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Six novel rare earth metal organic-frameworks with the general formula {[RE>(2,5-tdc);(dmso)>]-H>0},,
(RE =Y" P N@"™ sm™, Er'" and Tm'; 2,5-tdc>~ = 2,5-thiophenedicarboxylate anion; dmso = dimethylsulfox-
ide) were synthesized and their complete characterization, including single crystal X-ray diffraction, FTIR
spectroscopy and thermal analysis (TG/DTA) are reported. Structure analysis reveals that RE"! ions show
distorted capped trigonal - prismatic geometry. The 2,5-tdc?~ ligands connect four RE" centers, adopting
(k! - k') - (k! - k') - w4 coordination mode, generating an interesting 3D network with potential appli-
cation for gas adsorption. Photophysical properties were studied using excitation/emission spectra and
the photoluminescence data show the near infrared (NIR) and visible (Vis) emission with the character-
istic transitions: 'D, — 3F, for Pr', *F3, — 41, (J = 9/2, 11/2 and 13/2) for Nd", Gsj, — °H; (J = 5/2, 7/2,9/2
and 11/2) for Sm" and *I;3, — *I;5 for Er'. This study indicates that 2,5-tdc®~ ligand is able to act as a
sensitizer for emission in NIR and Vis region in these ions.
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1. Introduction

Metal-organic frameworks (MOFs) are extended crystalline
structures wherein metal cations or clusters of cations are con-
nected by polytopic organic linkers to form one-, two-, or three-
dimensional structural arrangement. Such compounds have
attracted great attention from both academia and industry because
of their potential applications in a wide variety of fields such as:
magnetism [1], catalysis [2], gas storage [3] and molecular separa-
tion [4]. In this context, the use of rare earth ions in the construc-
tion of metal-organic frameworks results in a specific class of
compounds called Rare Earth Metal-Organic Frameworks (REMOFs)
with unique optical and magnetic properties. Different from other
metal ions and molecular species, the rare earth ions have a narrow
absorbance and emission bands with high quantum yields when
excited via antenna effect [5,6]. This process consists in the use
of suitable chromophores, employed as antennas (or sensitizers)
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with the capability of transferring energy indirectly to rare earth
ions as for example the carboxylate ligands. This intramolecular
energy transfer is crucial once that some rare earth ions systems
with direct absorption in the f excited states is very inefficient
because the 4f-4f transitions are parity forbidden, resulting in very
low absorption coefficients. Some REMOFs, specially containing
lanthanide Eu™ and Tb"™ ions, usually exhibit intense luminescence
and are potentially applicable for sensors, lightning and optical
devices |[7]. Recently, interest towards the compounds containing
Er'™, Pr'" and Nd™ ions, which emit in the near infrared (NIR)
region, has increased. This is mainly due the potential applications
in telecommunication network as optical signal amplifier, and in
biological and medical systems as luminescent probes [8]. Taking
advantage of the high affinity of rare earth ions for oxygen, a
number of REMOFs with various dimensionality and topologies
have been synthesized from multicarboxylate ligands [9,10]. In this
paper, we chose the rigid ligand 2,5-thiophenedicarboxylic acid
(2,5-Hytdc) to promote the formation of extended REMOFs struc-
tures, which exhibit high connectivity, stabilize bridges among
several metal centers [11-13], adopting several coordination
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modes, and producing multidimensional networks, including 2D
and 3D structures. Given the important potential applications, we
described the synthesis, characterization, structures and lumines-
cence properties of rare earth metal-organic frameworks of general
formula {[RE5(2,5-tdc)s(dmso),]-H;0},, (RE=Y", Pr'l, Nd", sm',
Ef'™ and Tm"; 2,5-tdc?>~ =2,5-thiophenedicarboxylate anion;
dmso = dimethylsulfoxide).

