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ABSTRACT

Metal Organic Frameworks (MOFs) are hybrid materials, usually crystalline, consisting of metallic species
or clusters, connected by polytopic organic ligands originating bi or tridimensional porous structures. In
this work, Gd-1,4-BDC-MOFs doped with 5% mol Eut were synthesized via solvothermal method at
180 °C. The effect of the synthesis time (3, 5 or 7 days) on the microstructure and photophysical prop-
erties of the obtained MOFs were evaluated. It was found that porous agglomerates were formed within
three days, gradually changing their morphology to rod-like crystals within seven days. The photo-
luminescence excitation and emission spectra revealed an efficient energy transfer from the ligand to the
Eu®* levels (antenna effect), what is not expected for 1,4-BDC?" in a Eu(lll)-based MOFs. We concluded
that the presence of highly paramagnetic Gd>* ions in the matrix enhanced the antenna effect, resulting
in a strong red emission.

© 2017 Elsevier B.V. All rights reserved.

* Corresponding author. Federal University of Pernambuco, Department of Me-
chanical Engineering, Av. Prof. Moraes Rego-1235 — Cidade Universitaria, 50070-
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1. Introduction

Metal-organic frameworks (MOFs) comprise a broad class of
crystalline materials defined as porous networks consisting of
metallic ions or clusters linked together by organic multidentate
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ligands [1]. Due to their well-defined crystallinity and porosity,
high stability and versatility of structures and topologies, these
materials have attracted considerable attention in the past two
decades [2,3].

More recently, MOFs containing lanthanide ions, so-called LOFs
(Lanthanide-Organic Frameworks) have received growing attention
due to the unique properties of lanthanide ions [4—8] combined
with the fascinating structural diversity of MOFs.

The potential applications of these materials are very diverse.
They can be used as light-emitting materials, sensors [7,9,10],
multimodal imaging contrast agents [11], catalysts [12], drug de-
livery carriers [13,14] and markers for gunshot residues [15,16].

Among different organic linkers used for the preparation of
LOFs, aromatic carboxylic acids are preferred as they induce rigidity
and porosity to a framework [17]. Moreover, considering a lack of
the preferential geometry of lanthanide ions, carboxylate groups
with their diversity of coordination modes, are good candidates for
formation of LOFs. Linear linkers such as terephthalic acid (1,4 -
H,BDC) can be considered as an ideal organic binder. It usually
promotes the growth of network homogeneously and acts as a
bridge between metal centers leading to a great variety of struc-
tures [17,18]. Several examples of LOFs based on 1,4 — BDC have
been revealed [19—23].

Although the luminescent properties of Eu-1,4-BDC-MOFs have
already been reported [24], little attention has been paid to
investigate the relationship between the morphology of obtained
LOFs and their photophysical properties. Since properties such as
photoluminescence, depend directly on structural and morpho-
logical characteristics of materials, it is crucial to understand a
mechanism of self-assembly and agglomeration of LOFs particles
[3,24]. Moreover, to the best of our knowledge, Gd-1,4-BDC-MOFs
doped with Eu* have never been described before.

Thus, this study aims to evaluate the effect of the synthesis time
on the microstructure and photophysical properties of Gd/Eu-MOFs
of the general formula [Gd;9Eug1(1,4-BDC)3(DMF)2(H,0)]5.

2. Experimental section
2.1. Materials and methods

All reagents and solvents were used as received without further
purification. Terephthalic acid (1,4-H,BDC), gadolinium oxide
Gd,03 and europium oxide Eu;0O3 were purchased from Sigma
Aldrich. N,N-dimethylformamide (DMF), ethanol (EtOH) and nitric
acid (HNOs, 65%) were acquired from Vetec.

