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sing in Tb3+/Eu3+-based
tetranuclear silsesquioxane cages with tunable
emission†
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Victor N. Khrustalev,cd Elena S. Shubina, b Jérôme Long, a Yannick Guari, a
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New luminescent cage-like tetranuclear silsesquioxanes [NEt4][(Ph4Si4O8)2(Tb3Eu)(NO3)4(OH)(EtOH)3(H2O)]$

4(EtOH) (1) and [NEt4]2[(Ph4Si4O8)2(Tb2Eu2)(NO3)6(EtOH)2(MeCN)2]$4(MeCN) (2) present a tunable thermosensitive

Tb3+-to-Eu3+ energy transfer driven by Tb3+ and Eu3+ emission and may be used as temperature sensors

operating in the range 41–100 �C with excellent linearity (R2 ¼ 0.9990) and repeatability (>95%). The

thermometer performance was evidenced by the maximum relative sensitivity of 0.63% �C�1 achieved at 68 �C.
Introduction

Cage-like metallasilsesquioxanes (CLMSs) are an exciting family
of molecule-based architectures of kaleidoscopic structural
diversity built from metal ions or lanthanides and silsesquiox-
ane ligands.1,2 Their design benets from both coordination
and sol–gel chemistries, and for this reason these compounds
are also described as hybrid organic–inorganic materials.1,3

Indeed, the presence of silsesquioxanes, (RSiO1.5)n (where n¼ 6,
8, 10, 12, .), permits construction of inorganic Si–O–Si skele-
tons as a basic structural unit realizing cyclic and polycyclic
types of matrixes, which offer to these architectures chemical
stability, mechanical robustness, thermal stability, and the
possibility to form a cage-like topology providing porosity and
host–guest properties.4 Moreover, these ligands can provide
several modes of metal ion coordination, which explains the
important diversity of structural arrangements of polyhedral
cages, which can be designed in various shapes including
adamantane, cooling tower, birdcage, cube, drum, sandwich-
like, Asian lantern, and others.1,2 On the other hand, the pres-
ence of various metal ions (for instance Mg2+, Ca2+, Al3+, Sn4+,
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etc.), transitionmetal ions (such as Pt2+/4+, Cr3+, Mn2+, Ti3+, Fe3+,
Ni2+, Cu2+ or their combinations) or lanthanides (such as Yb3+,
Nd3+, Er3+, Ce3+, Eu3+, Sm3+ or Pr3+) usually situated in the core
of CLMSs not only ensures the assembly of the whole archi-
tecture but also brings functional physical and chemical prop-
erties.5 Among those, CLMSs have been widely investigated as
molecule-based models for catalysis6 or as a particular family of
molecule-based magnets.7 Unexpectedly, the optical properties of
CLMSs have been investigated only scarcely. We can cite only one
work reporting on luminescence in a mononuclear Eu3+ based
CLMS, but its crystal structure has not been claried.8 In this line of
thought, we recently reported on the rst series of luminescent
tetranuclear lanthanide ions containing CLMSs presenting Ln3+

characteristic emission and interesting magnetic properties.9,10

However, the employment of CLMSs as temperature emissive
sensors has never been reported up to now.

Indeed, accurate temperature measurements are an important
issue for innovative technologies in a wide range of elds, including
electronics, photonics, and biology. The conventional thermometers
require close contact between the probe and the specimen, which
hampers temperature sensing with high spatial resolution. Lumi-
nescent thermometry enables remote sensing by monitoring the
emission of a probe.11 Several types of luminescent materials can be
used for temperature sensing, including Ln3+-based complexes,
semiconductor nanocrystals (quantum dots), and organic dyes.11

The former allows designing thermometry self-referencing methods
based on the luminescence intensity ratio (LIR) of two distinct Ln3+

transitions,12 which are not affected by variations in probe concen-
tration, excitation power, detection system, and others.11 Among
them, materials based on a solid solution of Eu3+/Tb3+ materials
have widely been proposed as temperature sensors13–16 using the LIR
between Tb3+ green and Eu3+ red emissions (5D4 /

