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Abstract: In this study, L-threonine crystals (L-thr) containing Dy>* ions (L-thrDy5 and
L-thrDy10) with varying mass concentrations (5% and 10%) were successfully synthesized
using a solvent slow evaporation method. The structural properties were characterized
by Powder X-ray diffraction and Rietveld refinement. The data revealed that all three
samples crystallized in orthorhombic symmetry (P21212;-space group) and presented four
molecules per unit cell (Z = 4). However, the addition of Dy>* ions induced a dilation
effect in the lattice parameters and cell volume of the organic structure. Additionally, the
average crystallite size, lattice microstrain, percentage of void centers, and Hirshfeld surface
were calculated for the crystals. Thermogravimetric and differential thermal analysis
experiments showed that L-thr containing Dy>* ions are thermally stable up to 214 °C.
Fourier transform infrared and Raman spectroscopy results indicated that the Dy>* ions
interact indirectly with the L-thr molecule via hydrogen bonds, slightly affecting the

beck crystalline structure of the amino acid. Optical analysis in the ultraviolet-visible region
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optical materials due to their favorable physical and chemical properties. Additionally, it is
noteworthy that the synthesis of these systems is cost-effective, and the synthesis method
used is efficient.
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optical and electrical sciences, enabling their use in sensors, emitters, solid-state lasers, flu-
orescent markers, light-emitting diodes (LEDs), and frequency converters [5,6]. Rare earth
elements are known for their 4f—4f electronic transitions from excited states to ground states,
which generate luminescence that spans from the ultraviolet to the infrared regions [7,8].

In this context, the trivalent dysprosium (Dy>") ion has attracted attention from
scientists due to its luminescence efficiency [9,10]. Additionally, Dy>* is a strong candidate
for white light generation because of its 4f° — 4f° electronic transitions, which produce
emission lines in the blue, yellow, and red spectral regions, corresponding to the transitions
4F9/2 — 6F15/2, 4F9/2 — 6H13/2, and 4F9/2 — 6H11/2, respectively [11]. However, the
intensity of the electric dipole transition 4F, /2= 6Hy;, /2 is dependent on the appropriate
choice of host matrix. The literature reports various studies on different dysprosium-doped
crystalline and amorphous matrices that exhibit white light and other color emissions [12].
Nevertheless, the study of luminescent properties in amino acid crystals remains limited.

Several amino acids have been employed in large industrial applications due to
their excellent crystalline hosting capabilities [13]. For instance, the growth and char-
acterization of pure and doped hydrochloric L-histidine crystals with transition metals
and lanthanide ions using the Shankaranarayana—Ramasamy technique have been re-
cently reported [14-16]. Another significant example is the growth of sulfamic acid crys-
tals containing Ce3" ions, with their properties also studied using the aforementioned
technique [17]. According to the literature [18-20], L-threonine (L-thr) crystallizes in an
orthorhombic system with the P2;2,2;-space group. Several studies have reported the
use of this material as a crystalline matrix for doping with metals and inorganic com-
pounds [21,22]. However, there is no research regarding the use of this amino acid as a host
for Dy** lanthanide ions.

Motivated by the context, in this work, pure L-thr crystals and Dy** ions containing
concentrations of 5 (L-thrDy5) and 10% (L-thrDy10) by mass were grown in the orthorhom-
bic phase by the solvent slow evaporation method, which so far has not been reported
by the literature. In addition, our research aims to analyze the physical properties of the
crystals by powder X-ray diffraction (PXRD), scanning electron microscopy (SEM), Fourier-
transform infrared (FT-IR) spectroscopy, Raman spectroscopy, thermogravimetric analysis
(TG), differential thermal analysis (DTA), ultraviolet—visible (UV-Vis) spectroscopy, and
photoluminescence studies. From the results, we verified that the L-thrDy5 and L-thrDy10
crystals can be useful for possible applications as visible light-generating devices.