2. Experimental
2.1. Materials and physical measurements

Elemental analyses for C and H were carried out using a Perkin-
Elmer 2400CHN analyzer. X-ray diffraction patterns (PXRD) of the
single crystals were recorded on a Rigaku RINT2000 diffractometer
using Cu Ko radiation (30 kV and 15 mA) from 5° to 70° and 0.02°
of pass time. FTIR spectra were recorded with a Bomem Michelson
102 FTIR spectrophotometer using KBr pellets in the wavenumber
range of 4000-400 cm™~! with an average of 128 scans and 4 cm™!
of spectral resolution. Thermal analysis (TGA/DTA) was obtained
on a Shimadzu TG-60 equipment with 6 -10 mg sample being
heated at 10 °C/min from room temperature to 800 °C in a dynamic
nitrogen atmosphere (flow rate =100 mL/min). The images of
scanning electron microscopy were obtained using a Shimadzu
SS - 50 with tungsten filament working at 2.0 kV, work distance
17 and probe 4.0. Diffuse reflection (DR) spectra were acquired
with a Cary 500 spectrophotometer from 200 to 1500 nm with
spectral resolution of 1nm. The luminescence excitation and
emission spectra were obtained with a Jobin-Yvon Model Fluorolog
FL3-22 spectrophotometer equipped with a R928 Hamamatsu pho-
tomultiplier and 450 W xenon lamp as excitation source and the
spectra were corrected with respect to the Xe lamp intensity and
spectrometer response.

2.2. Synthesis of {[RE5(2,5-tdc)s(dmso),]-H,0},,

2.2.1. Synthesis of {[Y(2,5-tdc)s3(dmso),]-H>0},, (1)

Compound (1) was synthesized using a two layered solution in a
tube of 1.5 cm inner diameter and 18 cm height. The bottom layer
was 10 mL of N,N’-dimethylformamide and dimethylsulfoxide mix-
ture (1:1) containing 0.24 mmol (42 mg) of 2,5-thiophenedicar-
boxylic acid. The upper one was 5 mL of an ethanolic solution
containing 0.16 mmol (50 mg) of YCl3-6H,0. The resulting solution
was allowed to stand and after five weeks, colorless block crystals
suitable for single crystal X-ray diffraction analysis were obtained.
Yield: 57%. Anal. Calc. for Y,Cy,H»0015Ss: C, 30.6; H, 2.34%; Found:
C, 31.0; H, 2.33%.

2.2.2. Synthesis of compound {[Prx(2,5-tdc)s(dmso),]-H,0},, (2)

Compound (2) was obtained by applying the same synthetic
procedure as described for (1), except that PrCl3-6H,0 (50 mg,
0.14 mmol) was used instead of YCl3-6H,0. The resulting solution
was allowed to stand and after five weeks, light green block
crystals were formed. Yield: 49%. Anal. Calc. for PryCy;Hz0015Ss:
C, 27.3; H, 2.09%; Found: C, 27.1; H, 2.06%.

2.2.3. Synthesis of compound {[Nd,(2,5-tdc)s(dmso),]-H>0},, (3)

Compound (3) was obtained by applying the same synthetic
procedure as described for (1), except that NdCl;-6H,0 (50 mg,
0.13 mmol) was used instead of YCl3-6H,0. The resulting solution
was allowed to stand and after six weeks, lilac block crystals were
formed. Yield: 47%. Anal. Calc. for Nd,Cy,H0015Ss: C, 27.1; H,
2.07%; Found: C, 26.8; H, 2.04%.

2.2.4. Synthesis of compound {[Smy(2,5-tdc)s(dmso),]-H,0},, (4)

Compound (4) was obtained by applying the same synthetic
procedure as described for (1), except that SmCl;-6H,0 (50 mg,
0.14 mmol) was used instead of YCl3-6H,0. The resulting solution
was allowed to stand and after six weeks, colorless block crystals
were formed. Yield: 49%. Anal. Calc. for Sm,Cy,H,0045Ss5: C, 26.8;
H, 2.05%; Found: C, 27.1; H, 2.07%.

