ofelt parameters (2, @,) for the Eu®*-doped powders synthesized at different temperatures and

reaction times

R 2, (107%° em?) 2, (107%° em?)
T (°C) 1 hour 1 day 7 days 1 hour 1 day 7 days 1 hour 1 day 7 days
25 1.11 1.24 1.49 2.02 2.19 2.62 1.87 1.90 1.99
40 1.09 1.12 1.17 1.89 1.99 2.08 1.87 1.99 1.94
60 1.08 1.07 1.05 1.97 1.94 1.88 2.04 2.00 1.91
80 0.99 0.95 0.92 1.82 1.78 1.69 1.86 1.89 1.92
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Fig. 11 3D plots of (a) the weight fractions of a-KYzFio and (b) the negation of the asymmetry ratio as a function of temperature and time. For
samples that exhibit a single 5-phase (R25-7 d) or single a-phase (R80-1 h, R80-1 d, R80-7 d), the label “a” or “5” has been added as an inset in

the corresponding point.

the °D, — ’F, transitions. Therefore, to accurately calculate
them, they were extracted from the emission spectra of the
samples that were recorded again setting a detector delay
time (DT) of 10 ms, which ensures the avoidance of
contribution from the higher excited state °D;.>* An example
of the emission spectrum at different DTs is presented in
Fig. S4 of the ESL{

As mentioned, 2, o R, therefore, the discussion of the
obtained results will be addressed for the asymmetry ratio
(the same conclusions can be extracted from the analysis of
©,). Theoretically, the Eu®" ions occupying the yttrium
positions in the o phase would have an ideal C,, local
symmetry, while it would be C,, for Eu*" ions incorporated
into the § phase. As a result, it is expected to obtain, a priori,
lower values of R (more symmetric sites) for samples
containing major fractions of the o phase.

The analysis of the results presented in Table 3 confirms
this hypothesis. The evolution of the a/d content was more
remarkable in samples synthesized at 25 and 40 °C. For
example, the weight fractions of a phase in samples R25-1 h
(68.3%), R25-1 d (41.9%), and R25-7 d (0%) are directly
related to the occupation of C,, sites in a major proportion,
as reflected in the increase of the asymmetry ratio values:
R25-1 h (1.11), R25-1 d (1.24), and R25-7 d (1.49). To
appreciate at first glance the correlation between the weight
fractions and R, 3D plots (fraction-time-temperature and
asymmetry-time-temperature) are depicted in Fig. 11. For
visual purposes, instead of plotting the R values, it has been
plotted the negation of the asymmetry ratio (i.e., -R). Thus,
higher values of —-R indicate more symmetry in the crystal
environment of Eu®*" ions (more fraction of o phase).

On the other hand, it must be recalled that the £, JO
parameter is ascribed to bulk properties. For this reason, due
to the wide range of morphologies observed and other
macroscopic properties that can present the materials, it is

This journal is © The Royal Society of Chemistry 2023

complicated to establish a direct relationship among the
different series of samples.

3.3.3. Time-resolved luminescence. The lifetimes
associated with a specific electronic transition can serve as a
probe to check structural/local distortions,"®*® and phase
transformations ~ between  different  polymorphs.>®*
Therefore, lifetimes are of the utmost interest to follow the
changes produced in the synthesized powders by kinetic and
thermodynamic effects during the reaction pathway.

Herein, taking advantage of the presence of °D; — 'F,
transitions, it is possible to measure the lifetimes of the
materials for different excited states (D, and °D,) since their
sensitivity to the structural changes might be different. Thus,
it is pretended to extract more information about the
photoluminescence properties of the compounds and check
to what extent such an inherent relationship can be
established.

In direct connection with the emission results previously
discussed, Fig. 12 displays the decay curves of some selected
samples (the same used in Fig. 10). For the °D, state,
Fig. 12(a), the emission was collected at 593 nm (°D, — "F;
transition), while for the °Dy, Fig. 12(b), it was collected at
554 nm (°D; — ’F, transition). At first glance, it can be
observed that the decay profiles change during the phase
transformation. In both cases, the red (R80-1 h, o) and blue
curves (R25-7 d, 3) are very different. The decay curves were
best fitted to a double exponential model (R* > 0.999)
following the expression:

-t -t
I(t) =1, exp + 1, exp (1)
Tobs1 Tobs2

where I refers to the intensity as a function of time (¢). To
easily compare the results, an effective lifetime (zef),
presented in Table 4, was calculated according to:
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Fig. 12 Normalized decay curves acquired at room temperature with
a DT = 0.2 ms exciting the samples at 395 nm and collecting the
emission at (a) 593 nm (°D, — ’F; transition) for the lowest-lying
excited state *Dy, and (b) 554 nm (°D; — ’F, transition) for the higher
excited state 5D1.