2. Materials and Methods
2.1. Crystals Growth

The crystals were grown using the solvent slow evaporation method with mass ratios
of 1:0 (L-thr), 0.95:0.05 (L-thrDy5), and 0.90:0.10 (L-thrDy10) for the reagents L-threonine
(C4HyNO3;—Sigma Aldrich,. Darmstadt, Germany, 99.0%) and dysprosium (III) chloride
hexahydrate (Cl3Dy-6H,O—Sigma Aldrich, Darmstadt, Germany, 99.9%), respectively, in
40 mL of deionized water. The solutes were thoroughly homogenized using a magnetic
stirrer set at 360 RPM for 5 h at a controlled temperature of 50 °C. Subsequently, the
solutions were stored in an oven at 35 °C until crystal growth. The chemical reaction
that describes the nucleation process of the solid phase from a saturated solution of these
reagents is presented below:

C4H9NO3(1_X) + C13Dy-6H20(X) — C4H9N03:CI3Dy + 6H2OT (1)

After three weeks, the L-thr, L-thrDy5, and L-thrDy10 crystals were successfully
obtained, exhibiting transparency and well-defined morphological facets (see Figure la—c).
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All samples crystallized at an acidic pH of approximately 4.6 and had average dimensions
of 2.0 x 5.0 x 13 mm3 (L-thr), 4.0 x 5.0 x 17 mm? (L-thrDy5), and 4.0 x 5.0 x 25 mm?
(L-thrDy10), as shown in Figure la—c. Furthermore, it is important to highlight that the
concentrations of 5% and 10% associated with Dy>* impurities were chosen because higher
proportions result in the formation of complexes.
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Figure 1. Photograph of (a) L-thr, (b) L-thrDy5, and (c) L-thrDy10 crystals. SEM micrographs of
(d) L-thr, (e) L-thrDy5, and (f) L-thrDy10 samples.

2.2. Characterization Techniques

The surface of the crystals and the incorporation of Dy>* ions into the organic ma-
trix were analyzed using SEM. These measurements were performed with a JEOL JSM-
7100F electron microscope, where the crystals were mounted on aluminum stubs with
carbon tape.

The crystalline structure of the samples was characterized using a PANalytical powder
diffractometer (Model: Empyrean) with CuKo radiation of A = 1.54056 A, operating at 45 kV
and 40 mA. The PXRD patterns were recorded at room temperature in the 26 interval from
5 to 45°, with a step size of 0.02° and a counting time of 2 s. Furthermore, the diffractograms
obtained were analyzed by Rietveld’s refinement method using EXPGUI-GSAS software
(Version 3.0) [23].

Thermal analysis of simultaneous TG and DTA were performed in the crystals powder
using a Shimadzu DTG-60 equipment, under a nitrogen atmosphere with a flow rate of
100 mL/min. The measurements were recorded in the temperature range between 25 and
600 °C, with a mass of approximately ~ 3 to 15 mg for the three samples.

FT-IR spectra were measured at room temperature in the spectral region of 4000400 cm
with a Bruker IR spectrophotometer (Vertex 70v), using the KBr pellet method, in which
2 mg of powdered crystals were mixed with 198 mg of KBr. This mixture was submitted
to a charge of 7 tons-cm 2 to produce a clear and homogeneous pellet. The IR absorption
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spectra were carried out immediately after preparing the pellets and measured with a
spectral resolution of 4 cm~?! for 100 scans. Complementarily, measurements of Raman
spectroscopy were also performed on the crystal powder through a Trivista 557 Princeton
triple spectrometer. A solid-state laser with a wavelength of 633 nm (red) was used as the
excitation source. The spectra were measured with an average of 5 accumulations with 90 s
time for each of them and a spectral resolution of 2 cm~!.