7F5 and
5D0 /

7F2 transitions, respectively). The nature of the host lattice and
ligands highly affects the temperature dependence of both
RSC Adv., 2021, 11, 34735–34741 | 34735
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Fig. 1 Two different views of molecular structure of 1 (a) and (b).
Hydrogen atoms and crystallized ethanol molecules have been
omitted for clarity; (c) representation (Tb0.75Eu0.25O2)4O core of 1
showing the coordination geometry of Tb/Eu sites. Color code: green
Tb/Eu; yellow Si; red O; blue N; grey C.

Fig. 2 SEM images for sample 1 with different magnifications.
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emissions. The ratiometric Eu3+/Tb3+ luminescent thermometers
are designed from a simple physical mixture of mononuclear
complexes of both Ln3+ (ref. 13–16) or as a solid solution ofmono or
polynuclear complexes containing both Ln3+ in the same
compound.17–19 In the latter case, the proximity of Ln3+ emitting
centers enables energy transfer (ET) among them, which affects the
green-to-red LIR. Therefore, the thermometric parameter (LIR) can
be adjusted by varying the Ln3+ composition, and serve as an
interesting strategy to optimize the thermometer performance.19

In this work, we report on tunable emission of tetranuclear
CLMSs, linked to the Tb3+-to-Eu3+ energy transfer (ET), which
may be used for temperature sensing. The investigation on the
sensing properties reveals great stability and repeatability aer
multiple heating/cooling cycles. This important stability to
photobleaching and a relatively high working temperature (to
100 �C) are ensured by the presence of a siloxane matrix, which
plays a protective role.

Results and discussion

The synthesis of [NEt4] [(Ph4Si4O8)2(Tb3Eu)(NO3)4(OH)(EtOH)3(H2O)]$
4(EtOH) 1 and [NEt4]2[(Ph4Si4O8)2(Tb2Eu2)(NO3)6(EtOH)2(MeCN)2]$
4(MeCN) 2 compounds has been performed by adapting the previ-
ously described procedure consisting in a two-step reaction involving,
rst: the in situ formation of phenylsiloxanolate [PhSi(O)ONa]x species
with their following self-assembling reaction with Et4NCl and the
corresponding Tb3+ and Eu3+ salts with the Tb3+/Eu3+ ratio equal to 3/
1 for 1 and 2/2 for 2, respectively. X-ray diffraction analysis performed
on single crystals of 1 and 2 indicates that these compounds crystalize
in the P�1 space group (Table S1, ESI†). The crystal structure of 2 is
similar to those previously published pure Eu and Tb analogues.9

Briey, the molecular structure may be described as
a (Tb1�xEuxO2)4 core (where x¼ 0.25 for 1 and 0.50 for 2) caught
between two tetraphenylcyclotetrasiloxanolates and assembled
in a prism-like polyhedron (Fig. 1, S1, S3 and S4, ESI†). The
cores are constituted by four statistically distributed Tb/Eu ions
linked through oxygen atoms forming a distorted square. In
both compounds, there are two different eight coordinated Tb/
Eu sites, which adopt a distorted square antiprism geometry.
Each lanthanide ion in 1 is coordinated by four bridging
oxygens and three oxygens from terminal nitrate and ethanol.
The tetranuclear cycle encapsulates also an hydroxyl group sit-
uated in the centre. In 2, one lanthanide site is coordinated by
four bridging oxygen atoms and four oxygen atoms from two
terminal nitrate ligands, while another is linked to four
bridging oxygens, three oxygens from one terminal nitrate, and
one ethanol and nitrogen from acetonitrile. The main distances
and angles are given in ESI (Table S2†). The anionic CLMS
molecules are aligned along the b axis and alternated with Et4N

+

cations (Fig. S2 and S5, ESI†). The atomic Tb/Eu ratio deter-
mined by SEM-EDX is equal to 3 : 1 and 1 : 1 for 1 and 2,
respectively, conrming the expected Tb/Eu ratio in the core of
CLMSs (Table S3, ESI†). The thermogravimetric analysis indi-
cates that the complexes 1 and 2 start to decompose from 240 �C
(Fig. S6, ESI†).