2.2.5. Synthesis of compound {[Er,(2,5-tdc)s(dmso),]-H,0}, (5)

Compound (5) was obtained by applying the same synthetic
procedure as described for (1), except that ErCl3-6H,0 (50 mg,
0.13 mmol) was used instead of YCl3-6H,0. The resulting solution
was allowed to stand and after six weeks, light pink block crystals
were formed. Yield: 53%. Anal. Calc. for Er,C,>H»0045Ss5: C, 25.9; H,
1.98%; Found: C, 26.1; H, 2.01%.

2.2.6. Synthesis of compound {[Tmj(2,5-tdc)s;(dmso),]-H>;0},, (6)

Compound (6) was obtained by applying the same synthetic
procedure as described for (1), except that TmCl;-6H,0 (50 mg,
0.13 mmol) was used instead of YCl3-6H,0. The resulting solution
was allowed to stand and after six weeks, colorless block crystals
were formed. Yield: 44%. Anal. Calc. for Tm,Cy3H50015Ss: C, 25.8;
H, 1.97%; Found: C, 25.8; H, 1.96%.

All the compounds synthesized are stable in air and insoluble in
ethanol, acetonitrile, acetone, tetrahydrofuran (THF), but soluble in
the 1:1 mixture of dimethylformamide (dmf) and dimehylsulfox-
ide (dmso).

2.3. 3-Single crystal X-ray diffraction

The single crystal X-ray diffraction data of compound X was col-
lected at room temperature on a Bruker D8 Venture diffractometer
equipped with Photon 100 CMOS detector and using MoKa radia-
tion (0.71073 A) from a INCOATEC micro-focus source. Final lattice
parameter values and integrated intensities were obtained using
SAINT software and a multi-scan absorption correction was
applied with SADABS.

X-ray diffraction data collections for compounds (1) and (5)
were collected on a Bruker D8 Venture diffractometer equipped
with Photon 100 CMOS detector and using MoKo radiation
(0.71073 A) from a INCOATEC micro-focus source. Final lattice
parameter values and integrated intensities were obtained using
SAINT software and a multi-scan absorption correction was
applied with SADABS. For the compound (6), the data collection
were performed on an Oxford-Diffraction GEMINI diffractometer
using Graphite-Enhance Source Mo-Ko radiation (A =0.71073 A).
Data integration and scaling of the reflections and absorption
corrections were carried out with the programs of the Crysalis
suite [14]. Final unit cell parameters were based on the fitting
of all reflection positions. The structures were solved using
direct methods using the Sir-92 program [15]. The positions of
the carbon, oxygen, sulfur, and metal atoms of the molecules
were unambiguously assigned on consecutive difference Fourier
maps. Refinements were performed with SHELXL-2013 [16]
based on F2 through a full-matrix least-squares routine. All
atoms were refined with anisotropic atomic displacement
parameters, except for hydrogen. The latter were located in dif-
ference maps and included as fixed contributions according to
the riding model [17]. The structures were drawn using the
programs ORTEP-3 for Windows [18], MERCURY [19] and Topos
4.0 [20]. Through the latter, the Voronoi-Dirichlet polyhedral
volumes and the molecular coordination numbers generated
and projected.
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3. Results and discussion

3.1. Crystal structures of {[REx(2,5-tdc)s(dmso),]-H>0}, (RE =Y (1),
Er'"" (5) and Tm'™ (6))

Single crystal X-ray diffraction analysis reveals that (1), (5) and
(6) are isostructural and crystallize in orthorhombic system with
space group Pna2;. Thus, only the crystal structure of Tm'! complex
will be described herein as a representative example. Tables 1 and
2 and S1 (in Supplementary Material) exhibit crystal data and main
geometrical parameters of three rare earth complexes. Comparing
the listed crystallographic parameters it can be noticed that the
three compounds reported here and other three described in the
literature [13] are isostructural.