2.2. Synthesis of Eu-doped Gd-MOFs

Gd-MOFs doped with Eu* were prepared as follows: stoichio-
metric amounts of gadolinium (Gd,;03) and europium (Eu;03) ox-
ides, 0.19 mmol and 0.01 mmol, respectively, were dissolved in an
aqueous solution of HNO3 and kept under constant stirring at 70 °C
until complete solvent evaporation. Subsequently, to generated in
situ lanthanide nitrates, 10 ml of DMF solution containing 1.6 mmol
of 1,4 — H,BDC were added under constant stirring at room tem-
perature. The resulting solution was placed in a 23 mL Teflon-lined
steel reactor and heated in an oven at 180 °C for 3, 5 or 7 days,
respectively. Next, the mixture was cooled down to room temper-
ature, and the obtained white solid was filtered, washed with DMF
and EtOH and dried at 60 °C for 24 h. Three samples of a general
formula ([Gdi9Eug1(1,4-BDC)3(DMF)2(H20)],) prepared within
different synthesis time (3, 5 and 7 days), were then characterized
and studied. For comparison, undoped sample Gd-1,4-BDC was also
prepared according to the similar synthetic procedure.

2.3. Sample characterizations

Powder X-ray diffraction (PXRD) data were recorded on a Bruker
D2 Phaser diffractometer using Cu Ko radiation (A = 1.5406 A) with
a Ni filter, operating at 30 kV and 10 mA. The PXRD patterns were
recorded between 5 and 50° at steps of 0.02°. Simulated from single
crystal data PXRD patterns were calculated using the program
Mercury 3.7.

Thermogravimetric analyses (TGA) were performed on a Shi-
madzu DTG-60H thermal analysis system. Samples were heated
from 30 °C to 900 °C at a rate of 20 °C/min under nitrogen atmo-
sphere. Attenuated total reflection Fourier transform infrared (ATR-
FTIR) experiments were carried out on a Bruker Vertex 70/v spec-
trometer. Morphological analysis of powders was performed on
Scanning Electron Microscopy (SEM) in a Hitachi Tabletop Micro-
scope equipment with 5 kV acceleration, TM model 3000. The
excitation and emission spectra were collected in a solid state at
298 K on a Fluorolog3 Horiba Jobin Yvon spectrofluorometer
equipped with Hamamatsu R928P photomultiplier, SPEX 1934 D
phosphorimeter, and a pulsed 150 W Xe-Hg lamp.

3. Results and discussion
3.1. Sample characterization

The XRD patterns of the Eu/Gd-MOF powders obtained within
different synthesis times are shown in Fig. 1. These diffractograms
coincide with a pattern of the Gd-MOF sample previously prepared
by the same route, suggesting that europium has no specific role in
the crystallization process. It can be observed that the sample
prepared within three days showed very low crystallinity
compared to other samples, indicating that a longer time of reac-
tion is needed for producing highly crystalline materials.

All analyzed patterns match well with the simulated pattern
from the single-crystal structure of [Euy(BDC)3(DMF)2(H20)- DMF],
previously reported by Decadt and co-workers [24]. As the authors
described, this structure was solved at a low-temperature experi-
ment (100 K), what justifies the peak shift observed in comparison
to experimental XRD data collected from powder at room tem-
perature. Because the ionic radii of Eu>* and Gd3* are comparable
(1.07 A and 1.05 A, respectively), Eu>* ions can substitute Gd>* ions
without any significant changes in the crystal structure. However, it
is worth to note that the intensity ratio between the diffraction
peaks at 9.4 and 9.7° (20), assigned to the crystal planes (10-1) and
(01-1), respectively, is smaller in the simulated pattern when
compared to the experimental patterns. A second simulated
pattern, also shown in Fig. 1, was calculated without considering
DMF molecules in the pores. In this case, the intensity ratio be-
tween the diffraction peaks at 9.4 and 9.7° is quite similar to the
intensity ratio observed in the experimental patterns, suggesting
the absence of non-coordinated solvent molecules in the structure.

