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Abstract: The structural features and luminescent properties of heterometallic Tb-Gd, Tb-La, and
Tb-Y terephthalate metal-organic frameworks, namely (TbxMj_y)»(1,4-bdc);-4H,O (M = Gd, La, Y),
were studied in detail in a wide concentration range (x = 0.001-1). The crystalline phase of synthesized
compounds corresponds to Lny(1,4-bdc)s-4H,O. The lifetime of 5D, decreased with increased Tb3*
concentration, but PLQY depends non-linearly on the Tb** concentration. The 50% substitution of
Tb3* for Y3*, Gd3*, or La3* ions result in the significant enhancement of photoluminescence quantum
yield, up to 1.6 times. The morphology, thermal stability, and vibrational structure of the selected
homo- and bi-metallic materials is reported as well.
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1. Introduction

Metal-organic frameworks (MOFs) are porous materials consisting of networks of
metal ions or clusters connected to each other with organic ligands with several donor
atoms. These materials have received much attention in the last two decades due to
their pronounced crystallinity, porosity, high stability, and diversity in structures and
topologies. Rare earth element (REE)-based MOFs are of particular relevance, since their
luminescent properties strongly depend on the type of lanthanide ion. The development of
REE-based MOFs that exhibit strong luminescent properties is a relevant and promising
area of research. These REE-MOFs can be used in LEDs, luminescent sensors, contrast
agents for imaging, catalysts, and analytical tools to detect harmful substances in food,
drinking water, and the environment [1-9]. Compounds based on europium and terbium
are particularly popular due to their bright red and green light emission, respectively. Thus,
OLEDs based on metal-organic terbium compounds were recently reported in numerous
works [10-13]. In addition, heavy metal ions efficiently quench the photoluminescence of
Tb% compounds, such as mercury, bismuth, and chromium, as well by organic substances
such as gossypol, acetone, sulfamerazine, and other molecules [14-18], which indicates Tbh3+
compounds as promising materials for the development of luminescent turn-off sensors for
the abovementioned compounds.

The direct photoexcitation of lanthanide ions is inefficient because 4f—4f transitions
are not allowed according to Laporte’s rule. This challenge can be overcome by employing
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energy transfer from an electronically excited ligand to one of the atomic level of the
lanthanide ion (“antenna effect”) [19-21]. The “antenna” organic ligands usually possess
high UV extinction coefficients, strongly coordinate with REE ions, and efficiently transfer
energy to REE ions. Accordingly, aromatic carboxylates, such as 1,4-benzenedicarboxylate
(terephthalate, 1,4-bdc) and their various derivatives, have become the most frequently
used ligands [22-25].