The ORTEP drawing of a structural fragment of {[Tmy(2,5-tdc)s
(dmso),]-(H;0)}, with atom numbering schemes is shown in
Fig. 1a. The TmMOF has two crystallographically independent lan-
thanide ions which are surrounded by seven oxygen atoms from
three tdc?>~ ions and two dmso molecules with average of Tm-O
bond distance of 2.284 (7) A and O-Tm-0 bond angles varying from
71.2 (3)° to 165.6 (3)°. The geometry around both Tm1 and Tm2
can be described as a distorted capped trigonal prism, in which
the dmso has been added to the rectangular face (Fig. 1b).

Each carboxylate group links two adjacent Tm" jons in a typical
p? coordination mode to build one type of binuclear rare earth
units [Tmy(p?-CO0)s], forming a sinusoidal-like chain known as
Secondary Building Unit (SBU) along the ¢ direction
(Fig. 2a and b). This sinusoidal-like Tm'! chain can be viewed as
infinite rod-shaped SBUs, which provide effective means to prevent
the interpenetration of the final framework. These sinusoidal-like
chains are also extended farther with a nearest-neighbor
Tm™. .. Tm™ distance of 5.2094(6) A between the two adjacent
chain to build a 3D framework along a direction (Fig. 2c).

Several porous MOFs based on rod-shaped SBUs have been
reported, in which the rigid bridging ligands provide the walls of
the square channels [21-23]. In this study, even the binder being
rigid and the sinusoidal SBUs, the network presented itself dis-
torted the diamond-shaped. From the viewpoint of topology, we
can consider each [Tm,(u2-CO0)s] subunit as a node, and then a
10-connected net is generated, where each [Tmy(p2-COO0)s]
node connects to 10 identical [Tmy(p2-CO0)s] nodes via ten

Table 2
Selection of the main geometric parameters, bond distance (A), bond angles (°) and
hydrogen bonds (A and °) for compound {[Tmy(2,5-tdc)3(dmso)].H;0} .

Tm1-010 2.184 (6) Tm1-02 2.198 (7)
Tm1-03 2.294 (7) Tm1-014 2.301 (7)
Tm1-07 2.310 (6) Tm1-06 2.327 (7)
Tm1-011 2.341 (6) Tm2-012 2.226 (7)
Tm2-05' 2.230 (7) Tm2-04 2.261 (7)
Tm2-013! 2.292 (6) Tm2-08 2.305 (7)
Tm2-09 2.348 (7) Tm2-01' 2.365 (7)
010-Tm1-02 158.9 (3) 010-Tm1-03 103.6 (2)
02-Tm1-03 81.5(2) 010-Tm1-014 1126 (3)
02-Tm1-014 782 (3) 03-Tm1-014 127.3 (3)
010-Tm1-07 81.0 (3) 02-Tm1-07 81.1 (3)
03-Tm1-07 723 (3) 014-Tm1-07 148.1 (3)
010-Tm1-06 749 (3) 02-Tm1-06 126.0 (3)
03-Tm1-06 75.0 (2) 014-Tm1-06 78.9 (3)
07-Tm1-06 133.0 (3) 010-Tm1-011 80.1 (2)
02-Tm1-011 85.0 (2) 03-Tm1-011 147.6 (2)
014-Tm1-011 77.6 (2) 07-Tm1-011 76.7 (3)
06-Tm1-011 135.4 (2) 012-Tm2-05' 165.6 (3)
012-Tm2-04 109.7 (3) 05'-Tm2-04 77.6 (3)
012-Tm2-013! 105.7 (2) 05'-Tm2-013' 78.3(2)
04-Tm2-013! 124.8 (3) 012-Tm2-08 83.0 (3)
05'-Tm2-08 85.1 (3) 04-Tm2-08 150.9 (3)
013'-Tm2-08 73.0 (3) 012-Tm2-09 83.4 (3)
05'-Tm2-09 86.1 (3) 04-Tm2-09 78.4 (3)
013'-Tm2-09 147.4 (3) 08-Tm2-09 773 (3)
012-Tm2-01' 71.2 (3) 05'-Tm2-01' 123.0 (2)
04-Tm2-01! 79.1 (3) 013'-Tm2-01' 73.9 (3)
08-Tm2-01' 129.9 (3) 09-Tm2-01 137.6 (2)
015-H15B.--04 163 015.--04 3.048 (12)
C4-H4.--S5" 112 C4.-.85' 3.315 (11)
C10-H10.--011 161 C10---011 3.380 (13)
C21-H21C---015' 142 C21.-.015M 3.375 (18)
C22-H22C.--015' 145 C22...015' 3.285 (19)