UV-Vis absorbance spectra were measured in the range of 230-950 nm by a
UV/VIS/NIR Thermo Scientific—Evolution 220 spectrophotometer, with a dual-beam,
deuterium lamp, using quartz cuvettes with a 0.1 cm optical path. Additionally, the photo-
luminescence spectra in the excitation and emission regimes were performed in a Shimadzu
spectrofluorometer, RF-6000, with an Xe flash lamp as the excitation source. Moreover, the
emission spectrum was deconvoluted using color mathematical functions established by
the Commission Internationale de 1'Eclairage (CIE), in 1931, where it was possible to extract
the chromaticity coordinates (x, y) and calculate the correlated color temperature (CCT).

2.3. Computational Study

A computational calculation was performed using Crystal Explorer 17 software [24]
to quantify the free volume of the L-thr unit cell, the surface area, and the percentage of
void centers in this crystalline solid. This information allows for the identification of the
insertion mechanism of Dy>* ions into the structural lattice through electronic density
isosurfaces. Additionally, a qualitative and quantitative study was applied to the structure
using three-dimensional Hirshfeld surfaces from the same software.

3. Results and Discussion
3.1. Analysis of the Crystalline Surface and Elemental

Figure 1d—f displays SEM micrographs of the surfaces of L-thr, L-thrDy5, and L-
thrDy10 crystals. The L-thr sample exhibits a smooth, uniform surface with few defects.
In contrast, the samples containing impurities show various interfacial defects, including
discontinuities, cracks, occlusion centers, pores, and grains of random sizes. These defects
occur due to the insertion of uncommon ions (Dy>*) into the crystalline lattice of L-thr. The
added impurity generates internal stresses within the crystal structure because of the size
difference between the ion and the molecule of the system. As a result, defects and discon-
tinuities are formed on the surface of the L-thrDy5 and L-thrDy10 samples. Additionally,
the introduction of secondary species into organic matrices induces perturbations in the
crystalline reticule. Although these perturbations are not extensive, they slightly affect the
atomic periodicity and cause surface flaws.

Complementary, a semiquantitative elemental analysis conducted by energy-dispersive
X-ray spectroscopy (EDXS), coupled with SEM, confirmed the presence of elements C, N,
and O in all samples. Furthermore, the elements Dy and Cl were detected in the L-thrDy5
and L-thrDy10 crystals, confirming the presence of impurities in the L-thr matrix. Oliveira
Neto, J.G. et al. [25] observed the same behavior for a KyCu(SO4)(H;0)4 crystal in a ther-
mostructural study. This is because the characteristic X-ray radiation emitted by hydrogen
atoms is not strong enough to be detected by EDX sensors. It is noteworthy that light
elements like H were not identified due to the sensitivity limitations of this technique for
low atomic weight elements.

3.2. PXRD and Crystal Voids

Figure 2a shows the PXRD patterns refined by the Rietveld method for pure L-thr
crystals and those containing Dy>* ions. Under room conditions, all three samples crystal-
lize in orthorhombic symmetry with the P2;2;2;-space group, containing four molecules
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per unit cell (Z = 4). Additionally, the unit cell lattice parameters for each sample were
calculated and are shown in Figure 2b and Table 1. These values agree with previously
published data for L-thr crystals [26]. As observed, the L-thrDy5 and L-thrDy10 crystals
exhibited a slight increase in unit cell volume (~0.18%) compared to the L-thr crystal. This
structural expansion is attributed to the increased lattice parameters of the unit cells due to
the incorporation of Dy>* ions into the L-thr matrix, as the dysprosium atom has a large
atomic radius (2.31 A), which causes a triaxial pressure effect on the organic structure.
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Figure 2. (a) Room-temperature Rietveld’s refinement of the PXRD patterns for the L-thr, L-
thrDy5 and L-thrDy10 crystals. (b) Lattice parameters (a, b, ¢), and V obtained by Rietveld’s
refinement method.

Table 1. Lattice parameters, quality parameters, and structural parameters obtained for L-thr, L-
thrDy5, and L-thrDy10 crystals.