The presence of both luminescent and non-luminescent ions of rare earth elements
in REE-MOFs can have a substantial impact on the structural and optical properties
of these compounds. The doping effect on the structure of heterometallic REE-metal—
organic frameworks (MOFs) has been explored in multiple studies. Usually, the crys-
talline structure is not alternated when a small fraction of one lanthanide is substituted
for another one in the same oxidation state. The significant doping amount by another
lanthanide ion, however, can result in crystalline phase change. Thus, Jarley Nasci-
mento et al. demonstrated [26] that the compounds Gd;_xEux(1,4-bdc)s;(dmf),(H,O)n
(dmf—dimethylformamide; x = 0.01, 0.03, 0.05, 0.07, 0.09) are isostructural, with [Eu(1,4-
bdc)3(dmf),(H,0)] at the Eu’* content between 1 and 7 at.%. Meanwhile, at the Eu®* concen-
tration of 9 at.%, the obtained material possessed a structure of [Euy(1,4-bdc)s(dmf), (H,O)].
In our previous works, we observed the crystalline phase alternation in (EuxLuj_4)2(1,4-
bdc); nHyO and (TbxLuj_x)2(1,4-bdc)3-nHyO MOFs [27-30]. Substitution of up to 90%
of Eu* or Tb%* by Lu®* ions does not affect the crystalline phase of the resulting com-
pounds, Lny(1,4-bdc)3-4H;0O, which is isostructural to europium and terbium terephtha-
lates, namely Euybdc;-4H,O and Tbybdes;-4H,O, correspondingly. At a lutetium con-
tent of more than 98%, the synthesized compounds possessed a Lny(1,4-bdc);, Lny(1,4-
bdc)3-10H,O, or Ln;(1,4-bdc);-2.5H,0O crystalline phase depending on the concentration
of the initial reagents. We observed that the particle morphology and optical properties,
such as fine structure of emission spectra, photoluminescence quantum yields (PLQY),
and lifetime values, are more significantly affected by the crystalline phase than by the
concentration of the luminescent lanthanide ion (Eu®* or Tb%*). In spite of the fact that
the alternation of the crystalline phase significantly affects the photoluminescence of REE-
MOFs, the optical properties of heterometallic MOFs also depend on the concentration of
the luminescent ion within one crystalline phase in cases of isomorphic substitution of the
luminescent REE ion to the optically inactive one. However, only a few studies have studied
such concentration dependences. In our previous work, for (EuxMj_y)2(1,4-bdc);-4H,O
(M = Gd, La, Y) MOFs, we demonstrated that, at larger Eu®* concentrations, for the
Eu-Y and Eu-La series, PLQY remains the same (about 9-11%), whereas in the Eu—-Gd
series, it reaches a maximum of 15% at the Eu* content of 10 at.% and then slightly
decreases, reaching 10% in homometallic europium(IIl) terephthalate [31]. Utochnikova
et al. previously reported the Gd** and Y** doping effect on the optical properties of
heterometallic solid solutions of (TbxY1_y)2(1,4-bdc)3(H,0O)4 and Eu,Gd;_«(dbm)s(phen)
(dbm—dibenzoylmethanate, phen—o-phenantroline) MOFs [24]. A steep increase in quan-
tum yield was observed at the low concentration regions of Eu** or Tb** ions. For the
abovementioned heterometallic coordination polymers, when the concentration of lumines-
cent ions (Tb** or Eu*) exceeded 20%, the quantum yield remains the same; meanwhile, the
excited state lifetime decreases with increasing concentrations of the luminescent ion [32].
However, the structural features were not studied in detail in the mentioned study [32],
and the authors studied the doping effect only by one REE, namely Y3* in cases of Tb%*-
based terephthalates. Bimetallic terephthalates of equimolar compositions are reported by
Tarek Alammar et al. [33]. The authors studied the several heterometallic terephthalates,
namely (Lng5Gdgs5)2(1,4-bdc)3-4H,0O (M = Eu, Tb, Sm). Despite their detailed analysis of
the optical properties of these compounds, this work considered the dilution of only one
non-luminescent ion (gadolinium) and only in one concentration. In the article by Victor
Haquin et al. [34], the researchers investigated the systems (TbxM;_y)2(1,4-bdc)s-4H,O
(M =Y, La, Gd) for their fluorescent and structural properties. However, in their work,
more attention was paid to tri-metallic systems and systems containing Eu** and Tb**,



Crystals 2024, 14, 966

30f13

and bimetallic systems with luminescent and non-luminescent ions were viewed fluently.
The authors give a large series of synthesized compounds of the series (TbxGd;_x)2(1,4-
bdc)s-4H,0 (x = 0.05-100), the details of their optical properties on selected samples, and
luminescence spectra for all. At the same time, the series containing Y and La has received
much less attention; for lanthanum (III)’s intensity of luminescence, there is no information
for yttrium (III). In our work, we not only expanded the range of concentrations towards
their reduction (x = 0.001-0.04), but also studied in detail the structural features, morphol-
ogy, vibration structure, thermal stability, fine structure of the emission bands, excited state
kinetics, and photoluminescence quantum yields. It is worth noting that our measurement
results differ from those presented in the previous work, and the goal of our work is to
carefully demonstrate the dependence of the above properties of the terephthalate of the
terbium (III) on the degree and nature of substitution by ions of optically inactive rare
earth elements.

Thus, in the current work, we studied in detail the doping effect of the various
non-luminescent ions (Y3*, Gd3*, and La%") both on the structure and on the lumines-
cent properties of Tb3*-based heterometallic terephthalates (TbxM;j_x)2(1,4-bdc)3-4H,0
(M =Gd, La, Y; x = 0.001-1) in a wide concentration range, and, contrary to previous
work [32], demonstrated that 50% substitution of Tb3* for Y3*, Gd3*, or La®* ions results
in the significant enhancement of photoluminescence quantum yields, up to 1.6 times.
Also, morphology, thermal stability, and vibrational structure of the selected homo- and
bi-metallic materials is reported.