Symmetry codes: (i) X — 1/2, -y +3/2, z; (ii) —x + 1, -y + 2,z — 1/2 and (iii) x, y + 1,
Z.

2,5-tdc®>” ligands. Topological analysis by the TOPOS program
suggests a bct net, uninodal with a 3'24285° point symbol
(Fig. 2d).To our knowledge, this topology was observed in
DUT-69 and two other MOFs, where Zng, Cds, and Cds clusters
act as 10-connecting node, respectively [24,25]. Besides, others like
that of Co4 and Cds clusters were also discovered to construct a
10-connected net but with different topology [26].

Table 1

Crystal data, data collection and structure refinement for {{REx(2,5-tdc)s(dmso),]-H>0}, (RE = Y, EF'! and Tm'") compounds.
Compound yiit Er'! Tm'™
Formula C2oHa0Y2015S5 CoHa0Er2015S5 CoHa0Tm;045Ss
Formula weight/g mol~! 862.50 1019.20 1020.54
Temperature/K 291(2) 291(2) 120.00(10)
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pna2, Pna2, Pna2,
alA 17.4393(5) 17.4095(5) 17.2619(3)
b/A 10.1483(3) 10.1198(3) 10.0391(2)
c/A 17.5771(5) 17.5470(4) 17.5996(3)
af° 90 90 90
Bl 90 90 90
v/ 90 90 90
V/A3 3110.78(16) 3091.44(15) 3049.90(10)
Z 4 4 4
Crystal size/mm 0.24 x 0.17 x 0.16 0.25 x 0.15 x 0.11 0.13 x 0.08 x 0.02
Deaic/g cm~3 1.842 2.190 2227
(Mo Kot)/em ™! 4.120 5.798 14.427
Transmission factors (min/max) 0.6171/0.745 0.6106/0.7454 0.920/0.993
Reflections measured/unique 42,183/5684 39,743/5660 64,642/5355
Observed reflections 5163 5563 5107
Ne. of parameters refined 402 402 399
RIE, > 26(F,)] 0.037 0.0270 0.0280
WR[Fo2 > 20(F,)?] 0.0840 0.0672 0.0640
S 1.080 1.166 1.050
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(b)

Fig. 1. (a) Crystal structure of {{Tmy(2,5-tdc)3(dmso),]-H;0},. Symmetry codes: i(—0.5 +x, 1.5 —y, z); ii(1 — x, 2 — y, —0.5 +z); iii(1.5 — x, —0.5+Yy, 0.5 +z); iv(1 —x,2 -y, 0.5 +2)
and vi(1.5 — x, 0.5 +y, —0.5 +z); (b) Tm" ions coordination geometry. Polyhedral are [TmO;] units, which are connected through 2,5-tdc>~ carboxylate groups.

b [Tmy-CO0N] [Tmy-COO)) [Tmys-COON)
/ /
/ / / \ / N\,
[Tm(*-COONI [Tm;(4°-CO0),] [Tmi-COO0N] [Tens(yi°-COO)]

OITmy(1*-C00),| 088
© 2,5-tde ligand

Fig. 2. (a) Structural representation of the simplified sinusoidal-like chain (SBU); (b) View of the sinusoidal SBU in framework along the bc plane. (c) View along bc plane of
crystalline framework with inorganic SBUs; (d) A schematic view of the simplified bct type network topology 10-connected.

