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Abstract

A new class of Ln(IlI) Schiff base (SB) complexes has been synthesized with the general
formula [LnL(hfac)s], where Ln = Tb (TbL), Eu (EuL), Sm (SmL) or Gd (GdL). The molec-
ular structure of the complex was determined using the X-ray diffraction method. The
IR spectra show that the C=0 stretching is shifted from 1695 cm~! in pure PMMA to
1719-1724 cm~! in LnL-PMMA hybrid materials. This means that LnL materials are suc-
cessfully embedded into the PMMA backbone in the polymeric films. However, the Ln(III)
SB complexes exhibit emission spectra that cover the visible region. The TbL complex
displays an intense green emission combined with a large emission lifetime of 0.505 ms.
However, the incorporation of Ln-SB complexes into PMMA (polymethylmethacrylate)
polymeric films was investigated. The thermal stabilities of the LnL-PMMA hybrid materi-
als increased from 140 to 250 °C when compared with the LnL-5B complexes. Furthermore,
their luminescence intensity and lifetimes were also enhanced due to their induced struc-
tural rigidity. The molecular interactions of the LnL complexes with the PMMA matrix
were monitored by investigating the luminescence properties of EuL-PMMA. Detailed
photoluminescence studies showed insights into the non-radiative rates and improved
quantum yields (Qg, = 23%) from Eu(Ill). Furthermore, the higher values of Judd-Ofelt pa-
rameters (), and ()4 indicate strong hydrogen bonding interactions between L and PMMA.
Nevertheless, these significant optical properties enable LnL-PMMA polymeric materials
as colored phosphors for the design of opto-electronic devices.

Keywords: luminescence; Lanthanides; PMMA; crystal structure

1. Introduction

Trivalent lanthanide coordination compounds doped on hybrid materials are of con-
siderable interest for their unique and distinctive optical [1] and mechanical properties [2].
These materials have a wide spectrum of applications in various fields of modern technol-
ogy such as white light emission [3], optical sensing [4], and medical diagnostics [5,6]. In
fact, polymeric films provide an excellent platform for the design of new lanthanide(III)
hybrid materials with improved flexibility, mechanical strength and thermal stability [7-9].
Many contributions have widely explored the use of polymeric films prepared from a ma-
trix made of polystyrene (PS), poly(acrylonitrile) (PAN), PMMA, polyvinyl butyral (PVB)
or polysulfone (PSF). These studies suggest that the in situ polymerization of lanthanide(III)
ions into polymeric hybrid materials is stabilized by extensive weak non-covalent bonds,
including hydrogen bonds or p-stacking interactions between the metal complex and the
matrix film [10]. In particular, these materials have proven their effective applications in
thermal and optical devices, such as solar energy cells [11].
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Within the class of luminescent lanthanide(III) materials, the design of organic chro-
mophores for the sensitization process of the parity-forbidden f-f transitions is a challenge
for researchers. In fact, Schiff base (SB) ligands continue to draw considerable interest
from researchers as sensitizers for lanthanide(III) metals because of their effectiveness as an
energy-harvesting antenna [12]. Ln-SB complexes are easy to synthesize, but unfortunately,
their poor thermal stability limits their practical applications. Therefore, the combination
of Ln-SB complexes into PMMA polymeric films has become a feasible alternative for the
design of lanthanide(III) materials with enhanced thermal stability [13,14]. Polymeric films
from PMMA are easily prepared. The carbonyl groups of PMMA can interact with the
Ln-SB complex to form a rigid polymer [15]. In addition, their emission intensities and
luminescence lifetimes can be easily modulated. For instance, Pirriera et al. successfully
prepared a Eu(Ill)/PMMA polymer that possesses induced luminescence due to enhanced
rigidity from dipole-dipole interactions within the polymer [16]. Furthermore, Sarkar and
co-workers investigated luminescence properties of co-doping Sm(III), Tb(III) complexes
into PMMA films to generate white light emissions. It was argued that the suppression of
the aggregation-induced quenching is the main cause of the controlled light emission [17].

The present work reports the preparation of new lanthanide(IlI) complexes from the
SB ligand L, benzoic acid (di-pyridin-2-yl-methylene)-hydrazide, and the ancillary ligand
hexafluoroacetyl acetonato, hfac, as shown in Scheme 1. The formula of the Sm(III) complex
was determined by X-ray crystallography to be [LnL(hfac);], where Ln = Sm, Eu, Gd and Tb.
With the objective of investigating the effect of polymerization on the photo-luminescence
properties of the metals, the Ln-SB complexes were further incorporated into PMMA
polymeric films at 2% (w/w) to produce highly luminescent hybrid materials. Limiting
the dopant to 2% (w/w) was sufficient to manipulate the optical properties of the PMMA
matrix without severely disturbing the polymer’s chain packing. It is expected that the
pyridine substituent on ligand L will interact with PMMA via weak H bonding interactions
and hence will modify their structural rigidities in the solid state and consequently the
luminescent properties of the hybrid materials. The work also focused on the thermal
stability of the free complexes and the hybrid materials.
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Scheme 1. The synthetic route for the Ln(IIl) SB complexes LnL (Ln = Sm, Eu, Gd and Tb).

