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A B S T R A C T

Calix[n]arene-based coordination networks are an emerging class of materials with intriguing properties resulted
from the presence of the cavity-like structure of the macrocycle and metallic nodes. In this work, four novel
luminescent materials based on calix[4]arene-carboxylate and lanthanides (Eu3þ and Tb3þ) were prepared by two
synthetic approaches, solvothermal (CDA-Eu-ST) and slow diffusion (CDA-Eu-RT, CDA-Tb-RT, CTA-Tb-complex)
methods. The coordination networks were characterized by PXRD, FTIR, SEM and solid-state photoluminescence,
and the results indicated the formation of two different CDA-Eu-structures governed by the synthesis parameters.
Single-crystal X-ray diffraction of CTA-Tb-complex revealed the formation of a new dinuclear complex of calix[4]
arene-tetracarboxylate containing Naþ and Tb3þ coordinated within the lower rim of the molecule. Preliminary
studies showed that CDA-Eu-RT was capable of selectively sensing Fe3þ ions in water via quenching the lumi-
nescence, demonstrating the possibility of using calix[4]arene-based platforms as efficient luminescent sensors.
1. Introduction

In the last two decades, coordination polymers and networks,
including Metal-Organic Frameworks (MOFs), gained considerable
attention of the scientific community. These materials are composed of
an organic linker and an inorganic unit (ion or cluster) joined by coor-
dination bonds [1,2]. Due to their structural versatility and tunable pore
size, porous coordination polymers found potential for a wide range of
application in drug adsorption and delivery [3,4], gas storage [5], vola-
tile compounds adsorption and separation [6,7], chemical sensing [8],
energy storage devices [9–12], and catalysis [13].

Materials based on lanthanides, such as LOFs (Lanthanide-Organic
Frameworks), possess interesting photoluminescent features, like high
quantum luminescence efficiency, long lifetimes, narrow bands, and
large Stokes shift [14]. Combined with the intrinsic properties of MOFs,
these materials are considered outstanding candidates as luminescent
sensors for the detection of pollutants, like metal ions (Fe3þ, Al3þ [15],
anions (CrO4

2�, Cr2O7
2�) [16,17], explosives [18,19], and many others.
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The detection of inorganic metal ions is important due to the
increasing metal content in wastewater and soil, which cannot be easily
biodegraded as organic contaminants. On the other hand, inorganic ions
play a crucial role in living organisms. Iron is one of the most important
elements of the human body. The Fe3þ ion influences important vital cell
functions such as hemoglobin formation, allowing oxygen transport in
blood, muscle and brain function, DNA synthesis, among others. How-
ever, both the lack and the excess of the normal iron limit can cause
disorders to organisms. Iron deficiency can limit the delivery of oxygen to
cells, resulting in fatigue and decreased immunity [20]. Thus, the se-
lective detection of Fe3þ is a significant object of investigation. Numerous
researchers have shown the potential applicability of LOFs for the
detection of Fe3þ ions [17,19,21,22]. Nevertheless, most of these studies
focus on organic system solvents, and investigation in aqueous solutions
are rare. Thus, the development of efficient luminescent platforms for the
selective detection for Fe3þ in water is still required. The main mecha-
nism beyond the efficient luminescent process of sensing is associated
with the host-guest interaction between coordination frameworks and
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guest molecules [23]. Interesting in this aspect are calix[n]arene-based
luminescent materials.

Calix[n]arenes are phenolic basedmacrocycles consisting of n units of
phenol linked by methylene groups [24]. The most stable are calixarenes
with four phenolic units, called calix[4]arenes, which have been recently
used for the construction of a variety of supramolecular materials,
including metal-organic complexes [25–27], coordination networks, co-
ordination polymers, and MOFs [6,28–31]. However, lanthanide-based
calix[n]arene coordination networks are rare [32,33], and their poten-
tial application in sensing has not been reported so far.

Calixarene-lanthanide complexes have also been considered as
interesting materials for investigation. Sandwich-like hexanuclear Tb-
complex has shown single-molecule magnet behavior and photo-
luminescence [34]. Such bifunctional calixarene-lanthanide complexes
can be found in the literature [35–37]. Ogden et al. have reported the
preparation of transparent hybrid materials using calix[4]arene sensi-
tized lanthanoid complexes incorporated into polymeric matrices [38].