The morphological characterisations have been performed
by Scanning Electronic Microscopy (SEM), which indicates the
34736 | RSC Adv., 2021, 11, 34735–34741
presence of microparticles in samples (Fig. 2 and S7, ESI†). The
prole curve permitting to probe the chemical analysis indi-
cates the homogeneity of sample.

The magnetic measurements performed for both compounds
are perfectly coherent with the presence of 75 and 50% occupation
of Tb3+ ions (7F6, S¼ 3, L¼ 3, g¼ 3/2, cT¼ 11.82 cm3 Kmol�1) for 1
and 2, respectively, since Eu3+ is diamagnetic (Fig. S8, ESI†).

The photoluminescence of CLMSs in the solid-state was rst
investigated at room temperature. The excitation spectra of 1
were recorded by monitoring the main emissions of Eu3+ at
© 2021 The Author(s). Published by the Royal Society of Chemistry
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612 nm (5D0 /
7F2) and Tb3+ at 543 nm (5D4 /

7F5) (Fig. 3a).
The diverse observed lines are assigned to intra-4f transitions of
Eu3+ (ref. 20) and Tb3+.21 Its luminescence properties are similar
to those of previously published single Eu3+ or Tb3+ containing
CLMSs.9 The maximum intensity of excitation for Eu3+ red
emission is located at 394 nm, which corresponds to the Eu3+

transition 7F0 / 5L6. As for Tb3+ green emission, the highest
excitation intensity is observed at 378 nm, which is attributed to
the transition 7F6 /

5G6,
5D3. The Tb3+-to-Eu3+ ET is evidenced

by the presence of the Tb3+ transition lines in the excitation
spectra monitored in the Eu3+ emission (at 612 nm).

The emission spectra of 1 were measured under excitation at
394 nm and 378 nm (Fig. 3b). Upon 394 nm irradiation, the Eu3+

ion is selectively excited to the 5L6 energy level, and, subse-
quently, non-radiative relaxations lead to the population of the
5D0 emitting state. The Eu3+ transitions are then observed from
5D0 to

7FJ (J ¼ 0–4) manifold. The excitation at a higher energy
state, under 378 nm irradiation, leads to the emissions of Tb3+

from 5D4 to 7FJ (J ¼ 6–2) manifold, as well as Eu3+ transitions
(5D0 / 7FJ, J ¼ 0–4). This result indicates an intramolecular
Tb3+-to-Eu3+ ET considering the relatively short distances
between lanthanides in the CLMS core (the shortest direct Ln3+–

Ln3+ distance in 1 is 3.5087 Å and the shortest Ln3+–Ln3+

distance through the bridging oxygen atom is 4.6616 Å, Table S2
and Fig. S1, ESI†).22 Furthermore, the observation of the very
weak transition 5D0 /

7F0 at 579 nm visible in both emission
spectra (insets of Fig. 3b), indicates low symmetry of the Eu3+
Fig. 3 Room temperature (a) excitation spectra of 1 monitored at lem ¼
performed with lex ¼ 394 (top) and lex ¼ 398 nm (bottom). Eu3+ and Tb
resolution emission spectra for the 5D0 / 7F0 transition.

© 2021 The Author(s). Published by the Royal Society of Chemistry
coordination environment. The presence of one sharp peak at
this region suggests rather a single chemical environment.23

The excitation and emission spectra of 2 show some differ-
ences in comparison with 1 (Fig. S9, ESI†). In particular, the
emission spectrum under excitation at 378 nm exhibits lower
green-to-red (543 to 612 nm) LIR in comparison with 1. The
relative higher red emission at lower Eu3+ amount for 1 also
suggests that the intramolecular Tb3+-to-Eu3+ ET occurs to the
detriment of Tb3+ emission 5D4 / 7F5 (543 nm), which is in
agreement with the literature.17,19