2. Results and Discussion
2.1. Synthesis and Structure Characterization

A class of Ln(Il) hydrazine complexes, where Ln = Sm, Eu, Gd and Tb, was success-
fully synthesized, and their formulae were confirmed by X-ray crystallography (Figure 1)
and mass spectroscopy (Figure S1). An illustration of the synthetic routes for the complexes
is shown in Scheme 1. Complexation of ligand L with Ln(hfac);-nHO, where Ln = Sm, Eu,

https://doi.org/10.3390/ cryst16080548


https://doi.org/10.3390/cryst16080548

Crystals 2026, 16, 548

30f17

Gd and Tb, yielded mononuclear compounds. Pale yellowish blocks of [SmL(hfac)s] (SmL)
were obtained by slow air diffusion of the reaction mixture within a week.

(b) (&

Figure 1. (a) Presentation of the molecular structure of [SmL(hfac);] (SmL). (b) View of the coordi-
nation polyhedral around Sm(III). (¢) Packing diagram of the complex exhibiting weak H bonding
interactions to form an infinite network along the bc-plane.

Infrared results: The infrared (IR) spectra of the SB ligand L and its complexes in
the solid state are presented in Figures S2-56. The imine (C=N) absorption was found at
1526 cm ™!, while the C=0 group appeared at 1682 cm~!. The N-H bond appeared broad
at 3539 cm !, indicating hydrogen bonding interactions with the attached pyridyl unit of
L. However, the LnL complexes show similar stretching bands and intensities to the free
ligand. The stretching frequency of the coordinating carbonyl group (C=0) in LnL appeared
at 1650 cm~!. In contrast, the COO~ groups from the coordinating b-diketone ligands
exhibit an asymmetric stretching vibration at ~1468 cm~!. Nevertheless, the IR spectra for
the LnL-PMMA polymers were also investigated, as presented in Figure S3. Essentially,
the spectra have similar peak positions to the LnL complexes, and the only observed
differences appear mainly in the peaks’ intensities, combined with a new band around
1719-1724 cm~! that contributes to the C=0 vibrating band of PMMA. C=0 stretching is
observed at 1695 cm~! in pure PMMA, which shifts to 1719-1724 cm ! in the polymeric
hybrid materials. This means that LnL is successfully embedded into the PMMA backbone
through molecular interactions with the oxygen atoms of the carbonyl group in PMMA [14].
Interestingly, a sharp band appeared at 29372948 cm~! from the N-H bond in LnL. This
behavior indicates hydrogen bonding interactions between PMMA and the attached pyridyl
unit in L, leaving the N-H bonds alone [18].

Crystal structure of SmL: The complex crystallizes in the monoclinic space group
P2 /n. The crystallographic refinement data for the reported structure, the Sm(III) complex,
are shown in Table 1. The asymmetric unit comprises the complex molecule of [SmL(hfac);].
The Sm(III) ion is in a nine-coordinate environment of SmN,Oy, bound to ligand L, NNO
and three chelating hfac units, as shown in Figure 1a. The coordination geometry surround-
ing Sm(III) is defined as a distorted capped square antiprism with C, symmetry around the
metal core. The ligand and three hfac units are twisted against each other in a facial fashion.
Interestingly, the complex exhibits internal H bonding interactions between the amine

https://doi.org/10.3390/ cryst16080548


https://doi.org/10.3390/cryst16080548

Crystals 2026, 16, 548

40f17

proton (N-H) and the pyridyl substituent, where NH- - - N, equals 1.957 A. However,
variable bond distances around Sm(III) are observed within the complex, as shown in
Table 2. The Sm—Oy¢,. bond distances are in the range of 2.387(6)-2.461(5) A and are shorter
than those of the Sm—N bonds, 2.623(6) and 2.656(6) A. The Sm-O,. bond is 2.419(5) A.
Interestingly, the packing diagram of SmL in Figure 1b exhibits variable weak interactions

between the molecules. There are detectable H bonding interactions of pyH- - - F (3.065 A)
and pyH- - - O (2.683 and 2.935 A) between the aromatic rings of the ligand and the hfac
units. The repeated molecules create an infinite network along the be-plane, with no clear

evidence of voids in the crystal lattice.

Table 1. Crystal data and structure refinement for SmL.

Identification Code SmL
Empirical formula Cs3H17F18N4O75m
Formula weight 1073.85
Temperature (K) 297(2) K
Wavelength (A) 0.71073 A
Crystal system Monoclinic
Space group P2;/n
a(A) 11.820(2)
b (A) 19.070(4)
c (A) 19.350(4)
x (%) 90
B () 106.80(3)
v (©) 90
Volume (A3) 4175.5(16)
Z 4
Density (calculated) (Mg/m?) 1.708
Absorption coefficient (mm™1) 1.535
F (000) 2092
Crystal size (mm?) 0.210 x 0.180 x 0.170
Theta range for data collection (°) 2.108 to 27.497
Index ranges —11<h<15,-24<k<24,-25<1<25
Reflections collected 32,203
Independent reflections 9567 [R(int) = 0.1237]
Completeness of data 99.5%

Refinement method

Full-matrix least-squares on F?

Data/restraints/parameters

9567/1/577

Goodness of fit on F2

0.984

Final R indices [I > 2 sigma(I)]

R1 =0.0584, wR2 = 0.1345

R indices (all data)

R1 =0.1640, wR2 = 0.1793

Extinction coefficient 0.0029(3)
Largest diff. peak and hole (e.A~?) 0.637 and —0.724
CCDC deposition number 2,502,637
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Table 2. Bond lengths [A] and angles [°] for SmL.