2. Materials and Methods

Terbium (III) chloride hexahydrate, yttrium (III) chloride hexahydrate, gadolinium
(III) chloride hexahydrate, and lanthanum (III) chloride hexahydrate were purchased from
Chemcraft (Kaliningrad, Russia). 1,4-benzenedicarboxylic (terephtalic, H,(1,4-bdc)) acid
(>98%), sodium hydroxide (>99%), nickel (II) chloride hexahydrate (>99%), and EDTA
disodium salt (0.1 M aqueous solution), and murexide were purchased from Sigma-Aldrich
Chemie GmbH (Taufkirchen, Germany) and used without additional purification.

The heterometallic terephthalate compounds with a general formula of (TbxM;j_4)2(1,4-
bdc);-4H,O (M =Y, Gd, La) were prepared by mixing 0.2 M TbCl3 and 0.2 M MCl3
(M =Y, La, or Gd) with 2 mL of 0.3 M Nay(1,4-bdc) aqueous solution. The TbCl; and MCls
solutions were mixed in stoichiometric amounts, and the total volume of the solutions was 1
mL. The resulting white precipitates were separated from the mixture using centrifugation
at 4000x g and washed three times with deionized water. The samples were then dried
at 60 °C. The Tb** /M3** (M =Y, Gd, La) ratios in the heterometallic terephthalates were
confirmed using energy-dispersive X-ray spectroscopy (EDX) (EDX spectrometer EDX-800P,
Shimadzu, Japan). The Tb/M (M =Y, Gd, La) ratios obtained from EDX were consistent
with the expected ratios of Tb>*/M3* (M =Y, Gd, La) taken for the synthesis for Tb>* con-
tent within 1 at.% accuracy. X-ray powder diffraction (XRD) measurements were performed
with a D2 Phaser (Bruker, Billerica, MA, USA) X-ray diffractometer using Cu K« radiation
(A = 1.54056 A). SEM images were obtained using a scanning electron microscope Zeiss Mer-
lin. Thermogravimetry curves were obtained using a TG 209 F1 Libra thermo-microbalance
(Netzsch, Hanau, Germany). The measurement of FTIR spectra was carried out using the
IRAffinity-1 spectrometer (Shimadzu, Kyoto, Japan). To carry out photoluminescence stud-
ies, the synthesized samples (20 mg) and potassium bromide (300 mg) were pressed into
pellets (diameter 13 mm). The photoluminescence data were obtained with a Fluoromax-4
fluorescence spectrometer (Horiba Jobin Yvon, Kyoto, Japan) in perpendicular geome-
try. Lifetime measurements were performed with the same spectrometer using a pulsed
Xe lamp (pulse duration: 3 ps) in a timescale of 50 pus—10 ms. The absolute values of
the photoluminescence quantum yields were recorded using a Fluorolog-3 Quantaphi-2
(Horiba Scientific, Kyoto, Japan) device using an integration sphere. All measurements
were performed at 25 °C.
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3. Results
3.1. Structure and Morphology

The powder X-ray diffraction (PXRD) patterns of the synthesized compounds
(TbxM;j_x)2(1,4-bdc)3-nH,O (M =Y, La, Gd) are shown in Figure 1a (main text) and Figure S1
(Supplementary Materials). The analysis of XRD patterns demonstrates that all synthesized
compounds possess the Ln,(1,4-bdc)s-4H,O crystalline phase (Ln = Ce-Yb) [35]. In this
structure, the lanthanide ions have coordination number six and are connected to oxygen
atoms of two water molecules and six different terephthalate ions. The polyhedron of these
oxygen atoms forms a distorted square antiprism around a metal ion.