The Tb3+-to-Eu3+ ET has previously been reported in inor-
ganic24,25 and molecular luminescent materials.17,26–28 Its
occurrence and its efficiency highly depends on the crystal
structure, the presence of relatively short intra or intermolec-
ular Tb3+.Eu3+ distances and/or the nature of ligands.27

Indeed, the efficient Tb3+-to-Eu3+ ET occurred under direct
excitation of Tb3+ (ref. 26) or through an antenna effect in Eu3+/
Tb3+ coordination polymers having relatively short intra-
molecular distances between lanthanide ions.28 Alternatively, in
coordination polymers built from Tb3+ and Eu3+ b-diketone
complexes linked through a bridging phosphine oxide the
presence of organic bridging ligands allowed the ET to occur
despite the long distances between the lanthanides (13.6 Å). In
fact, the Tb3+-to-Eu3+ ET rates depends on the operative multi-
polar and exchange mechanisms that are a function of the
distance between the two ions (RL). While for the former, the
electric dipole-electric dipole, electric dipole-electric
612 (top) and lem ¼ 543 nm (bottom), and (b) emission spectra of 1
3+ transitions are written in red and green, respectively. Inserts: high-

RSC Adv., 2021, 11, 34735–34741 | 34737
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Fig. 4 (a) Emission spectra (lex ¼ 365 nm) of 1 at different tempera-
tures; and (b) corresponding LIR between the emissions at 543 nm and
612 nm. The solid line represents a linear fitting. Integrated areas: 530–
565 nm (Tb3+: 5D4 / 7F5) and 603–637 nm (Eu3+: 5D0 / 7F2). The
error bars correspond to standard error of mean determined from
three consecutive temperature cycles.
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quadrupole, and electric quadrupole-electric quadrupole rates
depend on RL

�6, RL
�8 and RL

�10, respectively, the exchange
transfer rate decreases exponentially with increasing RL. In this
later case, the exchange mechanism becomes signicant for
Tb3+-to-Eu3+ separations lower than 4 Å.22

In order to conrm the presence of an intramolecular Tb3+-
to-Eu3+ ET in 1 and 2, the luminescence of a physical 3 : 1
mixture of powders of two previously published (Et4N)2[(-
PhSiO2)8Tb4(NO3)6(EtOH)2(MeCN)2] and
(Et4N)2[(PhSiO2)8Eu4(NO3)6(EtOH)2(MeCN)2]9 was investigated
(ratio Tb : Eu¼ 3 : 1, as conrmed by SEM-EDX, Table S3, ESI†).
The excitation spectra (Fig. S10a, ESI†) monitored for Eu3+ red
emission (612 nm) and Tb3+ green emission (at 543 nm) have
a similar prole as observed for 1. The emission spectra under
394 and 378 nm are presented on Fig. S10b, ESI.† Under 394
nm-excitation, the expected Eu3+ transitions are observed (5D0

/ 7F0-4). The excitation at 378 nm leads mainly to Tb3+ emis-
sions, while some low intensity Eu3+ emission bands can also be
detected due to the less-efficient intermolecular ET. This fact
reinforces the evidence of an intramolecular ET in 1 and 2
occurring due to the short distances between the donor (Tb3+)
and the acceptor (Eu3+) ions.22 Therefore, the emissive levels of
Tb3+ and Eu3+ (5D4 and 5D0, respectively) are close enough in
energy, thus permitting this Tb3+-to-Eu3+ ET. The observation of
Eu3+ red emission (at�612 nm) via Tb3+ excitation (at�350–380
nm), where the Eu3+ emission occurs to the detriment of the
Tb3+ radiative decay, clearly proves this fact. In order to inves-
tigate the possibility to use our CLMSs as emissive thermome-
ters, the luminescence has been investigated at different
temperatures. Fig. 4 shows the spectra of 1 measured under
365 nm excitation from 40 to 100 �C, and the corresponding LIR
between Tb3+ and Eu3+ emissions (at 543 nm and 612 nm,
respectively). The wavelength ranges used to compute the
integrated areas are 530–565 nm (Tb3+: 5D4 / 7F5) and 603–
637 nm (Eu3+: 5D0/