In this work, four different calix[4]arene-based lanthanide materials
(dinuclear complex and coordination networks) were prepared, and their
luminescent properties have been investigated in the solid-state. More-
over, the Eu-based coordination network was tested for the sensing of
different inorganic metal ions in water and showed the selectivity for
Fe3þ ions based on luminescence quenching effects.

2. Experimental

2.1. Material and methods

Potassium carbonate (K2CO3), magnesium sulfate (MgSO4⋅7H2O),
sodium hydroxide (NaOH) were acquired from Dinâmica; methyl iodide
(CH3I), sodium hydride (NaH), ethyl bromoacetate (BrCH2COOC2H5), p-
tert-butylphenol, formaldehyde (37%) were purchased from Sigma-
Aldrich. Europium (Eu2O3) and terbium (Tb3O4) oxides were pur-
chased from Sigma-Aldrich and were used as received to prepare the
corresponding lanthanide chlorides by treatment with concentrated hy-
drochloric acid (HCl). In the preparation of terbium chloride, hydrogen
peroxide was also added to reduce Tb4þ to Tb3þ. Solvents; dime-
thylformamide (DMF), acetonitrile (ACN), acetone, dichloromethane
(CH2Cl2), chloroform (CHCl3), methanol (MeOH), n-hexane, toluene,
ethanol (EtOH), ethyl acetate, hydrogen peroxide (H2O2), glacial acetic
acid, diphenyl ether, and hydrochloric acid (HCl) were purchased from
Dinâmica. Deuterated solvents CDCl3 and DMSO for NMR analyses were
purchased from Sigma Aldrich.

Single-crystal X-ray diffraction analysis was performed on an IPDS 2T
dual-beam diffractometer (STOE & Cie GmbH, Darmstadt, Germany) at
120.0 (2) K with MoKα radiation of a microfocus X-ray source (GeniX 3D
Mo High Flux, Xenocs, Sassenage, 50 kV, 1.0 mA, λ ¼ 0.71069 Å). The
investigated crystal was thermostated in the nitrogen stream at 120 K
using CryoStream-800 device (Oxford CryoSystem, UK) during the entire
experiment. Data collection and data reduction were controlled by X-
Area 1.75 program [39]. Absorption correction was performed on the
integrated reflections by a combination of frame scaling, reflection
scaling, and a spherical absorption correction. The structures were solved
by intrinsic phasing methods (SHELXT [40]) and refined anisotropically
using the program packages SHELXL [41] and OLEX2 [42]. Positions of
the C–H hydrogen atoms were calculated geometrically and taken into
account with isotropic temperature factors. Water H-atoms were refined
as riding on their parent atoms using a rotating group model. Visuali-
zation, and analysis of crystal structure were performed using the pro-
gram Mercury 4.0 [43].

Powder X-ray diffraction patterns were recorded on a Siemens
diffractometer model D5000 using CuKα (λ¼ 1.5406 Å) radiation with Ni
filter, at voltage 30 kV and 10 mA. Experiments were conducted at 2θ
values ranging from 5 to 50� with a step of 0.02�. The simulated PXRD
pattern was obtained using the program Mercury 2020.1. Fourier trans-
form infrared (ATR-FTIR) experiments were carried out on a Bruker
2

Vertex 70/v spectrometer at the range of 4000–400 cm�1. Morphological
analyses and images were acquired on a Scanning Electron Microscopy
(SEM), model Tescan Mira 3.1H NMR spectra were acquired in an NMR
spectrometer Agilent 400 MHz at 298 K in 5 mm NMR tube.

2.2. Synthesis

2.2.1. Preparation of p-tert-butylcalix[4]arene and carboxylate derivatives
p-tert-Butylcalix[4]arene was synthesized according to the synthetic

approach reported by Gutche and Iqbal [44]. The derivative p-tert-bu-
tyl-25,26,27,28-tetrakis (carboxymethoxy)calix[4]arene (CTA) in cone
conformation, was prepared according to the reported method [45] by
hydrolysis of the corresponding calix-tetra-ester (CTE) [46]. The deriv-
ative p-tert-butyl-25,27-dicarboxy-26,28-dimethoxy calix[4]arene (CDA)
was obtained following the literature procedure (with minor modifica-
tion) in three steps involving the synthesis of i) calix-di-ether [47], ii)
calix-di-ether-di-ester (in this case, toluene was used as the solvent
instead of DMF) [48], iii) calix-di-ether-di-acid [49]. Spectral data of the
compounds are placed in SI.