Parameters L-thr L-thrDy5 L-thrDy10
Crystalline system Orthorhombic Orthorhombic Orthorhombic
Space group P212121 P212121 P212121
a[A] 13.613(5) 13.628(8) 13.630(6)
b[A] 7.748(3) 7.751(3) 7.751(8)
c[Al 5.149(6) 5.151(8) 5.152(8)
V [A3] 543.1(6) 544.1(4) 544.2(7)
a=pB=v[°] 90 90 90
Ryp [%] 8.66 10.07 14.88
Ry, [%] 7.71 8.67 11.79
Re [%] 1.12 1.16 1.26
S 2.76 2.21 297
D [nm] 43.48 41.73 40.45

e [%] 0.18 0.21 0.23
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It is worth noting that the concentration of Dy used (5% and 10% by mass) is low;
therefore, it can be characterized as an impurity within the host matrix. Additionally, it
is important to understand the centers and void percentages in the unit cell of the L-thr
crystal to infer how the Dy* ions are incorporated into this structure. Figure 3 shows the
voids present in the unit cell of the L-thr crystal, visualized by electron density isosurfaces
(gray). According to computational calculations, the L-thr sample has a void volume of
40.33 A3, corresponding to 7.42% of void spaces in the unit cell, and a surface area of
147.49 A2, Tt was also observed that the isosurfaces are not completely enclosed around all
the L-thr molecules but are open in some centers of the unit cell [27]. These regions, where
interspecies interactions occur, are where the Dy>* ions may be interstitially inserted and
interact with the main molecule through intermolecular forces. Santana et al. [26] support
this insertion mechanism, demonstrating that copper impurities (1.96 A) occupy interstitial
positions in the L-thr structure.

Figure 3. Void isosurfaces of the L-thr crystal unit cell along the a-axis. Gray circles: carbon, blue
circles: nitrogen, red circles: oxygen, and white circles: hydrogen.

In order to investigate the structural distortions caused by the Dy®* ions in the L-
thr matrix, the average crystallite size (D) and the lattice microstrain (&) were calculated
for the three samples based on PXRD patterns. For this, the Debye-Scherer (D = %)

and Williamsom—Hall (e = At.t;%gg) relations were used [28,29], where K is the form factor
(K=0.9), A is the wavelength of X-ray (1.54056 A) CuK« radiation, B is the full width at
half maximum of the diffraction peak, and 6 is the Bragg’s angle. According to the calcu-
lations for the average crystallite size value, the following sequence was observed: L-thr
(D =43.48 nm) > L-thrDy5 (D = 41.73 nm) > L-thrDy10 (D = 40.45 nm). For the lattice mi-
crostrain, an inverse behavior was analyzed, where L-thr (¢ = 0.18%) < L-thrDy5 (e = 0.21%)
< L-thrDy10 (e = 0.23%). These data indicate that the increase in the concentration of Dy>*
ions in the L-thr lattice induces a greater lattice microstrain. This process entails numerous
defects in the crystal lattice and stress within the structure, which generates a reduction in
the average crystallite size for samples containing Dy>* ions.

Similar results are reported in the literature for L-thr crystals containing Ce3* jons [30].
However, the L-ThrCe sample (10% by mass) showed a higher average crystallite size
(D =42.5 nm) and a higher lattice microstrain (¢ = 0.25%) compared to L-thr crystals con-
taining Dy>* ions. Since the cerium atom (2.42 A) has a larger atomic radius than the
dysprosium atom (2.31 A), Ce>* ions induce more significant defects in the L-thr structure
than Dy>* ions.
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To provide more details on how Dy3* ions interact with L-thr molecules in the unit
cell of the matrix, an additional computational approach based on Hirshfeld surfaces was
conducted, as presented in Figure 4. The illustrated three-dimensional map is identified in
terms of the distances from a given point on the generated surface to the nearest external
atom (de) and internal atom (d;), as well as the van der Waals radius (ryqw) [31]. The
surface is mapped in a color gradient associated with the intensity of each intermolecular
interaction: white represents contacts equivalent to ryqw, blue indicates contacts with
distances greater than ry 4y, and red signifies contacts with distances shorter than ryqy. The
purple dashed lines represent the dominant intermolecular interactions in the crystal lattice.
From a quantitative analysis, it was identified that the contacts present in the structure are
of H---O/0---H,H:--H, C.--H/H---C, and O---O origin, with contribution percentages of
51.8%, 45.2%, 2.6%, and 0.4%, respectively. In other words, as Dy?’Jr ions occupy interstitial
sites in the L-thr unit cell, the interaction occurs with the molecules through the H and
O atoms (mapped in red) present in the NHj3 (amine group), COOH (carboxyl group),
and OH (hydroxyl group). Predominantly, in organic or semi-organic crystals, these
detected interactions are frequently observed due to the presence of functional groups
such as carbonyl, carboxyl, and hydroxyl, as also observed in the compounds dichloro-
bis(theophylline)-copper(ll) and nicotinamide-tetradecanoic acid [27,32].