The crystal structure contains two binuclear inorganic building
blocks, in both cases, trivalent lanthanides (Ln>*) centers are octa-
coordinated in a distorted square antiprism geometry (Fig. 2). In the
first building block type, each Ln3* center is coordinated to six
oxygen atoms from carboxylate groups and two from DMF and
water molecules, respectively. In the second type, each Ln>* center
also has eight oxygen atoms, seven from carboxylate groups and
one oxygen atom from a DMF molecule. These two building blocks
are connected by carboxylate groups from two different 1,4-BDC*
ligands, forming 1D chains. The chains are cross-linked by 1,4-
BDC?* ligands resulting in a 3D structure with porous channels
along the crystallographic direction [111] (Fig. 3).

Fig. 4 presents the FTIR spectra of Gd/Eu-MOF samples prepared
within different synthesis times, as well as, of 1,4-H,BDC and DMF.
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Fig. 1. PXRD patterns of the synthesized Eu/Gd-MOF samples (prepared within different synthesis time - 3, 5 and 7 days) and of the pure Gd-MOF matrix, in comparison with the
simulated from single crystal data PXRD patterns of Euy(BDC)3(DMF),(H20) and Euy(BDC)3(DMF),(H,0)-DMFE.

In the IR spectra of MOF samples, no band at 1670 cm™! corre-
sponding to the COOH groups is present, indicating the complete
deprotonation of the carboxylic acid and coordination of COO™
groups to the metal center. The bands in the region between 1584
and 1503 cm~! and at 1386 cm™! attributed, respectively, to the

asymmetric (v,s) and symmetric (vs) stretching vibrations of COO™
groups, can be observed. The number of bands present in this
spectral region suggests more than one coordination mode of
carboxylate groups, what is in agreement with the structural
description for [Lny(BDC)3(DMF);(H20)], (Ln = Eu, Gd). The

Fig. 2. Coordination environment of Eu>* dimer in the crystal structure of Gd/Eu-MOF samples. Hydrogen atoms are omitted for clarity. Color code: gray (carbon), red (oxygen) and
green (gadolinium or europium). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Projection along the c axis of the partially expanded net structure of Gd/Eu-MOF samples. Hydrogen atoms and DMF molecules are omitted for clarity. Polyhedra in yellow
represent the lanthanide sites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

difference between v, and vs, equal to Av = 152 and 117 cm ™!

might indicate a bidentate bridging and tridentate bridging-
chelating coordination mode of carboxylates what was also found
in the structure of [Lny(BDC)3;(DMF)2(H20)]. A band around
1668 cm~ ! may be attributed to the stretching » (C=0) vibration of
the coordinated DMF molecule. The band is slightly shifted
compared to the stretching vibration » (C=0) band of a free DMF
(1657 cm™ ). Moreover, the 6 (OCN) bending vibration band of DMF
is shifted to higher frequencies compared to the absorption band of
the pure DMF (from 659 to 676 cm~') confirming the presence of
coordinated DMF molecule in all samples [25]. The broadband at

around 3450 cm™! can correspond to the water molecule present in
the structure. The IR spectra of all samples also show bands in the
region of 650—730 cm~! and 500-620 cm ™! indicating the presence
of coordinated water molecules. These data are in line with the
crystal description for the reference sample
[Lny(BDC)3(DMF),(H,0)] for which coordinated solvent molecules
H,0 and DMF were also found.

Thermogravimetric curves of the prepared Gd/Eu samples are
shown in Fig. 5. The initial weight loss of 9.8% starting at around
100 °C up to 160 °C observed for all samples can be attributed to the
loss of coordinated solvent molecules (DMF and H0). No mass loss
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Fig. 5. TGA profiles of samples Gd/Eu-MOFs.

below 100 °C, commonly assigned to the desorption of solvent
molecules from pores, is visible, what corroborates with XRD
results.