2.2.2. Preparation of CTA-Tb-complex
The sample CTA-Tb-complex was prepared according to our previous

procedure [32] with some modifications: CTA (53 mg, 0.06 mmol) was
dissolved in 6 mL of DMF, and the solution was transferred to a beaker
containing an ACN solution (6 mL) of terbium chloride (0.06 mmol). The
pH of the solution was adjusted to 1 with 1 M HCl. The mixture was left
standing at room temperature without stirring. After 1 month, the crys-
tals were isolated, collected by filtration, washed with DMF and dried at
60 �C for 2 h. For single-crystal X-ray diffraction measurements, crystals
of CTA-Tb-complex were taken directly from the mother liquid solution
without drying.

Selected bands on FTIR ν [cm�1]: 3400 (OH); 2959–2866 (C–H);
2273 (C––N); 1786 (COOH); 1642 vas (COO�) and 1485 vs (COO�).

2.2.3. Preparation of CDA-Ln coordination networks (Ln ¼ Eu, Tb)
The procedure for the preparation of CDA-Ln coordination networks

was adapted from the literature [32,33]: 1 mmol of LnCl3.6H2O (Ln¼ Eu
or Tb), was dissolved in DMF while 3 mmols of the ligand (CDA) were
dissolved in a mixture of DMF and ACN. Both solutions were mixed, and
the resulting solution was either left to stand for 1 month at room tem-
perature (slow evaporation method) or transferred to the reactor and
heated in an oven at 90 �C for 4 days (solvothermal method). At the end
of each synthesis, the powder was washed with DMF and ACN, filtered
and allowed to dry in air. The products were labelled as CDA-Eu-RT,
CDA-Tb-RT, and CDA-Eu-ST, for samples prepared by slow evaporation
and solvothermal method, respectively.

CDA-Eu-RT Selected bands on FTIR ν [cm�1]: 2959–2866 (C–H);
1747 (COOH); 1644 vas (COO�) and 1478 vs (COO�). CDA-Tb-RT
Selected bands on FTIR ν [cm�1]: 2959–2866 (C–H); 1747 (COOH); 1644
vas (COO�) and 1478 vs (COO�). CDA-Eu-ST Selected bands on FTIR ν
[cm�1]: 2959–2866 (C–H); 1664 (C––O, DMF); 1573 vas (COO�); 1428 vs
(COO�) and 1478 vs (COO�).

2.3. Luminescence

2.3.1. General
The photoluminescence properties were investigated at room tem-

perature using a spectrofluorometer Horiba-Jobin Yvon Fluorolog-3 with
a continuous 450 W xenon lamp and 150 W xenon flash tube for exci-
tation, double-grating monochromator in the excitation and UV-VIS
(ultraviolet–visible) emission position, single-grating monochromator
in the NIR (near-infrared) emission position, R928P and H10330A-75
Hamamatsu photomultipliers respectively to UV-VIS range emissions.
All emission spectra were corrected for the wavelength-dependent
response of the detection system. A silicon photodiode reference detec-
tor was used to monitor and compensate the variation in the xenon lamp



Fig. 1. a) Atom labeling in the asymmetric unit, b) molecular view of the dimer, c) partial view of the unit cell showing only the coordination polyhedra of Tb3þ ions,
and d) view along the y-axis of the crystal packing for CTA-Tb-complex. Displacement ellipsoids drawn at 50% probability level, hydrogen bonding drawn as hashed
lines, hanging contacts deleted.
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output, using typical correction spectra provided by the manufacturer.
Measurements of luminescence lifetimes were performed on the same
spectroscopic apparatus but with a 150 W xenon flash lamp.

The luminescence lifetime (τ) was obtained by fitting radiative decay
curves, using equation (1):

IðtÞ¼
X

i

Bieð�t=τiÞ (1)

where I is the emission intensity, Bi is a pre-exponential factor, t is time,
and τi is the lifetime.