_L T Y \ 630 "o " (TbLa,),(14bd0)y4H,0
) 1 Tb 025 SN A (Tb Gd,.),(1,4-bdc);4H,0
—— o N e | OF ] e, 0 (TBY,),(14-bdc)y4H,0

L M Y = 2 N
| 1615
TbysLags = 6104 e
L La "] - 2,
— L D U
Tby5Gdy 5 600 : »:if?i?jg'
J [ ol Gd 5954 o/,//.”/,//.//./ ©
I T I TR T 1 _ 0 10 20 30 40 50 60 70 80 90 100
0 15 20 25 30 350 Thy(l4-bdc)y4H,0 x(Tb*"), at.%
20, deg.
(a) (b)

Figure 1. The PXRD patterns of selected (TbxM;_y)>(1,4-bdc)3-4H,O (M =Y, La, Gd; x =0, 0.01,
0.1, 1) and the simulated XRD pattern of Tb,(1,4-bdc);-4H,O single-crystal structure were taken
from ref. [35] (a) and unit cell volume (Vy.¢.) concentration dependence refined for (TbxMj_y)2(1,4-
bdc);-4H,O (M = Gd, La, Y) (b).

The unit cell parameters of synthesized compounds were refined, and the unit cell
volumes were calculated at different Tb3* concentrations from 0 to 100 at.%. Unit cell
parameters of the samples were refined using the Pawley method from the PXRD data
(Table S1, Supplementary Materials) [36]. The unit cell volumes were calculated from
unit cell parameters. We have found that Vegard’s law is obeyed in the studied systems
because unit cell volumes linearly depend on the Tb3* content (Figure 1b) [37]. Therefore,
the (TbxM;_4)2(1,4-bdc)3-4H,O (M =Y, La, Gd) terephthalates can be considered as solid
solutions in a whole concentration range. For the (TbxLa;_4)»(1,4-bdc);-4H,0, the increase
in La®* content results in the unit cell volume elevation due to a larger ionic radius of
La®* jons (1.160 A, the coordination number is eight) than the ionic radius of Tb3* ions
(1.040 A) [38]. The ionic radius of the Gd3* (1.053 A) and Tb>* ions are close to each other,
which leads to close values of unit cell parameters among (Tby,Gd;_x)2(1,4-bdc)3-4H,0O
series. In the (TbxMj_x)2(1,4-bdc);-4H,0 series, the substitution of larger Tb3* by smaller
Y3+ (0.977 A) ions results in a decrease in unit cell volume.

The particle morphology and the porosity of the selected synthesized materials such
as (Tbgs5Myp5)2(1,4-bdc);-4H,O (M = Gd, La, Y) were revealed using scanning electron
microscopy (SEM). The pore and nanoparticle sizes were estimated from the SEM im-
ages. SmartTiffV2 software (V02.00) allows for distance estimations on .tif images ob-
tained as scanning electron microscopy output files on the instrument. The SEM images
(Figure 2) clearly demonstrate that the resulting compounds consist of large particles sized
between 5 and 20 um. The obtained material has a porous structure with pore size of
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10-200 nm. One can observe that large particles consist of aggregated spindle-shaped or
filiform nanoparticles.

& 300 nm|
== '\/ e
0.5La0.5

/

Figure 2. SEM images of (Tbg5My5)2(1,4-bdc);-4H,O (M = Gd, La, Y).

3.2. Vibrational Spectroscopy

The IR spectra of the selected homometallic M,(1,4-bdc)3-4H,O M =Y, Gd, La, Tb)
and heterometallic (Tby5Mg 5)2(1,4-bdc)3-4H,O (M =Y, Gd, La) terephthalates (Figure 3)
were measured in order to follow the doping effect on the vibrational structure of the
ligand. The broad band peaking at about 3500 cm ™! corresponds to the O-H stretching
vibrations of lanthanide-coordinated water molecules. The 1270-1470 and 1470-1800 cm !
narrow bands correspond to the C—O symmetric and asymmetric stretching vibrations of
the carboxyl group in the terephthalate ion, respectively. The results obtained are consistent
with the literature data on rare earth terephthalates [39,40]. All of the studied compounds
have almost identical IR spectra that agree with PXRD data, which demonstrates that all of
the synthesized compounds have the same crystalline phase, namely Lny(1,4-bdc);-4H,O.
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Figure 3. IR spectra of (Tbg5Mq5)2(1,4-bdc)s-4H,O and M;(1,4-bdc)3-4H,O (M =Y, Gd, La, Tb).