Sm(1)-0(1) 2.419(5) Sm(1)-0(6) 2.414(5)
Sm(1)-0(2) 2.427(5) Sm(1)-0(7) 2.461(5)
Sm(1)-0(3) 2.403(6) Sm(1)-N(1) 2.656(6)
Sm(1)-O(4) 2.419(5) Sm(1)-N(2) 2.623(6)
Sm(1)-0(5) 2.387(6)
O(5)-Sm(1)-0(3) 77.1(2) O(5)-Sm(1)-O(4) 69.9(2)
O(5)-Sm(1)-0(6) 69.4(2) O(3)-Sm(1)-O(4) 73.61(19)
O(3)-Sm(1)-0(6) 98.79(19) 0(6)-Sm(1)-O(4) 139.3(2)
O(5)-Sm(1)-O(1) 136.9(2) O(1)-Sm(1)-O(4) 71.72(19)
0(6)-Sm(1)-O(1) 145.82(19) O(5)-Sm(1)-0(2) 124.5(2)

Thermogravimetry Analysis

The thermal stabilities of the Ln(III)-SB complexes and their PMMA polymeric films
were investigated. The thermogravimetric analysis (TGA) of TbL, EuL and SmL was per-
formed under an inert N, atmosphere, and the results are shown in Figure 2 (left). The TG
curves show three main mass loss steps. The first major weight loss stage begins at 140 °C.
A gradual mass loss of ~20% likely corresponds to initial decomposition of hfac units. The
second major weight loss step takes place between 340 and 550 °C. A sharper drop in mass
to ~50% represents the main ligand decomposition step. Finally, all the complexes undergo
continuous weight loss down to 30%, leaving behind lanthanide oxide residues. However,
the LnL-PMMA polymeric films show promising thermal properties. The TGA curves
for the polymers exhibit one abrupt mass loss at 250 °C, which is extensively beyond the
decomposition temperature of LnL complexes. This fact reveals that the LnL complexes are
embedded in the PMMA polymer matrix by the H bonding interactions between LnL and
the oxygen atoms of C=0 in the PMMA polymer, as seen previously [18]. In conclusion,
LnL-PMMA polymeric films have higher thermal stability compared to undoped LnL
complexes, leading to interesting applications in opto-electronic devices.

110 110
—Eul . ——PMMA
100 \ —ThL o | — ——Eu-PMMA
90 \ SmL \ Th-PMMA
Sm-PMMA
L & . 70
£ 70 £ s
v ‘v
2 €0 2
30
50
" < \
¥
30 T T T -10 T T T
20 220 420 620 20 220 420 620
Temperature (°C)

Tempreture (°C)

Figure 2. (Left): The TGA curves of LnL complexes. (Right): The TGA curves of LnL-PMMA
polymers, where Ln = Eu, Tb and Sm. All these data were recorded under an inert N, atmosphere.
2.2. Photophysical Study

The photophysical features, such as absorption and emission spectra, lifetime measure-
ments (Tpn) and quantum yields (Qry), of the Ln(IlI) complexes and their PMMA polymeric
films are presented in Table 3.
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Table 3. Summary of the photophysical data for the Ln(III) SB complexes and their PMMA polymeric
films at RT.

Amax/nm

Compound (£/10° M1 cm-1) [a] Aem/nm [P Tops/ms [P] %QEy P!

L 318 (5.9) - - -
TbL 319 (27.3), 382 (11) 490, 545, 585, 620 0.505 -

EulL 320 (4.1),385 (2.2) 579, 529, 616, 651, 696 0.349 8%
SmL 319 (39.5), 387 (8.8) 563, 593, 643,712 0.0019 -
GdL 321 (6.2), 385 (2.0) 456 - -
GdLN 328 (6.8), 390 (3.5) 462 - -
TbL-PMMA 309 (1.8), 381 (0.84) 490, 546, 588, 621 0.557 -

EuL-PMMA 310 (1.9), 380 (1.2) 580, 593, 613, 674, 698 0.385 23%
SmL-PMMA 307 (1.9), 382 (0.57) 564, 610, 649, 717 0.064 -
GdL-PMMA 312 (1.8), 381 (0.59) 455 - -

[a] ITn MeOH at RT, standard error < 2%. [Pl In the solid state at RT, the estimated standard
error is < 3%.

Absorption spectroscopy: The absorption spectra of ligand L and its Ln(III) complexes
in methanol (10~ M) are shown in Figure 3a. The ligand shows a broad intra-ligand charge
transfer band (ILCT) centered at 318 nm. Upon complexation with the Ln(III) metals, the
spectra for the LnL complexes are alike and exhibit an intense ILCT absorbance band
around 320 nm. In addition, a new lower-energy band centered at 385 nm appeared that
is attributed to the ligand-to-metal charge transfer (LMCT) state [19]. Interestingly, upon
doping the LnL complexes into PMMA, the polymers exhibit a blue shift of the ILCT to
310 nm, in combination with a slightly blue-shifted LMCT band to 380 nm, as shown
in Figure 3b.
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Figure 3. The UV /Vis absorption spectra of (a) ligand L and its Ln(III) SB complexes and (b) the
LnL-PMMA polymers in MeOH at 298 K.