7F2). The error bars represent the standard
deviation of average values obtained upon three consecutive
temperature cycles (Fig. S11, ESI†). The temperature-dependent
variation of the parameter LIR (I543/I612) shows a linear corre-
lation, indicative of a self-referencing temperature sensor. The
calibration parameters are presented in Table S4 (ESI†) along
with several metric parameters that provide the thermometric
performance in the operating temperature range. The regres-
sion coefficient (R2) revealed an excellent calibration linearity
(R2 ¼ 0.9990) in the temperature range 41–100 �C. We also
veried the repeatability, which corresponds to the variability
among the measurements, which is indicated by the relative
standard deviation (RSD). Therefore, satisfactory repeatability
was observed as the maximum RSD among measurements
values was lower than 5%. The relative thermal sensitivity (Sr) is
the parameter that allows the comparison of thermometric
performance among different types of thermometers.29,30 The Sr
represents the variation of the experimental parameter (LIR in
the present case) per degree of temperature, expressed as:

Sr(T) ¼ jvLIR(T)/vTj/LIR(T).
34738 | RSC Adv., 2021, 11, 34735–34741
The maximum Sr value estimated from the calibration data
was found to be 0.63% �C�1 at 68 �C, which is close to
a frequently considered high relative thermal sensitivity (�1%
�C�1),31 and in proximity with Sr values reported for mixed Eu3+/
Tb3+ compounds.19 Temperature uncertainty (or thermal reso-
lution, dT) is the smallest temperature change that can be
detected.31 This value is related to Sr as follows:

dT ¼ jdLIR(T)/LIR(T)j/Sr(T),

where dLIR(T) is the standard deviation in the LIR(T) obtained
upon several heating cycles. According to this, the minimal
thermal resolution is 0.04 �C. Therefore, the temperature sensor
proposed here works reliably in temperature operating range
41–100 �C. Note that the Tb3+ emission intensity decreased
around 20% of its initial value upon temperature increase
(Fig. S11, ESI†). On the other hand, the Eu3+ transition showed
an increase of about 10% of its initial value.

Compound 2 also shows the features making it interesting as
self-referencing temperature sensor (Fig. S12, ESI†), but with
lower sensitivity (Table S4, ESI†).

The thermal behavior of the emission spectra of CLMSs con-
taining only Eu3+ ((Et4N)2[(PhSiO2)8Eu4(NO3)6(EtOH)2(MeCN)2]) or
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Tb3+ ((Et4N)2[(PhSiO2)8Tb4(NO3)6(EtOH)2(MeCN)2]) in the same
temperature range is shown in Fig. S13 and S14 (ESI†), respectively.
The slight decrease in Tb3+ emission intensity with temperature
(Fig. S14†) is related to the increase of nonradiative energy transfer
from the Tb3+ ion to the ligands to the detriment of the radiative
emission. The thermal effect on Tb3+ emission observed for 1 in the
presence of Eu3+ suggests an additional energy transfer pathway
among emitting centers probably arising due to the presence of the
hydroxyl bridge in the center of the cage 1 and also due to the
shorter intermolecular Tb/Eu/Tb/Eu distances (see Fig. S1 and S4,
ESI†). As the thermal effect on Tb3+ emission ismore relevant in the
presence of Eu3+, we consider that the ET Tb3+ / Eu3+ has
improved the thermal sensitivity of Tb3+ emission, and therefore
enabled the application of the heteronuclear Tb3+/Eu3+ CLMSs for
luminescent thermometry.19