3.3. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) curves measured in the temperature range of
35-200 °C the selected homometallic M5(1,4-bdc);-4H,O (M =Y, Gd, La, Tb) and het-
erometallic (TbgsMg5)2(1,4-bdc)s-4H,O (M =Y, Gd, La) terephthalates are shown in
Figure 4. For all of the studied samples, a weight loss of 8.0-9.3% was recorded rang-
ing between 100 °C and 160 °C. As indicated earlier [41], the weight loss at such tem-
peratures corresponds to the dehydration process of the compounds according to the
following equation:

M2(1,4—bdc)3~4H20 = M2(1,4—bdc)3 + 4H20 or

(Tbo.5Mo5)2(1,4-bdc)3-4H,O = (Tbg 5Mg 5)2(1,4-bdc); + 4H,0

The mass loss of 8.0-9.3% corresponds to the elimination of 3.8-4.2 water molecules
from the initial terephthalates. These data are consistent with the results of the PXRD,
which showed that all of the studied materials crystallize in the Lny(1,4-bdc)s 4H,O phase.
The temperature of the dehydration (Tgen.) of My (1,4-bdc);-4H,O (M =Y, Gd, La, Tb) and
(TbosMy5)2(1,4-bdc);-4H,O (M =Y, Gd, La) is presented in Table 1. As we can see, Tgen.
increases with increases in the ionic radius and, respectively, the unit cell of the compounds.
We also observe that the dehydration temperatures of heterometallic terephthalates are in
the range between the temperatures of monometallic terephthalates. A correlation exists
between the dehydration temperatures and the unit cell volume of the samples. As the unit
cell volume decreases, the free volume available for the four water molecules also decreases
or disappears. Considering the volume of a single water molecule to be approximately
6 A3 (24 A3 for four molecules), we observe a volume change of about 39 A% when moving
from lanthanum to yttrium, exceeding the volume required by the water molecules. This
suggests that the surrounding molecules exert additional pressure on the water molecules.
Under this pressure, water molecules are more likely to leave the system, resulting in a
lower dehydration temperature for materials with smaller unit cell volumes compared to
those with larger unit cell volumes.
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Figure 4. TGA curves of selected heterometallic (TbgsMg5)2(1,4-bdc)3-4H,O (M = Gd, La, Y) and

homometallic M;(1,4-bdc);-4H,0O (M = Tb, Gd, La, Y) terephthalates measured in the temperature
range of 35-200 °C.

Table 1. Temperatures of the dehydration for selected heterometallic (Tbg 5Mj 5)2(1,4-bdc);-4H,O
(M =Gd, La, Y) and homometallic M,(1,4-bdc);-4H,O (M = Tb, Gd, La, Y) terephthalates.

Compound Tgen., °C

Y2(1,4.-de)3'4.H20 104.8
Tb2(1,4—bdc)3 -4H20 120.1
Gd,(1,4-bdc)3-4H,0 1425
La2(1,4—bdc)3 4H20 158.9
TbY(1,4-bdc);-4H,0 108.3
TbGd(1,4-bdc);-4H,0 1263
TbLa(1,4-bdc);-4H,0 132.6

3.4. Luminescent Properties

The emission spectra of the synthesized compounds are shown in Figure 5 (main
text) and Figure S2 (Supplementary Materials). All emission spectra exhibit similar bands
corresponding to the 5D4—7F] (J = 3-6) {-f transitions of the Tb%* ion: °D,~"F3 (623 nm),
5D4—"F, (584 nm), °Dy4—"F5 (546 nm), and °D,—"Fg (487 nm). The presence of characteristic
Tb3* bands in the emission spectra upon 320 nm excitation into the absorption band of
terephthalate ion indicates the presence of an antenna effect. The initially populated singlet
Sn state of the terephthalate ion undergoes a rapid internal conversion to the lowest-energy
singlet S; state. The S; state effectively relaxes into the triplet T; state by intersystem
crossing due to the presence of heavy lanthanide ion (heavy atom effect). The T; state of
the terephthalate ion the °Dy energy level of the Tb%* ion have close energies, resulting in
an efficient energy transfer from the electronically excited terephthalate ion to the Dy level
of the Tb3* ion [32,42]. The 5Dy level Tb?* ion then undergoes radiative transition to the
underlying 7F] energy levels (J = 6, 5, 4, 3), which correspond to the narrow bands in the
emission spectra of the studied compounds.