The emission quantum efficiency (η) was calculated according to
Equation (2), where Arad is the radiative decay rate obtained by summing
over the radiative rates A0,J for each 5D0 →

7FJ (J ¼ 0–4) transitions. The
total radiative decay rate (Atotal) is given by the relation Atotal ¼ τ�1,
where τ is the lifetime for the emission-decay curve associated with the
5D0→

7F2 transition. Finally, the non-radiative decay rate (Anrad) is given
by the difference Anrad ¼ Atotal – Arad [50].

η¼ Arad

Arad þ Anrad
x 100% (2)
3

2.3.2. Metal ion sensing
The experimental approach used for the sensing of metal ions were

adapted from the literature [19]. The assays were divided into three
stages: i) evaluation of the luminescence response of CDA-Eu-RT in the
presence of different solvents; ii) study of the luminescence response of
CDA-Eu-RT towards different metal ions (Liþ, Al3þ, Pb2þ, Cu2þ, Zn2þ,
Cd2þ, Fe3þ); iii) studies in different concentrations of the metal with the
best response.

To investigate the luminescence response of CDA-Eu-RT in different
solvents, 5 mg of the sample CDA-Eu-RT were dispersed in 10 mL of
distilled water or DMF. The solutions were prepared using an ultrasonic
probe SONICS Vibra-cell model VC 505, employing 50% of the total
power (500W) for 10 min in a sequence of pulses 4 s on, and 6 s off. After
ultrasound treatment, resulting suspensions were left standing for one
day for sedimentation of large particles (stock solution). Then a fine
colloidal suspension was separated from residue of large particles, and
the luminescence analyses were performed.

For tests with different metals, 1 mL of the CDA-Eu-RT stock solution
in distilled water and 1 mL of the 0.1 M nitrate solution containing the
studied cation were mixed in a quartz cuvette, and subsequently, the
emission spectrum was recorded. Based on the results for each cation,



Fig. 2. View of terbium and sodium coordination polyhedra in the center of the
molecular dimer. Calixarene residues were truncated up to phenyl C–O carbon
atoms for clarity. Only donor O-atoms are labelled in one part of the dimer.
Atoms, in the other part, are related by inversion. Hydrogen bonds are drawn as
hashed lines. Two terbium polyhedra have a common edge (O13–O13 [2-x,1-
y,1-z]), while sodium and terbium polyhedra have one common trigonal
face (O2–O5–O11).

Fig. 3. FTIR spectra of the synthesized CDA-Ln samples (Ln ¼ Eu, Tb), CTA-Tb-
complex, and the ligand CDA.
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Fe3þ ion was chosen to proceed with studies on different concentrations
of the metal (1 � 10�3 to 1 mmol L�1). In each test, 0.5 mL of Fe3þ so-
lution was transferred to a quartz cuvette, and then 0.5 mL of the aqueous
suspension of the CDA-Eu-RT was added, the sample was homogenized,
and after approximately 2 min, the emission spectra (λex ¼ 287 nm) were
recorded.

3. Results and discussion

3.1. Structure description

The synthesis of CTA-Tb-complex led to the formation of single
crystals suitable for X-ray analysis, whereas for other materials, all trials
failed in producing adequate crystals.

CTA-Tb-complex crystallizes in the monoclinic system, space group
P21/c (no. 14), Z ¼ 2. The asymmetric unit contains half of the molecule,
and due to the presence of the inversion center between terbium atoms,
the whole molecule is a dinuclear complex, shown in Fig. 1. Experimental
details for CTA-Tb-complex are summarized in Table S1.

Interestingly, the temperature of the reaction was a key factor for
obtaining a sandwich-like complex. In our previous work, the same re-
action conducted at 90 �C for 24 h led to the formation of a mononuclear
complex [32].