Conclusions

In summary, two tetranuclear Tb3+/Eu3+ based silsesquioxane
cages with a prism-like topology have been synthesized and
characterized. The morphological characterisations performed
by means of SEM indicate the presence of microparticles in
samples as well as their homogeneity. The compounds exhibit
the terbium and europium characteristic green and red emis-
sions. The relatively short intramolecular distances between the
lanthanide atoms in the cores of CLMSs have enabled the
intramolecular Tb3+-to-Eu3+ energy transfer, as evidenced by the
europium emissions observed under excitation in the terbium-
excited levels. The tetranuclear structure has enabled the design
of the compounds with well-dened Eu3+ and Tb3+ molar ratio,
and therefore the control of the intrametallic interactions. The
relative intensity of the red Eu3+ emission (5D0 / 7F2) increases
along with the relative amount of the Eu3+ with respect to the green
Tb3+ one (5D4 / 7F5) because of the increased ET effect. In this
sense, a better thermal sensitivity in 1 in comparison with 2 can be
attributed to its lower relative intensity of Eu3+ red emission. On the
other hand, the thermal sensitivity of Tb3+ emission increased in the
presence of Eu3+ in the heteronuclear CLMSs in comparison with
the homonuclear Tb3+-based one, because of the occurrence of an
additional nonradiative ET pathway. The Tb3+/Eu3+-based CLMSs
were then proposed as self-referenced temperature sensors based on
the LIR of Tb3+and Eu3+ transitions (5D4/

7F5 and
5D0/

7F2). The
sensor 1 showed an excellent linearity in the temperature range 41–
100 �Cwith themaximum relative thermal sensitivity of 0.63% �C�1

at 68 �C, which indicates its successful performance. Its important
stability to photobleaching at a relatively high working temperature
(100 �C) is certainly due to the presence of the siloxanematrix, which
plays a protective role. This work opens great perspectives for the
design of new class of CLMSs-based temperature sensors.

Experimental procedures
Materials

Phenyltrimethoxysilane (98%), Et4NCl ($98%), Eu(NO3)3$6H2O
(99.9% trace metals basis), Tb(NO3)3$6H2O (99.9% trace metals
basis), ethanol and acetonitrile were purchased fromMerck and
used as received.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Synthesis

The synthesis of compounds 1 and 2 has been performed in
a similar way. A mixture of PhSi(OMe)3 and NaOH was dissolved
in 30 mL of ethanol. The resulting solution was heated to reux
for 1.0 h. Aerwards the mixture of Tb(NO3)3$6H2O and
Eu(NO3)3$6H2O in proportions 3/1 for 1 and 2/2 for 2 and Et4NCl
dissolved in 30 mL of CH3CN were added at once. The resulted
mixture was heated to reux for 3 h. Filtration of the mixture
from the insoluble part gave a non-colored solution. Slow
evaporation of solvents (ethanol/CH3CN) gave in a period of 5–
10 days a bunch of crystalline material. The single crystals
suitable for a single crystal X-ray diffraction were collected. The
crystal products were dried in vacuum to perform elemental
analysis and to calculate the yield.

Compound (Et4N)[(PhSiO1.5)8(Tb0.75Eu0.25O1.5)4(O)(NO2.5)4(-
EtOH)4] (1). Reactants loadings: PhSi(OMe)3 (0.186 g, 0.8
mmol), NaOH (0.032 g, 0.8 mmol), Tb(NO3)3$6H2O (0.131 g, 0.3
mmol), Eu(NO3)3$6H2O (0.045 g, 0.1 mmol), Et4NCl (0.066 g, 0.4
mmol). Yield ¼ 38.24% (0.87 g).

Anal. calcd for C62H81N5O33Si8Tb3Eu: % C 32.69, % H 3.58,
% N 3.07. Found: % C 29.68, % H 3.39, % N 3.01. IR in KBr
pellets (cm�1): 3448 (w), 3073 (s), 3050 (s), 3005 (s), 1624 (w),
1593 (s), 1500 (w), 1430 (s), 1384 (s), 1314 (w), 1129 (s), 1027 (m),
997 (s), 945 (w), 813 (s), 785 (s), 747 (s), 705 (s), 678 (s), 646 (s),
576 (s), 548 (s), 499 (s), 467 (s).