H-bonds @ O

Figure 4. L-thr unit cell mapping the main molecule through 3D Hirshfeld surface along the b-axis.
Gray circles: carbon, blue circles: nitrogen, red circles: oxygen, and white circles: hydrogen.

3.3. Thermal Analyses

Figure 5 presents the TG and DTA curves obtained for pure L-thr crystals and those
containing Dy>* ions, over the temperature range of 30 to 600 °C. Up to 210 °C, no mass
loss was observed for the L-thr sample; however, the L-thrDy5 and L-thrDy10 samples
showed a slight increase in thermal stability, at 212 and 214 °C, respectively. Beyond this,
all crystals exhibited a significant mass loss in the TG curve up to 300 °C, indicating the
thermal decomposition of the organic compounds. The DTA curve shows a sharp peak
around 259-261 °C, indicating the melt-decomposition process of the crystals. Heating
at this temperature causes the rupture of chemical bonds between the L-thr molecules,
leading to the fragmentation of the compounds within the crystal lattice. Additionally,
an endothermic event was observed between 300 and 550 °C for the L-thrDy10 crystal,
which may be related to the oxidation process of Dy>* ions in the structure [33]. The results
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show that Dy>* ions (up to 10% by mass) do not directly affect the thermal stability of the
L-thr crystal.
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Figure 5. TG and DTA curves of L-thr, L-thrDy5 and L-thrDy10 crystals.

3.4. FT-IR Spectroscopy Studies

Figure 6 presents the FI-IR absorption spectra for L-thr, L-thrDy5, and L-thrDy10
powdered crystals, recorded under vacuum conditions in the 400 to 4000 cm~! range.
As observed, there are no major differences between the three spectra, reinforcing the
hypothesis suggested by the PXRD data that Dy>* ions likely occupy interstitial centers
within the crystal structure. These ions bind to the atomic arrangement through lower-
energy peripheral bonds, such as hydrogen bonds or London dispersion forces. This
process does not cause significant structural changes but does alter the intensities of the
characteristic bands of functional groups involved in intramolecular bonds, such as the
NH3" and COO™ groups. Furthermore, the presence of interstitial ions in the host matrix
can increase the strength of the hydrogen bonds, which are crucial for the formation of the
crystal structure [34,35].

In the high wavenumber region, the low-intensity vibrational modes located at 3167,
2976, and 2872 cm ™! (L-thr); 3170, 2975, and 2871 cm ™! (L-thrDy5); and 3167, 2975, and
2873 cm ™!, are associated with NHz and OH groups antisymmetric stretching (v,) move-
ments [20]. In addition, the absorption band centered at 2050 cm ! is characteristic of
motions from the NHj3 group, belonging to the L-thr molecule [36]. Complementarily,
around 1651 and 1626 cm ™!, there is a doublet associated with the carboxyl-group v,-
vibrations [30]. On the other hand, in the spectral range between 1480 and 1380 cm ™!,
the bands corresponding to the antisymmetric deformations (8,) of the methyl group are
located [34]. The low wavenumber bands correspond to the CO,-group deformation (5)
vibrations with contributions from the COH groups, and are arranged at 769, 747, 701, and
560 cm ! [22,33].
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Figure 6. FT-IR absorption spectra of L-thr, L-thrDy5, and L-thrDy10 powdered crystals.