In CTA-Tb-complex, calix[4]arene is in common cone conformation
with dihedral angles between opposite phenyl rings equal to 43.05 (15)�

and 51.51 (15)� (C1–C6 to C27–C32 and C14–C19 to C40–C45, respec-
tively). Each of the calixarene residues is triply deprotonated, with a
sodium cation solvated within the lower rim of the calix. We assume that
Naþ may originate from the synthesis of the calixarene derivative, where
NaOH was used for hydrolysis.
4

The cation is surrounded by etheric and carboxylate oxygen atoms.
The coordination number of Naþ is seven since one carboxyl group (the
protonated one) is directed outside, and only the etheric oxygen atom
takes part in the coordination of sodium. Evidence of protonation is
found in the FTIR spectrum and relatively long C38–O9 bond of the
hydroxyl group, 1.344 (7) Å, while other carboxylic C–O bonds are in the
range 1.21–1.27 Å. The other oxygen atoms of the three carboxylic an-
ions are bridging to the terbium cation. The coordination number of Tb3þ

is nine including also: two water molecules O15, O16, three O-atoms
from two bridging formate anions H–COO– and one oxygen atom O17
from another calixarene molecule related by inversion (see Fig. 1, only
six bonds are present within the asymmetric unit).

The HCOO- anions originated from the hydrolysis of DMF used in the
synthesis according to equations (3) and (4)).

HCON(CH3)2 þ H2O HCOOH þ (CH3)2NH (3)

As the products of hydrolysis are weakly acidic and weakly basic,
respectively, they ionize originating formate anions and dimethylamine
cations:

HCOOH þ (CH3)2NH ⇄ HCOO� þ (CH3)2NH2
þ (4)

Additionally, inside each calixarene cavity, one acetonitrile molecule
is included, with a polar cyano group directed outside the calix, and one
water molecule (O18) is linked to the second coordination sphere of Tb3þ

and O8 atom from the protonated carboxylic group. Thus, formally one
can describe themolecule as [{(calix3�) (HCOO�) (Naþ) (Tb3þ(H2O)2)}2,
2 CH3CN, 2H2O]. The discrete dimeric coordination compounds (Fig. 2)
are linked in the crystalline phase by hydrogen bonding (see Table S2 for
details) provided by the bridging O17 water molecule. Terbium cations
are separated by the distance of 4.02371 (4) Å in the dimer and are
bridged by two carboxylate anions and two formyl anions (labelled O11,
O12, and O13).
3.2. Sample characterization

3.2.1. FTIR
The FTIR spectra of the obtained CDA-Ln samples, CTA-Tb-complex,

and the ligand CDA are shown in Fig. 3.
The strong band at 1764 cm�1, observed in the ligand spectrum,

corresponds to the stretching vibration ν (C––O) of the COOH groups.
New bands in the spectra of CDA-Eu-RT and CDA-Tb-RT at 1644 and
1478 cm�1, corresponding to the stretching asymmetric and symmetric
vibrations of deprotonated COO� carboxylate groups, respectively,
indicate the formation of coordination networks. The spectra of CDA-Eu-



Fig. 4. PXRD patterns of the synthesized CDA-Ln samples (Ln ¼ Eu, Tb) and of
the ligand CDA, in comparison with the simulated from single-crystal data XRD
pattern of CTA-Tb-complex.
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RT and CDA-Tb-RT are comparable, suggesting the formation of struc-
turally similar materials. On the other hand, the FTIR spectrum of CDA-
Eu-ST is quite different from those of other hybrid materials; thus, one
can assume that this sample present a distinct structure. The presence of
intense bands at 1573 and 1428, 1478 cm�1, suggest the formation of
COO-Eu coordination bonds. The residual band at 1664 cm�1 may be
Fig. 5. SEM images of the CDA-Ln samples prepared at room temperature a) CDA-Eu
size (length) histogram for CDA-Eu-ST.

5

ascribed to the stretching C––O vibration of the DMF molecule present in
the structure. Although further evidence should be furnished, the pre-
pared CDA-Ln samples could not be dissolved in any organic solvent that
may indicate the formation of a polymer structure.

In the FTIR spectrum of the CTA-Tb-complex, some bands related to
the stretching asymmetric and symmetric vibrations of deprotonated
COO� carboxylate groups are visible, in addition to the residual band at
1786 cm�1 attributed to the stretching vibration ν (C––O) of the pro-
tonated COOH groups. Moreover, bands corresponding to the stretching
vibrations of O–H and C–––N groups at 3400 and 2273 cm�1, respectively,
confirm the presence of water and acetonitrile in the complex, in
agreement with the described crystal structure. Bands in the region of
3000 cm�1 related to the stretching vibrations of C–H groups are further
evidence of calixarene molecules in all samples.