Photophysical properties of ligand L: In order to determine the main sensitizer
of the Ln(IIl) metal, viz the [hfac]” unit or ligand L, we recorded the phosphorescence
spectra of three Gd(III) complexes: mainly [GdL(hfac)s] (GdL), [GAL(NO3)3] (GALN) and
[Gd(hfac)3(H20);]. The emission spectra of the three Gd(III) complexes were recorded
experimentally in ethanol at 77 K and are shown in Figure S7. We decided to excite the
three GA(III) complexes at the low-energy band at 385 nm. This band does not appear in the
absorption spectrum of the [hfac]™ unit [Figure S8a]; consequently, it reflects the electronic
structure of the coordinating SB ligand, L.
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Interestingly, the excitation of [GAL(INO3)s] reveals an intense band that is centered
at 460 nm (21,700 cm 1), as shown in Figure S8b. In contrast, [Gd(hfac)3(H,O),] shows a
very weak band centered at 510 nm (19,600 Cm’l). Nevertheless, the mixed-ligand complex
[GdL(hfac)3] (GdL) exhibits a broad band centered at 456 nm (21,900 cm~1). Based on these
findings, we deduce that the triplet state energy (T) of the Schiff base ligand L is the main
source of the luminescence band in the mixed-ligand complex [GdL(hfac);] (GdL) [20,21].
The T emission band is blue-shifted to 456 nm as a result of the coordinating [hfac]” and L
in GdL, leading to a delocalized p-aromatic excited state [22].

Furthermore, the singlet state energy (S1) of ligand L in GdL is found at 25,900 cm !
(385 nm). The energy difference between the S; and T; states is about 4000 cm~!, sig-
nifying that an effective intersystem crossing (ISC) takes place during the sensitization
process [12]. However, doping LnL into the PMMA matrix has subsequent effects on the
triplet excited state energy (T7) of ligand L. The investigated phosphorescence spectrum
of the GAL-PMMA polymer recorded in ethanol at 77K is shown in Figure S8c. The T,
state energy is calculated to be 21,900 cm~! (455 nm), exhibiting no changes from the
original GAL complex.

DFT calculations: The time-dependent DFT calculations for ligand L were performed
at the UAPFD level with a 6-311 + g(2d,p) basis in the gas phase. The frontier orbitals
(LUMO and HOMO) of the ligand are shown in Figure 4. The electron density of the
HOMO orbitals of the ligand is mainly located on the pyridyl rings, and the LUMO orbitals
are located on the whole ligand’s backbone. The lower-energy Sy — S transition (HOMO
to LUMO) equals 338.40 nm (3.66 eV), as shown in Table 4. These transitions are due to
intra-ligand charge transfer transitions, ILCTs. However, the calculated T; state for L is
567.81 nm (2.18 V). The LUMO orbitals of the excited T; transitions are mainly found along
the ligand’s backbone, primarily on the donor atoms. Coordination to the Ln(III) metals will
certainly proceed to an efficient energy transfer process through the Ty — *f pathway.

Singlet state Triplet state

Figure 4. Molecular orbital plots of the HOMO and LUMO orbitals of the singlet and triplet state
levels of ligand L in the gas phase.

Metal-centered luminescence: The excitation and emission spectra of the Ln(III) com-
plexes SmL, EuL and TbL in the solid state at RT are shown in Figure 5. Interestingly, under
a UV lamp, all the complexes exhibit an intense colored light emission from the lanthanide
ion. The excitation of TbL at 382 nm shows green emission from the characteristic lumi-
nescent °Dy; — “Fg.5 transitions. The luminescent lines are made from the combination of
magnetic and electric dipole transitions within Tb(III); therefore, no possible indication of
the coordination environment of Tb(III) could be seen. However, the energy gap between
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the Ty state and the lowest excited state of Tb(IIT), AE(T;— °Dy), equals 1500 cm~!. This
amount of energy perfectly initiates the sensitization process of the metal and eliminates
non-radiative processes; hence, it explains the intensive emission from Tb(IlI) [23]. The
energy transfer pathways are shown in the Jablonski diagram in Figure 6.

Table 4. Summary of the calculated electronic transitions for ligand L at the optimized ground state
geometry of UAPFD with a 6-311 + g(2d,p) basis in the gas phase.

Excited Alnm Ener . . .-
8 Transition f Main Contributions
State Exp. (eV)
S 338.40 366 So—S1 0.2559 HOMO(A)~™ — LUMO(A) (47%),
So— Sy HOMO(B)~ — LUMO(B) (47%)
T 567.81 2.18 T1 — S
(a)
1,400,000
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21,000,000
2
8
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o H
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Figure 5. The excitation and luminescence spectra of the Ln(Ill) complexes (a) TbL, (b) EuL
and (c) SmL in the solid state at room temperature.
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Figure 6. Schematic energy level diagram of the sensitization pathway for Tb(III), Eu(III) and Sm(III)
centers via T; of ligand L.

The excitation of EuL at 385 nm exhibits intense red luminescence from the
5Dy — “Fo4 transitions. To comprehend the sensitization mechanism, the energy gap
between the lowest excited state of Eu(III) and the T state, viz AE(T;— °Dy), is calculated.
The AE(T;-°Dy) gap is 4400 cm~!. Again, this amount of energy for Ty (21,900 cm ') is
too high to effectively deactivate any non-radiative processes from the °Dy level of Eu(III).
Therefore, the energy transfer to Eu(Ill) is not effective.