3.5. Raman Spectroscopy Studies

Figure 7a presents the Raman spectra recorded at room temperature for L-thr, L-
thrDy5, and L-thrDy10 powdered crystals in the spectral region of 40-250 cm~!. Generally,
bands below 200 cm ™! in amino acids are associated with vibrational modes corresponding
to intermolecular interactions that couple with hydrogen bonds present in the crystal
(lattice modes), as also observed for the amino acids B-Alanine, glycine, and histidine in
Raman spectroscopy studies of coordination compounds and organics salts [37-39]. In
this interval, the bands centered around 46, 72, 99, 105, 131, and 156 cm~! for the L-thr
sample are slightly shifted to major wavenumbers compared to samples without Dy>*
ions. Additionally, variations in intensity are observed for different bands throughout the
Raman spectrum. These spectral changes are attributed to the presence of Dy** ions in
the L-thr matrix. Furthermore, as previously discussed, the insertion of the lanthanide
ion into the lattice exerts a pressure effect on the unit cell, indirectly affecting hydrogen
bonds. Complementarily, the variation in scattering intensity between the samples can
be explained by defects generated in the crystalline structure due to the introduction of
impurities, as noted in other studies [40,41].

In the three crystals, the vibrational modes observed between the 200 and 1700 cm !
range are associated with intramolecular vibrations corresponding to the deformation
(6) and stretching (v) motions of the L-thr molecular structure (Figure 7a,b) [42-45]. For
the L-thr crystal, the bands centered around 215, 380, 568, and 876 cm~ ! were assigned
to T(NHj3)—torsion, 6(CCO)—bending, p(CH3z)—rocking, and §(CO;)—bending motions,
respectively [36]. However, in the L-thrDy5 and L-thrDy10 crystals, these modes undergo a
slight red shift due to the presence of Dy>* ions in the crystal structure. Based on these data,
itis observed that the concentration of impurities inserted into the L-thr matrix did not cause
significant changes, supporting the hypothesis that Dy>* ions occupy interstitial positions
within the L-thr crystal. Nevertheless, a high-intensity band is observed around 564 cm ™!
for the L-thrDy5 and L-thrDy10 crystals, associated with the T(CO;) motion [30,46]. This
same mode was also observed for the L-thr crystal but with a lower scattering intensity.
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It is possible that the Dy®* ions interact with the L-thr molecule through hydrogen bonds

with the functional groups of the amino acid, favoring some molecular vibrations.

(a)
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Figure 7. Raman spectra of L-thr, L-thrDy5, and L-thrDy10 crystals in the (a) 40-250 cm~!,
(b) 250-1700 cm ™!, and (c) 2600-3600 cm 1.
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Still in this region, the majority, only changes in intensity were observed in almost
all bands due to the presence of Dy** impurities in the L-thr matrix. The vibrational
modes associated with CH; group, 6(CHy), are located around 870, 929,1113, 1249, 1340,
and 1451 cm~! [47]. Furthermore, the highest intensity band centered at 1338 cm~! was
designated as a CH-group rocking, p(CH) [48]. The vibrational modes in the range between
1500 and 1700 cm ™! are assigned to v(C=0) and §(NH3) vibrations, according to the
literature [43].

In the region of high wavenumber recorded between 2600 and 3600 cm ™!, ten vi-
brational modes are presented for L-thr, L-thrDy5, and L-thrDy10 crystals. The bands
located in this range are characteristic of stretching movements from the methyl and amine
groups [33,49].