It is well known that the fine structure of the band splitting in the luminescence
spectrum depends strongly on the local symmetry group of the luminescent lanthanide (III)
ion. Thus, for europium ions, Binnemans reviews in detail the effect of local symmetry on
the fine structure of the spectra [43]. The study of the symmetry of Tb3* ions is conveniently
interpreted through the study of the local symmetry of Eu®* ions, the spectra of which
contain convenient markers of the band structure [43], allowing us to draw a conclusion
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about the symmetry group. Due to the close ionic radii, equality of charges, and close
electron shells in the structure, we can say that when europium (II) ions are replaced by
terbium (III) ions, there is no change in the local symmetry. As we have already shown,
terephthalates are solid solutions where Vegard’s law is fulfilled, and the isostructural
substitution of some lanthanide ions for others leads only to a monotonic change in the unit
cell parameters. Our previous studies have shown that Euy(1,4-bdc)3-4H,0 exhibits a 5Dy-
”F transition [31], which, according to the Judd-Ofelt theory, is hidden and occurs only for
coordination sites with Cp,, Cpy, and Cs symmetry [41,43]. In the work by Daiguebonne et al.,
the authors report that lanthanide (III) ions had pseudo-C4 symmetry in Lny(1,4-bdcs3-4H,O
(Ln = Tb, Eu) [41]. Therefore, we propose that a similar fine structure of emission bands
indicates the identical pseudo-C4 symmetry of metal ions in all of the studied materials,
namely (TbyM;_4)2(1,4-bdc)3-4H,O (M =Y, La, Gd).

5134-\7F5

°D,-'F
4~ Tg 51y 7 5 7
) | N\ D4 F4 D4_ F3
A M\ P S N N

T TbysYs
| Tby 1Yo
N A — Tbyp Yoee
~ — Tbyg 01 Y0.999
| e % U Tb,sLa, 5
| - -~ Tby,Lay,
Tby g1Lag,99
| Tby,001Lag 999
S Tby,sGdys
' \7¥7 —Tb,;,Gdy
PN I H I Tbo,01Gd0.99
_7777?/&777777%7?\/, i — — Tbyp01Gdg 990
450 500 = 550 600 650
nm

Intensity, a.u.

em’/

Figure 5. The normalized emission spectra of (TbxMj_y)2(1,4-bdc);-4H,O (M =Y, La, Gd) at the
selected Tb3* concentrations (given in legend) upon 320 nm excitation. The artefact maxima peaking
at 615 nm (marked as *) correspond to the Eu®* present as impurities in the gadolinium nitrate used
for the synthesis.

The fine structure of the emission spectra for the Y-, Gd-, and La-doped terephthalates
is identical to that of the emission spectrum of unsubstituted terbium terephthalate, imply-
ing the same coordination environment of Tb%* in the studied heterometallic compounds.
This conclusion is in agreement with the PXRD data, which demonstrate isomorphic substi-
tution of terbium by yttrium, gadolinium, and lanthanum ions among the studied series,
(TbxM1_x)2(1,4-bdc)3-4H,O (M =Y, La, Gd). However, the concentration dependence of the
integrated intensity of emission spectra (Table 2, main text, and Figure S3, Supplementary
Materials) is non-monotonous as a result of non-monotonous photoluminescence quantum
yield (PLQY) concentration dependence (Table 3). The photoluminescence decay curves of
the (TbxM; _y)2(1,4-bdc)3-4H,O phosphors monitored at 546 nm (°D4—"F; transition) are
presented in Figure 6 (Aex. = 320 nm). The photoluminescence decay curves were fitted by
single exponential functions:
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where 7 is the observed °Dy lifetime. We have found that the lifetime of the °D, excited
state decreases from 1.1 to 0.7 ms as the Tb>* concentration increases (Table 3), which is
consistent with our previous studies of Tb-Lu [28]. Lifetime depression is associated with
the higher probability of energy transfer between close-located Tb%* ions, as well as with
the quenching of impurities at higher terbium content. The PLQYs of these compounds
had maxima at about 50 at.% of Tb*, where the average PLQY is 63% (Table 2). The
emission intensity and PLQY of REE-containing phosphors non-monotonously depend on
the Tb** content, which is caused by the two competitive effects [44—47]. The number of
luminescent sites increases as the Tb3* content rises, which results in radiative emission
probability elevation and, as a result, rises in emission intensity and PLQY. At the same
time, the growth in Tb3* concentration results in the distance shortage between the Tb3*
ions, leading to emission quenching [28]. As a result of this effect, the PLQY values of
pure terbium terephthalate (100 at.% of Tb®*) are lower than that of the MOFs, containing
50 at.% of Tb3*.