In contrast, the excitation of SmL at 387 nm exhibits weak luminescence from the
4G5 /2 —> 6Hj (G=5/2,7/2,9/2 and 11/2) transitions. Interestingly, the electric dipole transition
of 4D5 , — ®Hy /, appears split at 643 nm. In order to comprehend the sensitization mechanism,
the energy gap between the lowest excited state of Sm(III) and the T; state, viz AE(T1— 5Gs /2) is
calculated. The AE(T;-5Gs /2) gap is 4200 cm ™. This means that the T; value (21,900 cm™ 1) is
too high to effectively induce the radiative processes from the 5Gs /2 level of Sm(III).

The excitation spectra of the LnL SB complexes were also investigated by exciting
the metal center at the intense f-f* transitions. The spectra are essentially identical to their
respective absorption spectra, showing a weak broad band centered at 385 nm. These results
confirm the electron population in the excited Ln(III) centers by the excited T state of L [24].

The luminescence decay curves of the radiative lifetime (T,,s) for each Ln(III) center at
the intense f-f* transitions were also recorded in the solid state. The observed lifetime of
TbL from the °Dy — ”Fs transition is the longest, equaling 0.505 ms. The Tb(III) emission
is very intense due to the perfect energy match between the T; and Dy states, which
eliminates any non-radiative deactivation pathways during the excitation process. On
the other hand, EuL exhibits a shorter lifetime value of 0.349 ms at °Dy — 7F,. Lastly,
the luminescence lifetime from Sm(III) is very poor, and the Qg is almost quenched. As
discussed earlier, the energy gap between the excited Ty and °Gs, states for Sm(III) is
comparable to the energy gap between the excited T; and ®Dy states for Eu(III), viz 4400 and
4600 cm !, respectively. But unfortunately, the sensitization of Sm(III) is not efficient. In fact,
Sm(III) complexes are known to have very weak luminescence and lifetime values because
Sm(III) is more sensitive to the multi-phonon relaxation process in its complexes [25].

Ln(III)-PMMA polymeric films

The Ln(III)-SB complexes (2 wt.%) were blended in a PMMA solution to produce
transparent polymeric films. The excitation and emission spectra of the Ln(IlI)-PMMA
films in the solid state at RT are shown in Figure 7. In general, the luminescence intensity
and lifetime measurements for the PMMA polymers are enhanced. The excitation of
TbL-PMMA at 381 nm shows that the intense luminescence lines from the °D, — “F¢.,
transitions are considerably broadened. A weak broad band centered at 480 nm is observed
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due to emission from the organic PMMA polymer. However, the excitation of EuL-PMMA
at 381 nm exhibits sharp lines from the >Dy — ”Fy_4 transitions, in addition to a relatively
weak broad band from the PMMA matrix. On the other hand, the excitation of SmL-
PMMA at 382 nm exhibits luminescence lines from the *Gs /2 — 6H]- (Gj=5/2,7/2,9/2
and 11/2) transitions combined with a broad weak band from PMMA centered at 480 nm.
Nevertheless, the excitation spectra of the LnL-PMMA polymers were obtained by exciting
the metal center at the intense f-f* transitions. Generally, the spectra are also similar to their
respective absorption spectra, which confirm the energy transfer from the excited T; state
of L to the lowest excited state of each Ln(III) center.

In order to monitor the local symmetry of the Ln(III) centers and the molecular inter-
actions of the LnL complexes within the PMMA matrix, the luminescence properties of the
EuL-PMMA polymer were investigated. In fact, the electric dipole transition Dy — 7F; is
very sensitive to changes in the coordination symmetry of Eu(Ill). Meanwhile, the magnetic
dipole transition °Dy — ”Fy is not affected by such changes and could be used as a refer-
ence to monitor the photophysical changes in the °Dy — ”F, transition. The more intense
the electric dipole transition, the more nonsymmetric the environment around the metal cen-
ter [23]. The intensity ratios (1) between the intensities of °*Dy — “F,)/(°Dy — ”Fy) for
EuL and EuL-PMMA were calculated, which are equal to 12.9 and 6.8, respectively. These
values are significantly high, pointing to a non-centromeric coordination environment
around the Eu(IIl) center. The new changes in the site symmetry of Eu(Ill) in EuL-PMMA
point to new changes in the coordination polyhedron of the Eu(Ill) center. Intensive inter-
molecular interactions occur within the polymer, leading to distortions in the coordination
sphere around Eu(IlI) [26].
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Figure 7. The excitation and luminescence spectra of the doped LnL-PMMA polymers (a) TbL-PMMA,
(b) EuL-PMMA and (c) SmL-PMMA in the solid state at room temperature.

Furthermore, the luminescence decay curves for the TbL-PMMA, EuL-PMMA and
SmL-PMMA polymers at the intense f-f* transitions were recorded in the solid state, as
shown in Figure 8. It is interesting that the lifetime increased from each Ln(IIl) metal
center. To clearly understand the extent of the PMMA matrix on the energy transfer
process, we utilized the steady-state emission spectra and T,ps for EuL and the EuL-PMMA
polymer to calculate important photophysical parameters, such as the Judd-Ofelt (J-O)
parameters (()y), radiative decay rate (kr), non-radiative decay rate (knr) and intrinsic
emission quantum yield (Qgy) for the Eu(Ill) center, as shown in Table 5. The experimental
Judd—Ofelt (J-O) parameter values of (), and ()4 were calculated from the luminescence
intensity ratios of the electric—dipole transitions Dy — ”F; (J= 2 and 4) and the magnetic—
dipole transition °Dy — 7F; according to the equation [27]:

oo 3hikg [5D0 N 7FJ
oy =
320230 {5D0 — 7FI}3‘<5DOHU()‘) I 7F]> I2

where y is the Lorentz local field correction factor, x = n(n? + 2)2 /9, n is the refractive index,
¢ is the elementary charge and 7 is Planck’s constant. The quantity | (°Dg | ITUM | I7F,) |2
is the squared reduced matrix element, whose values are equal to 0.0032 and 0.0023 for
A =2 and 4, respectively [27]. The x values were calculated using the index of refraction,
n =150 and 1.49, for EuL and EuL-PMMA, respectively. Usually, large values for the (),
parameter are associated with (i) an enhanced ligand covalency, (ii) a lower local asymmet-
ric coordination environment for the Eu(IIl) center [15] and (iii) the hypersensitive nature
of the °Dy — ”F, transition [28]. The values of Q, for Eu(IIl) in EuL and EuL-PMMA equal
3.65 x 10720 cm? and 15.89 x 10720 cm?, respectively. The value of Q) for Eu(IIl) in the
doped PMMA polymer is extremely large, indicating strong hydrogen bonding interactions
between L and the oxygen atoms in PMMA. Consequently, the polarizability of the coordi-
nating ligands increases, causing stronger Eu(III)-L covalent interactions [29]. Furthermore,
the high value of (), for Eu(lll) points to an asymmetric coordination environment around
the Eu(IlI) center. These results agree with the obtained intensity ratio (ngy) values.

Table 5. Summary of the experimental photophysical parameters of the Eu(III) CPs at RT.

Q; (10720 cm?) Q4 (1020 cm?) Kg (s71) Knr (571) Kiot (s71) Tobs(s71) %QEu
EuL 3.65 2.95 216.98 2380.43 2597.41 349 8%
EuL-PMMA 15.89 8.32 661.22 2204.10 2865.32 385 23%
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Figure 8. Luminescence decay curves of TbL-PMMA at 545 nm (Green), EuL-PMMA at 613 nm (blue)
and SmL-PMMA at 610 nm (orange) in the solid state at room temperature.

The Judd-Ofelt parameter, ()4, for the Eu(Ill) center was also used to investigate
the (i) structural changes and (ii) the local electron density of the coordinating ligands [30].
The calculated Q4 parameter for EuL-PMMA similarly increased and accordingly con-
firmed the molecular packing around the complex, as well as the rigidity of the polymer.
Nevertheless, the new environment and surrounding media around Eu(Ill) in the polymer
extremely affected the radiative (Ar) and non-radiative (ANr) decay rates from the metal.
These values were determined from the emission spectra of the Eu(Ill) centers by applying
the following equations:

4
Ar =Y Ag {5D0 N 7F]]
j=0

v[°D, — 7F,] ) Area [5DO - 71—}}
v [SDO _ 71:]} Area[SD, — "F, |

AR["Dy = 7F]| = AR |°Dy - 7R ]

The Ag and Ang values grant a deep insight to the energy transfer process from
L to the excited °Dy level of Eu(Ill). For instance, the EuL complex exhibited a large
non-radiative rate of Ayg = 2380.43 s~! compared to the EuL-PMMA polymer’s rate
of Ang =2204.10 s~ 1. Furthermore, the radiative rate from the metal in EuL-PMMA,
ANR = 661.22 571, is increasing. Obviously, the PMMA matrix is involved in the energy
transfer process to Eu(Ill) [31]. The PMMA matrix would induce the overall structural
rigidity of the polymers, resulting in a rapid and intense photon population from T; to the
excited °Dy level of Eu(IIl). Consequently, the non-radiative processes are suppressed, and
more photons are relaxed to the ground state [32,33]. This behavior is further reflected in
the intrinsic emission quantum yield of (Qgy). The term is defined as the ratio between
the radiative (ARr) and the sum of the radiative (Ar) and non-radiative (Anr) decay rates
as follows:

o AR _ Tops

QEu - -
AR + ANR T

1 1

ANR = - —

N Tobs Tr

Interestingly, the intrinsic emission quantum yield of EuL-PMMA (Qg, = 23) is 3 times
more than the value of EuL (Qg, = 8). Usually, the Qg, value refers to the extent of non-
radiative transitions in the excited states during the sensitization process. The higher Qg,,
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value of the EuL-PMMA polymer reflects the vital role that the structure’s rigidity plays
in the energy transfer process [34]. Once the °Dy excited state of Eu(ll) is populated, the
induced structure’s rigidity minimizes the non-radiative deactivation pathways for Eu(III)
(lower Ayp rate); consequently, the energy transfer from L to the °Dy level of Eu(IIl) is in-
duced. Subsequently, the EuL-PMMA polymer undergoes an efficient sensitization process.
Emission colors: To estimate the capability of the LnL-PMMA polymers as phos-
phors in opto-electronic devices, their color coordinates were calculated using a CIE
1931 colorimetric diagram, as shown in Figure 9. The colorimetric coordinates are also
presented in Table S3. TbL-PMMA emits green light at CIE coordinates (0.2655, 0.4212),
while EuL-PMMA exhibits significant red emission at CIE coordinates (0.4331, 0.3091).
These results suggest that these polymers are desirable for opto-electronic applications
such as LED devices.
(a) (b)
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Figure 9. CIE 1931 chromaticity diagrams of the (a) Ln(III) complexes and (b) LnL-PMMA polymers,
all in the solid state at RT.