For comparative purposes, the FT-IR and Raman spectra of the precursor compound
(Cl3Dy-5H,0) associated with Dy>* ion impurities were measured, as presented in Figure S1
of the Supplementary Material. In summary, five distinct vibrational modes were observed:
stretching modes of v,(H,0) and vs(H,0) (above 3000 cm 1), §(H,0) (1600-1800 cm 1),
v(CI-Cl) (600-800 cm 1), and v(Dy-Cl) (600400 cm ') [50].

3.6. Optical Absorption and Photoluminescence Analysis

Figure 8a shows the optical absorption spectra recorded in the spectral range from 230
to 950 nm for L-thr, L-thrDy5, and L-thrDy10 crystals. As observed, the L-thr sample does
not exhibit any electronic transition bands in the ultraviolet—visible region, except for a
low-intensity shoulder at 330 nm, characteristic of amino acid compounds. This evidence
confirms the optical transparency of the L-thr crystal, making it suitable as a host matrix
for ionic doping and the introduction of impurities aimed at light emission. In contrast,
the L-thrDy5 and L-thrDy10 crystals exhibit several absorption bands with intensities that
increase with the concentration of Dy** ions in the L-thr matrix. All bands are associated
with electronic transitions from the °Hjs /2 ground state to various excited states. The
optical spectra consist of eight absorption bands centered around 327, 352, 366, 389, 453,
757, 808, and 914 nm, corresponding to transitions 4M17/2, 6P7/2, 6P5/2, 4F7/2, 4115/2, 6F3/2,
®Fs,,, and ®F7, [51-54], respectively. These transitions originate from the interaction of
Dy®* ions with the L-thr crystal lattice. Furthermore, the inset of Figure 8a shows the
absorption spectrum of the compound Cl3;Dy-5H,0O with all band designations performed.
Comparing the spectra involving the Dy>* ions, it is observed that in the one associated
with the precursor compound, more bands are detected; however, when interacting with
the L-thr matrix, some are favored and others are suppressed, due to the influence of the
crystal field on the structure.

Figure 8b shows the excitation spectra monitored around 575 nm for pure L-thr crystals
and those containing Dy>* impurities in the 310-450 nm spectral range. The large band
located around 315 to 375 nm is associated with the overlapped electronic transitions of
the Dy3+ ion due to the de-excitation process °Hjs /2 — M, /2 (330 nm), op, /2 (350 nm),
and °Ps /2 (366 nm) [55]. The two peaks near 385 and 422 nm correspond to the excited
state transitions “F;,, and *I;5,,, respectively [56]. As observed, the intensities of all the
excitation bands increase with the presence of Dy®* ions. Additionally, no excitation peak
with these characteristics was observed for the pure L-thr crystal.

Complementarily, the emission spectra under 385 nm excitation for L-thr, L-thrDy5,
and L-thrDy10 crystals are shown in Figure 8c. For crystals containing Dy>* ions, three
bands located around 554, 575, and 662 nm were observed, associated with light emission
in the green (4F7/2 — 6H11/2), yellow (4F9/2 — 6H13/2), and red (4F9/2 — 6H11/2) regions,
respectively [57,58]. The electronic transition 4F, /2 —0H;, /2, corresponding to yellow light
emission, is hypersensitive (AL = 2, A] = 2) to the host environment into which the Dy3+
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ions are inserted [59]. This explains the small difference observed between the positions
of the bands for the L-thrDy5 and L-thrDy10 crystals. It is likely that the Dy*>* impurities
introduced into the L-thr matrix interact with the main molecule through the functional
groups present in the amino acid, such as hydroxyl and carboxyl groups, resulting in a
direct influence of the crystal lattice on the electronic transitions of the Dy>* ions. Moreover,
the intensity of the bands is proportional to the concentration of Dy>* ions added to the
L-thr lattice. As with the excitation spectrum, no band corresponding to the excitation
source was observed for the pure L-thr crystal.