Table 2. The value of the integrated intensity (S) of the luminescence spectra of (TbxMi_y)»(1,4-
bdc);-4H,O (M =Y, La, Gd).

S x 107, a.u.
x(Tb3*), at.%

M=Gd M=La M=Y

0.1 3.99 4.01 2.50

0.2 4.69 3.32 416

0.4 9.16 6.17 6.84

0.6 10.02 9.46 8.51

0.8 9.87 10.92 1.01

1 15.26 10.06 7.96
2 13.26 15.97 15.56
4 10.40 22.58 35.00
6 42.02 24.21 43.95
8 58.79 30.00 4457
10 36.87 31.40 64.56
20 56.62 33.10 46.84
30 32.05 22.64 52.51
40 50.33 20.87 43.18
50 69.91 31.31 47.53
60 50.38 38.78 4233
70 57.49 38.96 42.80
80 60.45 38.29 48.83
90 35.23 27.22 34.12
100 38.18 23.52 36.10

Table 3. The observed Dy lifetime and PLQYs of (TbxM;j_y)2(1,4-bdc);-4H,0O (M =Y, La, Gd).

Compound x(Tb3*), at.% T, ms PLQY, %
Tby(1,4-bdc);-4H,0 100 0.68 + 0.01 46 +1
1 1.10 £ 0.01 27 £1
(TbyY1_y)o(1,4- 10 1.01 4 0.01 57 +1
bdc);-4H,0 50 0.93 £+ 0.01 60+ 1
90 0.74 + 0.01 48 +1
1 1.02 £+ 0.01 24 +1
(TbyxLaj_x)2(1,4- 10 0.99 + 0.01 55+ 1
bdc);-4H,0O 50 0.95 + 0.01 66 1
90 0.78 £+ 0.02 49+1
1 1.05 + 0.01 23+1
(TbyGdy_y)o(1,4- 10 1.00 & 0.01 47 £1
bdc);-4H,0 50 0.93 £+ 0.01 63+1

90 0.75 £ 0.01 52+1
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Figure 6. The photoluminescence decay curves of (a) (TbxGd;_x)2(1.4-bdc)3-4H0O, (b) (TbxY1_x)2(1.4-
bdc)3-4H,0, and (c) (TbyLaj_,)>(1.4-bdc)z-4H,O at the selected concentrations of Th3* (x = 0.001,
0.01, 0.1, 0.5, 0.9, 1; given in legend) upon 320 nm excitation. Y-axis is logarithmic normalized
intensity of luminescence.