3. Conclusions

In summary, four Ln-SB complexes, namely, TbL, EuL, SmL and GdL, have been
successfully synthesized and thoroughly characterized. TbL is extensively luminescent due
to an efficient overlap between its excited 5D, state and the Ty (21,900 cm 1) excited states of
L. The doping of LnL complexes into the PMMA polymeric films was confirmed. Hydrogen
bonding interactions take place between the Ln-SB complexes and the PMMA matrix, as
confirmed by their IR spectroscopy. However, the LnL-PMMA polymers exhibit induced
emission and lifetimes from the metals. For instance, the intrinsic emission quantum yield
of Eu(Ill) in EuL-PMMA (23%) is three times higher than in EuL (8%). This behavior is
ascribed to the induced rigidity of the polymers that consequently inhibits any internal
non-radiative processes during the excited states. Nevertheless, the enhancement in the
optical properties and thermal stabilities of TbL-PMMA and EuL-PMMA indicate their
potential applications as phosphors in the production of LED devices.

4. Experimental Methods

General details: All organic reagents, metal salts and solvents were purchased from
commercial suppliers and used as received without further purification. Infrared spectra for
the complexes were recorded on a Bruker FT-IR spectrometer in the range 4000-400 cm ™!
(Bruker, Billerica, MA, USA). The mass spectra of the complexes were obtained using
Liquid Chromatography-Mass Spectrometry (LC-MS-MS) 6460 Triple Quad LC/MS and
1290 Infinity DAD (Agilent Technologies, Santa Clara, CA, USA). Elemental analysis of
carbon, hydrogen and nitrogen was performed using the 2400 CHNS/O Series II Elemental
Analyzer (Perkin Elmer, Springfield, IL, USA). TG-DTA analysis was performed on a TA
SDT 2960 Analyzer (Artisan Technology, Campaign, IL, USA) in the range 25-1000 °C,
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with a heating rate of 10 °C/min under Ny Proton Magnetic Resonance (‘H NMR) spec-
tra were recorded using an AVANCE-III HD 700 MHz FT-NMR spectrometer (Bruker,
Billerica, MA, USA).

5. Synthesis of SB Ligand (L)

A solution of benzoic acid hydrazide (0.073 g; 0.534 mmol) in EtOH (5 mL) was
added dropwise to a solution of di(2-pyridyl ketone) (0.10 g; 0.534 mmol) in EtOH (15 mL).
Two drops of acetic acid were added to speed up the reaction. After 4 h of refluxing, the
reaction mixture was cooled to RT. The resultant bright yellow powder precipitate was
filtered off and dried under suction filtration to give a yellow powder. Yield: 0.173 g (90%).
C18H140Ny (302.33 g/mol) Exp (Calc): %C 71.55 (71.34), %H 4.63 (4.48), %N 18.52 (18.00).
ESI-MS: m/z 302.900 {L}~. FT-IR cm ! (solid): 3063 (w), 1682 (s), 1577(w), 1530(w), 1462 (s),
1423(s), 1249(s), 1140 (s), 1074(w), 997(m), 890(m), 808(s), 703(s), 650(s), 578(w) and 512(w).
'H NMR (DMSO4-dg): 9.7 (1H, s, NH), 7.53-8.89 (8H, m, 2py), and 7.41-7.63 (5H, m, ph).

Synthesis of LnL complexes: The general procedure for preparing the Ln(III) com-
plexes involved first dissolving ligand L in MeOH at 80 °C. After that, an Ln(hfac);-xH,O
salt was added to the solution at 50 °C, followed by continued stirring for 24 h. For ex-
ample, L (0.10 g, 0.33 mmol) was dissolved in MeOH (10 mL), and then Tb(hfac);-2H,O
(0.27, 0.33 mmol) was added. The reaction mixture was stirred for 24 h at 50 °C and left
under air diffusion to produce colorless blocks within a week. The complexes are air- and
moisture-stable solids, and their characterization data are as follows:

[TbL(hfac)s] (TbL): Colorless blocks. Yield: 0.35 g (90%). TbCs3H17N4O7Fg
(1112.93 g/mol) exp (calc): %C 36.60 (36.84), %H 1.57 (1.45), and %N 5.18 (4.98). ES-
MS m/z 1093.600 {[TbL-H,O]}". FT-IR cm ! (solid): 3362(b), 1651(m), 1518(w), 1468(m),
1251(m), 1251(m), 1138(m), 1003(w), 769(m), 656(w), 580(w) and 500 (w).

[EuL(hfac)3] (EuL): Pale yellowish blocks. Yield: 0.30 g (88%). EuCs3H;7N4O7F1g
(1074.90 g/mol) exp (calc): %C 36.84 (36.24), %H 1.58 (1.98), and %N 5.21 (4.99). ES-MSm/z
1103.300 {[EuL- MeOH}*. FT-IR cm ! (solid): 3241(b), 1653(m), 1536 (w), 1468(m), 1251(m),
1136(s), 1002(w), 771(m), 655(w), 574(w) and 514(w).

[SmL(hfac)3] (SmL): Pale yellowish blocks. Yield: 0.30 g (88%). SmCs3H17N4O7F1g
(1073.36 g/mol) exp (calc): %C 36.91 (36.92), %H 1.58 (1.55), and %N 5.22 (5.01). ES-MS m/z
1072.900 {[SmL]}~. FT-IR cm~! (solid): 1661(m), 1501(m), 1489 (m) 1263(m), 1150(m),
1002(w), 771(m), 711(m) and 671(w).