I (Tobsl)2 + Iz(fobsz)z
I; (Tobsl) +1, (f0b52>

(2)

Teff =

The results indicate that the lifetimes corresponding to
the °D, state are shorter than those of the °D,, a
phenomenon strictly linked to the cross-relaxation process in
which Eu®' ions populating the higher excited level decay to
the metastable °D,.”> Further information about the fitting
procedure can be found in Section S4 of the ESIL}

First, the °D, lifetimes will be analyzed, which are also
in good agreement with the XRD and SEM results. Samples

Table 4 °Dg and °D; lifetimes calculated from the corresponding decay
profiles of the samples. All the correlation coefficients of the fits (R?) were
>0.999

Tegr "Do — 'Fy (ms) Teg "Dy — 'F, (ms)

T(°C) 1hour 1day 7days  1hour 1 day 7 days
25 8.95(6) 7.10(4)  4.54(1) 1.20(3)  1.05(3)  0.28(4)
40 8.72(4) 7.87(3) 7.49(3) 1.15(2) 1.09(3)  1.03(2)
60 8.63(4) 9.15(1)  9.25(5) 1.17(3)  1.23(2)  1.22(2)
80 8.06(3) 8.37(1) 8.68(4) 1.18(2) 1.20(2)  1.23(2)
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synthesized at 25 °C display a progressive shortening of the
lifetimes (from 8.95 ms of the o + & mixture to 4.54 ms of
single 3). Similarly, samples obtained at 40 °C also exhibit
shorter lifetimes with the evolution of time, which can be
well ascribed to the major presence of the d-phase. On the
other hand, although the XRD results showed that the
crystal structure composition of samples synthesized at 60
°C (mainly o + some minor contribution of §) and at 80 °C
(o) was constant regardless of the maturing time because
the thermodynamic control governed the reaction pathways,
there is a tendency in the lifetimes to become longer as
the reaction time increases, which is the opposite trend in
comparison with the above series of samples. A priori, one
could think that this fact could be associated with
morphological aspects, however, the micrographs outlined
that there were no substantial changes among each series
of samples. Therefore, the main possible explanation could
be associated with a local rearrangement or ordering of
Eu®" ions when the precipitate is exposed to high reaction
times that allow for a more uniform distribution of the
dopant in the crystal lattice, as might be inferred from the
asymmetry ratio and the €, JO parameter, see Table 3.

Thus, even though the thermodynamics govern the
crystallization of the compound in the latter samples, the
kinetics (maturation time) has also some particular
influence.

Moreover, it is interesting to note that when both
polymorphs coexist in the sample, slightly longer lifetimes
are obtained. The most evident examples can be found
comparing samples synthesized in 1 h at different
temperatures: the 7. shortens progressively from 8.95 ms
(R25-1 h) to 8.06 ms (R80-1 h). This behavior has also been
reported previously” and might be related to different
coupling mechanisms between Eu** ions embedded in the
different host lattices that, as a result, tend to elongate the
lifetime.

On the other hand, regarding the lifetimes associated
with the °D; state, similar conclusions can be drawn.
However, the optical response of the °D; — ’F, transitions
is primarily attributed to the presence of Eu®" ions in
o-KY3F;o with an almost negligible contribution of the
dopant in 3-KY3F, (as depicted in Fig. 10 for sample R25-7
d). Therefore, the variation of the °D, lifetime values in the
different series of samples is less notable (ze;r = 1.0-1.2 ms)
in comparison to the °D, lifetimes. Remarkably, a drastic
change is observed for sample R25-7 d (8-KY;F;,) whose
lifetime is 0.28 ms.

Additionally, 3D plots (lifetime-time-temperature) are
depicted in Fig. 13 to compare the kinetic and
thermodynamic effects on the resulting lifetimes. As can be
appreciated, both graphics evince the perfect relationship
and good agreement with the tendency observed in the
results previously discussed. The color gradient is very useful
to easily interpret the changes. Moreover, they closely
resemble the 3D plots of Fig. 11 (weight fractions of a-KY;F;,
and asymmetry ratio R).

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 3D plot of the lifetimes corresponding to the *Dy and °D; states as a function of temperature and time. For samples that exhibit a single
8-phase (R25-7 d) or single a-phase (R80-1 h, R80-1 d, R80-7 d), the label “a” or “5” has been added as an inset in the corresponding point.

4. Conclusions

To control and follow the transition-phase pathway of the
two existent polymorphs of KY;F;, (a and §), an enhanced
coprecipitation strategy has been used to synthesize different
Eu’*-doped powders, which contain a mixture of both crystal
phases in different proportions or single-phases. The kinetics
and thermodynamics effects have been able to study varying
reaction conditions of temperature (25-80 °C) and time (1
hour to 7 days).

The results underscored the competitiveness between
kinetics and thermodynamics. At low reaction temperature
(25 ©Q), it is possible to modulate the crystal structure with
the maturing time and the metastable d-phase can be
isolated after 7 days. However, when the temperature starts
to increase (40 °C) the thermodynamic control becomes more
prominent. Although the kinetics still play an important role
and an evolution toward the formation of the d-phase is
evident with the reaction time, it is no longer possible to
isolate this compound and only a mixture of polymorphs is
obtained. Finally, higher working temperatures change
dramatically the system and evidence the total
thermodynamic control of the reaction pathway. Indeed, the
o polymorph is always obtained at 80 °C regardless of the
maturing time.

The microstructural analysis of the powders matches very
well with the above structural results, being able to observe
the influence of thermodynamics and kinetics in the particle
morphology.

Finally, bearing in mind the good adequacy of the Eu®*
ion to act as a sensitive structural probe, the optical response
of the prepared materials is in direct connection with the
presence of one or both polymorphs and thus it serves as a
perfect tool to control the kinetics and thermodynamics
effects in the reaction pathway.

This journal is © The Royal Society of Chemistry 2023
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