3.2.2. PXRD
The powder X-ray diffraction patterns of the samples CDA-Eu-RT,

CDA-Tb-RT, and CDA-Eu-ST, were compared with the PXRD pattern of
the ligand CDA and with the simulated pattern from the single-crystal
structure of CTA-Tb-complex (Fig. 4). The powder diffraction patterns
of CDA-Eu-RT, CDA-Tb-RT, and CDA-Eu-ST present diffraction patterns
different from the expected for CTA-Tb-complex, indicating the forma-
tion of newmaterials. These peaks appear in lower angles than for a CDA-
Tb-complex, suggesting bigger unit cells, which is rather typical for co-
ordination networks containing calixarenes. However, diffraction peaks
between 15 and 25� observed in the case of CDA-Tb-RT match with the
-RT, b) CDA-Tb-RT, and by the solvothermal method, c) CDA-Eu-ST. d) Particle



Fig. 6. Excitation (λem ¼ 615 nm) and emission (λex ¼ 395 nm) spectra of a) CDA-Eu-RT and b) CDA-Eu-ST obtained in the solid-state at room temperature.

Fig. 7. Excitation (black line) and emission (λex ¼ 378 nm) spectra of a) CDA-Tb-RT and b) CTA-Tb-complex obtained in the solid-state at room temperature.
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Fig. 8. CIE chromaticity diagram indicating the color coordinates points of the
CDA-Eu-RT (1), CDA-Eu-ST (2), CDA-Tb-RT (3), and CTA-Tb-complex (4).

Fig. 9. Emission spectra of CDA-Eu-RT in the solid-state (λex ¼ 395 nm),
dispersed in DMF (λex ¼ 395 nm), and water (λex ¼ 287 nm).
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peaks corresponding to the ligand, suggesting the presence of the
unreacted CDA ligand in the sample. Although it was impossible to
identify the obtained phases, it can be seen that the X-ray diffraction
pattern of CDA-Eu-ST is quite different from that obtained for the sample
CDA-Eu-RT showing that the use of different temperatures in both syn-
theses led to two structurally different networks, in agreement with the
FTIR results.

3.2.3. SEM
The micrographs of the CDA-Ln samples and the histogram of particle

length for CDA-Eu-ST are shown in Fig. 5. The particles of materials
synthesized via different methodologies have a different shape, size, and
dispersion. The samples obtained at room temperature (CDA-Eu-RT and
CDA-Tb-RT) (Fig. 5a and b) present similar morphology with agglom-
erated particles of lamellar structure, without defined contours and high
size dispersion (>20 μm). The sample obtained via the solvothermal
method, CDA-Eu-ST (Fig. 5c), presents homogeneous morphology in the
form of rods with narrow size distribution and the average length of 1 μm
(Fig. 5d).

3.3. Photoluminescent properties

The photoluminescence behavior of all materials was investigated in
the solid-state at room temperature. The excitation spectra (black lines of
Fig. 6) of CDA-Eu-RT and CDA-Eu-ST obtained by monitoring the emis-
sion at 615 nm (5D0 → 7F2) are similar and presents only the bands
assigned to the characteristic f-f Eu3þ transitions, indicating that the CDA
ligand does not act as an efficient antenna for Eu3þ ion luminescence
sensitization.

The emission spectra of CDA-Eu-RT and CDA-Eu-ST were obtained
under excitation at 395 nm (red line, Fig. 6a, and b, respectively). The
spectral profile shows peaks corresponding to the 5D0 → 7FJ transitions
(J¼ 0, 1, 2, 3, 4) of the Eu3þ ion, with the most intense band at 615 nm of
5D0 →

7F2 transition corresponding to 70% and 52% of the total area of
the spectrum, for CDA-Eu-RT and CDA-Eu-ST, respectively, which con-
fers red photoluminescence to the materials. The strong intensity of the
5D0 → 7F2 (electric dipole) transition relative to 5D0 → 7F1 (magnetic
dipole) transition I (5D0 →