[GdL(hfac);] (GdL): Pale yellow powder. Yield: 0.55 g (96%). GdCs3H17N4O7Fg
(1080.31 g/mol) exp (calc): %C 36.96 (36.32), %H 2.38 (2.31), and %N 5.19 (5.07). ES-MS m/z
710.500 {[GdL(hfac)MeOH]}~. FT-IR cm~! (solid): 3557(br), 1653(m), 1557(w), 1460(s),
1251(m), 1138(my), 1025(m), 796(m), 565(s), 582 (5) and 500(w).

[GAL(NO3)3] (GdL): White powder. Yield: 0.40 g (90%). GdCysH14N7O011-H,0
(506.308 g/mol) exp (calc): %C 42.76 (42.69), %H 3.180 (3.185), and %N 19.31 (19.37).
ES-MS m/z 667.100 {{GA(NO3)3(H,O)L]}*. FT-IR cm ™! (solid): 2957(s), 2232(w), 1778(s),
1657(s), 1491(s), 1458(s), 1395(s), 1213(m), 1169(w), 1030(s), 1080(s), 865(s) 778(w), 750(s),
and 510(w).

Synthesis of LnL-PMMA polymers: The LnL complexes were blended in a PMMA
solution to prepare transparent films suitable for opto-electrical applications as follows:
PMMA (0.30 g) was dissolved in acetone (100 mL), followed by the addition of the LnL
complex (2% w/w). The resulting solution was heated at 80 °C for 30 min, followed by
air diffusion to offer a transparent LnL-PMMA polymer. For example, 0.30 g of PMMA
was dissolved in acetone (100 mL); then, TbL (6.02 mg, 0.0054 mmol) was added. The
reaction mixture was stirred for 30 min at 80 °C and left under air diffusion to produce a
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white thin film within one week. The films are air- and moisture-stable solids, and their
characterization data are as follows:

TbL-PMMA: White film. Yield: 0.300 g (90%). FT-IR cm ™! (solid): 3440(w), 2948(w),
1719(s), 1458(m), 1434(w), 1382(w), 1287(w), 1196(w), 1142(s), 887(w), 748(w) and 420(w).

EuL-PMMA: White film. Yield: 0.304 g (92%). FT-IR cm~! (solid): 3426(w), 2937(w),
1721(s), 1452(m), 1442(w), 1430(w), 1239(w), 1155(w), 1138(s), 887(w), 746(w) and 410(w).

SmL-PMMA: White film. Yield: 0.301 g (92%). FT-IR cm™~! (solid): 3428(w), 2942(w),
1723(s), 1462(m), 1440(w), 1378(w), 1241(w), 1167(w), 1140(s), 890(w) and 748(w).

GdL-PMMA: White film. Yield: 0.302 g (93%). FT-IR cm~! (solid): 3430(w), 2950(w),
1724(s), 1460(m), 1434(w), 1386(w), 1251(w), 1161(w), 1141(s), 886(w), 751(w) and 419(w).

Single-crystal X-ray diffraction analyses: Data for single crystals of TbC were col-
lected at RT using a IPDS II diffractometer (STOE, Darmstadt, Germany) equipped with
Mo-K« radiation. The data were integrated using the Stoe X-AREA 1.30 [35] software
package. The numerical absorption correction was applied using the X-RED 1.28 software
package [36]. The data were corrected for Lorentz and polarization effects. The structures
were solved by direct methods and subsequent difference Fourier maps and then refined on
F? by a full-matrix least-squares procedure using anisotropic displacement parameters with
SHELXS-97 [37]. All hydrogen atoms were positioned geometrically in idealized positions
and refined using the riding model approximation, with Ujso(H) = 1.2 Ueq(C). All refine-
ments were performed using the WinGX 2018.3 [38] suite of programs. For the molecular
graphics, the program’s Mercury package 2026 4.0 was used [39]. The non-hydrogen atoms
were refined as anisotropic.

Photophysical measurements: UV-visible absorption spectra were recorded on a
Varian Cary 5000 UV-visible spectrophotometer (Mettler Toledo, Columbus, OH, US) in
the range of 250-800 nm. Quartz cuvettes of 1 cm path length were used, and solvent
background corrections were applied. Steady-state emission spectra and phosphorescence
lifetimes (T,s) for Ln(Ill) f—f transitions in solid states were recorded on an FS5 fluorimeter
(Edinburgh Instruments, Livingston, UK) at RT. Lifetimes were measured by recording the
decay at the maximum of the emission spectra. The goodness of fit was judged by the value
of the reduced chi-squared (x?). The triplet state energies of the SB ligands were recorded
from their GA(III) complexes in ethanol (1 x 1075 M) at 77K using an NMR tube.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ cryst16080548 /s1: Figure S1: Mass spectrometry spectra of ligand
L and the LnL complexes. Figure S2: "H NMR (500 MHz) spectrum of ligand L. Figures S3-S7: IR
spectra of the ligand and complexes in the solid state. Figure S8: Absorption spectra of different Gd(III)
complexes in ethanol. Summary of TD DFT results and comments on Checkcif alerts. Table S1: Mass-
to-charge (1m/z) of the fragments of L and the Ln(III) complexes. Table S2: Summary of the important
IR stretching frequencies. Table S3: Summary of the CIE1931 chromaticity coordinates for the LnL
complexes and the LnL-PMMA polymers in the solid.
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