For the sample prepared within the shortest synthesis time (3
days), the observed mass loss (9.2%) from 160 to 300 °C may be
related to the decomposition of the unreacted ligand. The presence

of an amorphous phase in the XRD diffraction pattern of this
sample may also indicate the presence of the unreacted 1,4-H,BDC.
In all samples, the weight loss (45.0, 50.7 and 50.0%, respectively)
starting from 650 °C is observed and can be attributed to the
framework decomposition following the transformation into Gd
and Eu oxides above 600 °C.
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Fig. 6. SEM images of samples Gd/Eu-MOFs.

The morphology of the prepared powders was analyzed by SEM.
As can be seen in Fig. 6a, the sample prepared within three days
presents large porous microcrystals of the size around 30 pm. By
increasing the synthesis time to five days, a decrease in porosity of
the sample is observed (Fig. 6b). Finally, within seven days,
apparently, pores disappear, and microcrystals with a rod-like
shape are formed (Fig. 6¢).

3.2. Photophysical properties

The photoluminescence excitation spectra of the samples pre-
pared within 3, 5 and 7 days were recorded at room temperature by
monitoring the transition Dy — ’F, at 614 nm (Fig. 7). The pres-
ence of the intense broadband with a maximum at 323 nm, cor-
responding to the ® — =" transitions of 1,4-BDC?", indicates an
energy transfer from the ligand to the metal (antenna effect). The
low-intensity narrow bands observed in the region of 350—550 nm
are attributed to the 4f-4f transitions of Eu>". It is also worth to note
that by increasing the synthesis time, the intensity of the transition
7Fy — °Lg of Eu>* ion decreases, compared to the intensity of the
broadband, what may be related with the crystallinity of the
samples. These results suggest that the ligand-sensitized lumi-
nescence process (antenna effect) is more efficient than the direct
excitation into the “Fg levels of the Eu3t ion.

Crosby et al. have proposed a commonly accepted mechanism of
the energy transfer from organic ligands to a lanthanide ion [26]. A
ligand absorbs ultraviolet radiation and is excited to a vibrational
level of the first excited singlet state (SO — S1). The molecule un-
dergoes fast internal conversion to lower vibrational levels of the S1
state, for instance through interactions with solvent molecules. The
excited singlet state can undergo non-radiative intersystem
crossing from the singlet state S1 to the triplet state T1. Subse-
quently, the system may undergo an intramolecular energy transfer
from the triplet state to a level of the lanthanide ion.

Hilder and co-workers [27] have determined the energy level of
the terephthalate triplet, 23.256 cm™!, which is above the emission
levels of the Eu* ion. This energy gap might cause numerous non-
radiative relaxations before reaching the Eu>* levels.

Recently, Decadt et al. have reported that the peaks corre-
sponding to the 4f—4f transitions were comparable in intensity to
the broadband originated from the ligand 1,4-BDC?" in a Eu(lll)-
based MOF, and therefore concluded that the antenna effect was
not very efficient [24].

On the other hand, our results show that the terephthalate
ligand is a good sensitizer, and the efficient energy transfer
observed in our case, may be related to the presence of the highly
paramagnetic Gd>" ions in the matrix [28]. The 4f levels of this ion
are located above triplet levels of most organic ligands. Conse-
quently, Gd*>*-centered emission cannot be observed. Moreover,
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Eu/Gd-MOF (3 days)

T T ' T T T T
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Fig. 7. Excitation spectra of samples Gd/Eu-MOFs measured at room temperature by
monitoring the Eu>* emission at 614 nm.
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lifetimes.
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the presence of the heavy paramagnetic ion enhances the inter-
system crossing (ISC) from the singlet (S1) to the triplet (T1) state
because of mixing of the triplet and singlet states (paramagnetic
effect) [29—31]. Although forbidden, this phenomenon occurs due
to the spin-orbital coupling [32].