7F2)/I (5D0 →
7F1) equal to 5.22 and 2.63 for

CDA-Eu-RT and CDA-Eu-ST, respectively) and the presence of the peak
attributed to the strongly forbidden electric dipole 5D0→

7F0 transition in
both spectra indicates that the Eu3þ ions are embedded in a low sym-
metry environment without inversion center, typically Cn, Cnv or Cs.
Moreover, the presence of a single, symmetrical peak of the 5D0→

7F0
transition, together with a single exponential profile of the decay emis-
sion intensity (Figure S1), indicates that in each material, only one type
of coordination environment around Eu3þ is present. On the other hand,
the analysis of the spectral profile (split and relative intensity) of each
Eu3þ emission peak suggest a distinct symmetry environment around
Eu3þ ions in each material [51]. In addition, the high asymmetry ratio of
the CDA-Eu-RT, equal to R ¼ (I (5D0 → 7F2)/I (5D0 → 7F1)) ¼ 5.13 is
similar to our previously published results for a
calixarene-tetracarboxylate Eu-coordination polymer (R¼ 5.22) [32] but
much greater than for a typical calixarene-Eu3þ inclusion complex (R ¼
2.73) [51].

It was also found that CDA-Eu-RT presented a quantum efficiency of
38%, which is much higher than for our calixarene-tetracarboxylate Eu-
coordination polymer (20.3%) [32] and other calixarene-based systems
[52]. In the case of CDA-Eu-ST, the quantum efficiency was lower and
equal to 21%.

The monoexponential fit of luminescence decay curves for CDA-Eu-
RT (Figure S1a) and CDA-Eu-ST (Figure S1b) gave lifetime values of
0.84 and 0.76 ms, respectively. These values are higher than for our
previously reported Eu-hybrid material (τ ¼ 0.46 ms) [32].

The excitation spectrum of the CDA-Tb-RT and CTA-Tb-complex
(Fig. 7), obtained by monitoring the emission at 547 and 545 nm,
respectively, exhibits a wide band in the region between 250 and 330 nm
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that can be attributed to the metal-ligand charge transfer (MLCT). The
assignment to intraconfigurational 4f-5d transition was ruled out due to
their typical energy occurrence [53]. However, additional experiments
should be performed to avoid misinterpretations. In the region between
340 and 500 nm, bands related to the intraconfigurational f-f transitions
of the Tb3þ ion are found.

Upon excitation, at 378 nm both CDA-Tb-TA and CTA-Tb-complex
materials show the emission spectra composed by narrow emission
bands assigned to the 5D4 →

7FJ transitions (J ¼ 0, 1, 2, 3, 4, 5, 6) of the
Tb3þ ion, in which the 5D4 →

7F5 transition is the most intense and main
responsible by the green photoluminescence of the materials (Fig. 7). The
luminescence decay curves of the CDA-Tb-TA and CTA-Tb-complex ma-
terials after excitation at 378 nm exhibits a monoexponential profile in



Fig. 10. (a) Emission spectra of CDA-Eu-RT (in water) in the presence of different metal ions. (b) Emission intensity bar diagram related to the transition 5D0 → 7F2
(~616 nm) of the Eu3þ ion in the presence of different metal ions.

Fig. 11. (a) Emission spectrum of CDA-Eu-RT suspensions at different concentrations of Fe3þ ions. (b) plot I/I0 vs. [C] in the detection of Fe3þ ions at different analyte
concentrations (circles) and Stern�Volmer regression (red line).

I.M. Silva Lins et al. Journal of Solid State Chemistry 295 (2021) 121916
which the exponential decay fit gave lifetimes of 0.84 and 0.76 ms,
respectively (Figure S2). The color coordinate, dominant wavelength,
and color purity were determined from the emission spectrum of each
material, using the Commission International del’Eclairage- (CIE-) 1931
Standard Source color coordinate [illuminant C ¼ (0.3101, 0.3162)] as a
reference [54,55]. Fig. 8 shows the photoluminescence color coordinates
(x, y) exhibited by the CDA-Eu-RT (0.674, 0.317), CDA-Eu-ST (0.666,
0.310), CDA-Tb-TA (0.282, 0.504), and CTA-Tb-complex (0.221, 0.453).
The respective color purities are 96.8% (λ ¼ 616 nm), 87.8% (λ ¼ 619
nm), 19.5% (λ ¼ 542 nm) and 9.3% (λ ¼ 511 nm). To develop a
colorimetric-based detection system, a LED photodetector can provide a
compact analytical instrument with smaller amounts of sample volume
and faster response times. For this, the analytical signal (emission of the
sensing) needs to be the most color purity as possible [56]. Thus, only
Eu-based compounds have a high color purity in which the CDA-Eu-RT is
the most remarkable.