Scanning Electronic Microscopy (SEM) image is shown in
Fig. S14 (ESI†).

Compound
(Et4N)2[(PhSiO1.5)8(Tb0.5Eu0.5O1.5)4(O)(NO2.5)6(EtOH)2(MeCN)2]
(2). Reactants loadings: PhSi(OMe)3 (0.186 g, 0.8 mmol), NaOH
(0.032 g, 0.8 mmol), Tb(NO3)3$6H2O (0.091 g, 0.2 mmol),
Eu(NO3)3$6H2O (0.089 g, 0.2 mmol), Et4NCl (0.066 g, 0.4 mmol).
Yield ¼ 25.83% (0.34 g).

Anal. calcd for C72H98N10O36Si8Tb2Eu2: % C 34.23, % H 3.91,
% N 5.54. Found: % C 33.72, % H 3.83, % N 5.29. IR in KBr
pellets (cm�1): 3437 (w), 3484 (w), 3074 (s), 1617 (w), 1593 (s),
1500 (w), 1430 (s), 1384 (s), 1316 (s), 1129 (s), 1058 (m), 997 (s),
950 (w), 746 (s), 704 (s), 678 (s), 576 (s), 497 (s), 467 (s).
Characterizations

Morphological characterizations and quantications of Eu, Tb
and Si elements were performed by using Scanning electron
microscope and Energy Dispersive X-ray Analysis (SEM-EDX) on
a FEI Quanta FEG 200 instrument. The powders were deposited
on an adhesive carbon lm and analyzed under vacuum. The
quantication of the heavy elements was carried out with the INCA
soware, with a dwell time of 3 ms. IR spectra (KBr pellets) were
recorded using PerkinElmer Spectrum Two FT-IR Spectrometer.
The N, C, H elemental analyses were carried out in the microana-
lytical laboratory of the IOC RAS (Moscow) bymeans of a Carlo Erba
Model 1106 elemental analyzer with an accepted tolerance of 0.4
unit on carbon (C), hydrogen (H), and nitrogen (N).

The emission and excitation spectra were at rst evaluated at
room (298 K) and low (77 K) temperatures using a spectrouo-
rimeter Edinburgh FLS-920. The excitation source was a 450 W
Xe arc lamp. The spectra were corrected for detection and
RSC Adv., 2021, 11, 34735–34741 | 34739
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optical spectral response of the spectrouorimeter. In the
second step, the emission spectra were measured as a function
of temperature. The temperature setup included a thermal
element (Heidolph, MR Hei-Tec (EU), 825 W, plate diameter 145
mm), a thermal camera (Optris PI 450i, accuracy � 0.01 �C), an
excitation source and a detector. The powder sample was placed
on a cover glass (14 mm dia.) at the center of the heating source.
The thermal camera was positioned at an angle of 30� relative to
the sample to work as a temperature standard controller. A UV
LED operating at 365 nm (ThorLabs M365L2) was used to excite
the samples (I ¼ 0.7 A) by irradiating at a distance of 15 mm
from the sample surface. The spectrometric detector and the
excitation source were coupled by using a multimode ber. The
ber excitation output and detector were located at the top of
sample. A long pass lter (in-line ber optic lter mount,
ThorLabs FOFMS/M, 450 nm, 20 mm) was placed in light path
between sample and detector to avoid artefacts arising from
excitation source. The emission spectra were recorded in the
temperature range from 20 to 110 �C. At each temperature step,
a period of 10 min was given to allow the temperature to stabilize,
and then 10 emission spectra were recorded from an average of 10
consecutive spectra with an integration time of 100 ms.

UV-visible-NIR absorption spectrum was measured using
a spectrophotometer Specord 210 Plus (Analytik Jena AG,
Germany).

Magnetic susceptibility data were collected with a Quantum
Design MPMS-XL SQUID magnetometer working between 1.8–
350 K with the magnetic eld up to 7 Tesla. The sample was
prepared in an ambient condition. The data were corrected for
the sample holder and the diamagnetic contributions calcu-
lated from the Pascal's constants.
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