I°H, — o> _
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Figure 8. (a) UV-Vis spectra of L-thr, L-thrDy5, and L-thrDy10 crystals. Inset: absorption spectrum of
the compound Cl3Dy-5H,0. (b) Excitation spectra of L-thr crystals and Dy>* containing obtained at
Aem = 575 nm. (c) Emission spectra of L-thr, L-thrDy5, and L-thrDy10 crystals exited at Aex = 385 nm.
(d) CIE chromaticity diagram.

Dy?®* ions can produce white light through the combination of their emission bands
and an appropriate ratio among their intensities. The relationship between the ions and
the host matrix is also crucial for achieving the desired light emission color. The emitted
light color from the material can be confirmed by the chromaticity diagram [60], which
converts X, Y, and Z chromaticity coordinates to a red-green-blue system. Figure 8d shows
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the CIE 1931 diagram obtained for L-thrDy5 and L-thrDy10 crystals. As observed, both
crystals presented different chromaticity coordinates due to the varying concentrations
of Dy** ions in the L-thr matrix. The L-thrDy5 crystal exhibited values of x = 0.4156 and
y = 0.4023, which, when combined, are associated with the emission of yellow-orange light.
Similarly, for the L-thrDy10 crystal, the values of x = 0.3803 and y = 0.3845 were obtained,
corresponding to the emission of yellow light close to white.

Using the corresponding CIE chromaticity coordinates obtained for the L-thrDy5
and L-thrDy10 crystals, it was possible to estimate the CCT by McCamy’s mathematical
relationship [61]:

CCT = —4491> + 35251 — 6823.3n + 5520.33 )

where n= (x — 0.3320)/(y — 0.1858). Substituting (x, y)= (0.4156, 0.4023) for the L-thrDy5
crystal and (0.3803, 0.3845) for the L-thrDy10 crystal, the CCT values calculated were
around 3385.5 and 4063.9 K, respectively. The extracted CCT values indicate that the
crystals present a neutral light comfortable to the human eye. Based on the spectroscopic
data obtained, L-thrDy5 and L-thrDy10 crystals can be considered promising candidates
for applications in modern optical devices, due to their properties of light emission in the
visible region and their CCT.

4. Conclusions

In this paper, L-thr crystals with varying concentrations of dysprosium were success-
fully grown using the solvent slow evaporation method. PXRD measurements confirmed
the crystalline nature of the samples and the P2;2;2;-space group, which belongs to the
orthorhombic symmetry. Furthermore, it was observed that the volume of the L-thr unit cell
underwent structural expansion with the increase in Dy>* ion concentration in the crystal
lattice. Dy>* ions likely occupy interstitial spaces within the crystal lattice, as the L-thr
unit cell has a void volume of 40.33 A% (7.42%), allowing these impurities to occupy void
positions and interact with the main molecule through intermolecular forces. Furthermore,
analysis using the Hirshfeld surface suggests that the cations embedded in the matrix inter-
act with the primary molecule through contacts involving the COOH, NH3, or OH groups.
FT-IR and Raman spectra revealed that the impurities were introduced interstitially into the
host matrix, interacting with the main molecule through low-energy secondary bonds. The
thermal stability of the L-thr amino acid slightly increased with the insertion of Dy>* ions
into the samples. Optical analysis in the UV-Vis region showed eight absorption bands
in the L-thr crystalline matrix, attributed to transitions from the *Hjs /2 ground state to
various excited states of Dy>* ions. The L-thrDy5 and L-thrDy10 crystals, under excitation
from a source of electromagnetic radiation at around 385 nm, produced light emission with
three bands located at approximately 554, 575, and 662 nm. Additionally, it was observed
that increasing the concentration of Dy>* impurities resulted in increased intensity of the
emission bands. The CIE diagram indicated that L-thr samples containing Dy** ions can
produce light near the white region, with the coordinates of the sample containing 10% wt
of Dy>* located closer to the ideal white. These data suggest that L-thrDy5 and L-thrDy10
crystals are promising candidates for applications in optical devices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/qubs9010003/s1, Figure S1: Experimental (a) FT-IR and (b) Raman
spectra recorded at room conditions for the C13Dy.5H,0 compound.
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