3.4. Luminescent sensing of metal ions

Based on the emitted color purity, the sample CDA-Eu-RT was chosen
for preliminary tests for metal ions sensing in a liquid phase. Firstly, the
stability of CDA-Eu-RT dispersed into nonprotic (DMF), and protic
(water) solvents was investigated. The DMF possibly led to the collapse of
the structure during the ultrasound treatment, confirmed by the drastic
change in the spectral emission profile (Fig. 9). On the other hand, in the
aqueous system, the emission spectral profile was maintained after ul-
trasound treatment (Fig. 9), suggesting greater stability of CDA-Eu-RT in
an aqueous medium.
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The sensing tests in the presence of the metal ions Liþ, Al3þ, Pb2þ,
Cu2þ, Zn2þ, Cd2þ, Fe3þ (Fig. 10) show a significant decrease in the
luminescence intensity of the Eu3þ ions present in CDA-Eu-RT. Analysing
the integrated intensities related to the 5D0 → 7F2 transition (616 nm),
greater sensitivity is noticed for the Fe3þ ions, leading to the total sup-
pression of the luminescence of Eu3þ.

Since the luminescence of CDA-Eu-TA showed greater sensitivity for
Fe3þ ions compared to other ions, experiments in an aqueous medium
containing different concentrations of Fe3þ ions (from 1 � 10�6 to 1 �
10�3 mol L�1) were performed, and the emission spectra are shown in
Fig. 11a. As can be seen, the luminescence intensity decreases with the
increase in the analyte concentration (Fe3þ).

Using the areas (integrated intensity) of the transition 5D0 → 7F2 for
each concentration, the graph of the I0/I ratio vs. [Fe3þ] was plotted
(Fig. 11b), where I0 corresponds to the initial intensity without the
presence of Fe3þ ions (reference), I corresponds to the intensity in each
concentration of Fe3þ and [Fe3þ] represents the concentration of the
Fe3þ ions. To further quantitatively evaluate the quenching effect of Fe3þ

ions, the Stern�Volmer equation (I0/I ¼ 1þ KSV [Fe3þ]) was used to
calculate the quenching constants (KSV). The emission ratio (I0/I) exhibits
a good linear correlation at the considered concentration range (R ¼
0.99). According to the Stern-Volmer equation, KSV for CDA-Eu-RT is
found to be 1.0288 � 104 M�1 (Fig. 11b). This quenching constant (KSV)
is comparable to those of the most reported MOF sensors (1 � 104 – 1 �
105 mM�1), for this concentration range [57,58]. The above results
clearly indicate a high sensitivity of the CDA-Eu-RT for Fe3þ ions in a
water environment.
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4. Conclusions

In summary, four novel luminescent calix [4]arene-based hybrid
materials were prepared via solvothermal (CDA-Eu-ST) and slow diffu-
sion (CDA-Eu-RT, CDA-Tb-RT, CTA-Tb-complex) methods. Different
synthesis methods led to two structurally and morphologically different
Eu-coordination networks, as suggested by PXRD, FTIR, SEM, and
luminescent characterizations. CTA-Tb-complex is the first luminescent
dinuclear complex based on calix [4]arene-tetracarboxylate, and Tb3þ

reported so far. The preliminary luminescent sensing studies indicated
that CDA-Eu-RT is a promising platform for the detection of Fe3þ in a
water environment. This is the first example of the research devoted to
the luminescent ion sensing by calix [n]arene-based coordination
network. Further studies will involve a deeper investigation of the
luminescent sensing of the system, including the turn-off luminescence
mechanism, as well as other calix [n]arene-based platforms.
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