The emission spectra were recorded using two different exci-
tation wavelengths (Aex = 323 and Aex = 395 nm) and are shown in
Fig. 8. In both cases, only narrow and intense peaks assigned to the
characteristic transitions of Eu>* (°Dg — Fg.4) are observed. The
presence of the peak at 578 nm (see inset) corresponding to the
strongly forbidden transition °Dg — ’Fg indicates that Eu* ions
occupy a low symmetry site, without an inversion center such as
Cnv» Cy or Cg [7]. The most intense peak with the maximum at
614 nm assigned to the electric dipole °Dy — ’F, transition is
responsible for the red luminescence of the prepared samples. The
significant difference between peak intensities attributed to the
5Do — "F, and 5D0 — 7Fy transitions, so called, the asymmetry
factor, confirms the low-symmetry coordination environment
around europium center [7,9]. These data are in good agreement
with the results obtained from X-ray diffraction analysis. As pre-
viously presented in Fig. 2, Eu>** and Gd3* ions occupy sites with
distorted square antiprism geometry, with low symmetry without
an inversion center.

It is noteworthy to mention that the luminescence intensity is
similar for all samples when excited at 323 nm (emission via energy
transfer from the organic ligand to the Eu3* levels). However, direct
excitation of the Eu®>* ions at 395 nm (’Fy — °Lg transition) causes
the increase in the luminescence intensity of the sample prepared
within 7 days compared to other samples, what might be associ-
ated with the different crystallinity of the samples.

The photoluminescence decay curves were obtained by moni-
toring the most intense emission at Ae; = 614 nm upon excitation
in the ligand absorption level at 323 nm (7= — =) and upon direct
excitation of the Eu* at 395 nm. The corresponding profiles are
depicted in Fig. 9. The curves were found to fit a mono-exponential
function what usually indicates the presence of only one coordi-
nation site of Eu* ions. However, as previously indicated by XRD
data and as observed in Fig. 2, there are two different lanthanide
sites in the crystal structure. Although uncommon, some crystal
structures may have two slightly different sites with closely related
time-dependent photoluminescence behavior [24]. In this case, a
single exponential term can be used to fit the respective decay
curve.

The photoluminescence decay times were measured at room
temperature with excitation at 323 (organic ligand) and 395 nm
(Eu**) and are shown in Fig. 9 (inset table). The values lie in the
range of 0.296—0.299 and 0.305—0.323 ms, respectively. Compared
to the reported values for europium terephthalate MOFs, which
vary from 0.344 to 0.47 ms (hydrated) to 0.94 ms (anhydrous) [24],
shorter decay times obtained in our case may confirm the presence
of coordinated water molecules, as expected from the proposed
crystal structure.

4. Conclusions

In summary, the synthesis and photophysical properties of
intriguing bimetallic Gd-1,4-BDC MOFs doped with Eu3* ions were
presented here for the first time. Three syntheses carried out at
different synthesis time (3, 5 or 7 days) were performed to evaluate
the influence of the time of reaction on the microstructure, and
consequently, the luminescent properties of such materials. In all
samples, the Eu* ions were successfully incorporated in the Gd-
1,4BDC MOF matrix without significant distortion of the matrix
structure, what was confirmed by the XRD data analysis. The syn-
thesis time, however, influenced the crystallinity of the prepared

samples. It was observed that the sample prepared within 3 days
presented very low crystallinity as a result of the short synthesis
time and, moreover, the presence of the unreacted ligand was
confirmed by the XRD and TGA analysis data. In the structure of Gd/
Eu-1,4BDC MOF, two slightly different sites of Eu>* jons were found,
both octa-coordinated in a distorted square antiprism geometry.
The results indicated that the ligand-sensitized luminescence
process (antenna effect) is more efficient than the direct excitation
into the “Fg levels of the Eu>* ion. We suggested that the presence
of highly paramagnetic Gd3>* ions enhanced the intersystem
crossing (ISC) from the singlet (S1) to the triplet (T1) level and, as a
consequence, also the antenna effect. Unlike excitation via antenna
effect, the photoluminescence intensity observed upon direct
excitation of the Eu* ions appeared to be dependent on the crys-
tallinity of the samples. Further research concerning the relation
structure/morphology — properties of Gd/EuMOFs is currently
under investigation.
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