4. Conclusions

In the current study, the structure and luminescent properties of heterometallic
terbium-based terephthalate “antenna” MOFs, namely (TbxMj_y)2(1,4-bdc);-4H,O
(M =Gd, La, Y; x = 0.001-1), were studied in detail in a wide concentration range. The
particle morphology, thermal stability, and vibrational structure of the selected homo- and
bi-metallic materials are reported as well. All of the compounds studied are isomorphic to
each other and correspond to the crystal structure of Lny(1,4-bdc);-4H,0 (Ln = Ce-YDb) [35].
The unit cell parameters of the synthesized compounds were refined using the Pawley
method. The unit cell volumes linearly depend on the Tb** concentration. The substitution
of Tb3* ions with La3* ions, which have a larger radius, leads to an increase in the unit cell
parameters in the compounds (TbxLaj_)2(1,4-bdc); 4H,O, whereas replacement of Tb3+
with Y3* ions with smaller radii leads to a decrease in the unit cell volumes in the series
(TbxM;_x)2(1,4-bdc); 4H,O; for compounds of the series (TbxGd_)2(1,4-bdc); 4H,O, the
unit cell parameters remain virtually unchanged in the series due to the close values and
radii of Tb®>" and Gd®*. Thus, Vegard's law is obeyed [37], indicating that the synthesized
compounds are solid solutions in a whole concentration range. Using Scanning Electron
Microscopy, we revealed that synthesized compounds consist of large particles with an
average size of between 5 and 20 pm. The obtained materials have a porous structure
(10-200 nm pore size) and consist of aggregated nanoparticles. The IR spectra contains
the characteristic bands of the lanthanide-coordinated water molecules and the carboxyl
group in the terephthalate ions. The almost identical shape of the IR spectra indicates the
similar structure of the synthesized terephthalates. All of the compounds are thermally
stable up to 120 °C. Further heating results in dehydration of the compounds, resulting
in the formation of anhydrous terephthalates. All of the reported MOFs demonstrate the
antenna effect. Their emission spectra consist of narrow bands corresponding to °Ds~"F
(J = 3-6) transitions in the Tb%* ion upon 320 nm excitation into a singlet-excited state
of the terephthalate ion. The fine structure of the emission spectra for the Tb—-Gd, Tb-Y,
and Thb-La compound series is identical to that of the unsubstituted Tb;(1,4-bdc);-4H,O
emission spectra due to the same local symmetry of Tb3*. This is also confirmed by the
identity of the crystalline phase in all of the compounds. Photoluminescence decay and
PLQY mostly depend on the dopant concentration, but not on the type of doping ion. The
5Dy excited-state lifetime decreases from 1.1 to 0.7 ms as the Tb3* concentration increases
due to concentration quenching. Maximum PLQYs are observed for 50%-substituted
solid solutions (TbM(1,4-bdc)3-4H,O (M = Gd, La, Y); PLQY = 63, 66, and 60% for Gd,
La, Y), exceeding the PLQY of unsubstituted terbium terephthalate (Tb,(1,4-bdc)s-4H,0;
PLQY = 46%). Therefore, we have demonstrated, contrary to previous work [24], that the
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50% substitution of Tb3* for Y3+, Gd3*, and La3* ions results in a significant enhancement
of the photoluminescence quantum yield, up to 1.6 times.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst14110966/s1, Figure S1: The powder X-ray diffraction (PXRD)
patterns of the synthesized compounds series: (a) (TbxGd;_x)2(1,4-bdc)s-nHpO (x = 0.001-1) includ-
ing the Gdy(1,4-bdc);-nH,0, (b) (TbxLaj_x)2(1,4-bdc);- nH,O (x = 0.001-1) including the Lay(1,4-
bdc)s;-nH0, (c) (TbxY1_x)2(1,4-bdc);-nH,O (x = 0.001-1) including the Y;(1,4-bdc);-nH,O. The
positions and relative intensities of diffraction maxima of Tby(1,4-bdc);-4H,O taken from ref. [34]
are shown as bars, Figure S2: The normalized emission spectra of (a) (TbxGd;_y),(1,4-bdc);-4H,0,
(b) (TbxY1_x)2(1,4-bdc)3-4H,0, (c) (TbxLaj_y)2(1,4-bdc);-4H,0 at a wide concentration range of
Th3+ (x =0.001-1; given in legend) upon 320 nm excitation. The artefact maxima peaked at 615 nm
(marked as *) correspond to the Eu* present as impurities in the gadolinium nitrate used for
the synthesis, Figure S3: The superimposed emission spectra of (a) (TbxGd;_x)2(1,4-bdc);-4H,0,
(b) (TbxLaj_x)2(1,4-bdc)3-4H,0, and (c) (TbxY1_x)2(1.4-bdc)3-4H,O at a wide concentration range
of Tb3* (x = 0.001-1; given in legend) upon 320 nm excitation, Table S1: Unit cell parameters of the
(TbxM; _y)2(1,4-bdc)3-4H,0O (M = Y, La, Gd; x = 0.04-1). Table S2: Tb3* atomic fractions (at.%) in
the synthesized compounds, namely, (TbyMj_y)»(1,4-bdc);-4H,0O. Measured data were obtained
from EDX.
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