Fig. A.1, in Supplementary Material, shows the superposition of the other two ca. 0.5 A. It has been further hydration water molecule
the three asymmetric units of the isostructural compounds of this for Tm™ is in the opposite direction to the other two compounds.
paper. It can be seen that for compounds Y and Er'" they are com- The corner-to-corner separations across the channel are ca.
pletely overlapped. The Tm" compound is displaced in relation to 10.04-10.49 A. Hence, the cavities within the material are of
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Fig. 3. (a) Volume occupied by a dmso molecule inside unit cell, as calculated by TOPOS program; (b) Representation of voids inside unit cell to the {{Tmy(2,5-tdc);(dmso),]-
H>0},, network and (c) Simulation and calculations of the voids inside unit cell removing the dmso molecules.

considerable capacity; however, these cavities are filled by dmso
ligands coordinated to RE™ ions. Each molecule of dmso has a vol-
ume of 121.28 A> (calculated by the TOPOS program, Fig. 3a),
therefore, these voids are compromised. If we consider the real
space of the cavity occupied by dmso molecules, we see that the
volume accessible to other host molecules is limited (11.8%,
344.07 A3 of the 3049.90 A3 of the unit cell total volume). However,
if we consider the output of dmso molecules, this accessible vol-
ume goes to 29.9%; 913.09 A3 (as calculated using the program
PLATON and MERCURY and shown in Fig. 3b and c). This result
agrees with the volume occupied by each dmso molecule;
121.28 A3 multiplied by the number of dmso molecules in the unit
cell (eight); giving a approximate value of 970.24 A3, taking into
consideration that each unit cell comprises approximately two
cavity and also that each cavity has four molecules of dmso. Thus,
the small volume inside unit cell is incapable of host other solvent
molecules and gas molecules being necessary to remove the dmso
molecules to generate voids favorable to gas adsorption.

The literature reports similar REMOFs containing 2,5-tdc?~
anion [11-13,27-34], with these species being highly crystalline,

allowing the structural determination through single crystal
X-ray diffraction analysis. However, in the present case, the
crystallization process for the {[Prx(2,5-tdc)s(dmso),]-H>0}, (2),
{[Nd5(2,5-tdc)3(dmso),]-H,0}, (3) and {[Smy(2,5-tdc)3(dmso),]-
H>0}, (4) compounds resulted in twinned crystals (Fig. 4) and
it was not possible to build a crystallographic model for
refinement.

For this reason, polycrystalline X-ray diffraction patterns
(PXRD) at room temperature were obtained for all the REMOFs.
From PXRD patterns exhibited in Fig. A.2 (in Supplementary Mate-
rial), high crystallinity can be noticed for the all complexes. These
data show that complexes (1), (2), (5) and (6) are isomorphous,
while compounds (3) and (4) patterns, presents two peaks (9.66°
and 19.40° in (3) and 9.85° and 19.60° in (4)) that are absent in
the other patterns, suggesting different crystal lattices. Thus,
although the proposed compounds formulation is the same, the
crystal packings of compounds (3) and (4) are not. In addition,
the difference in reflection intensities among the PXRD patterns
was due to the variation in polycrystalline samples preferred ori-
entation during the experimental data collection.

100 pm

Fig. 4. SEM images of the compounds {[Pry(2,5-tdc)3(dmso),]-H20}, (2), {{Ndx(2,5-tdc)s(dmso),]-H>0}, (3) and {[Smx(2,5-tdc);(dmso),]-H,0}, (4) showing the twinned crystals.
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3.2. Infrared spectroscopy

The similarity of lanthanide complexes FTIR spectra indicates
that these compounds are isostructural as been proved by PXRD
method and single crystal X-ray diffraction analysis. The spectra
of 2,5-Hytdc, Nay(2,5-tdc) sodium salt and {[RE»(2,5-tdc)s(dmso),]-
H,0},, compounds are shown in Figs. A.3 and A.4 of Supporting
Material, respectively. In all complexes spectra a broad band cen-
tered at 3482 cm~! may be assigned to v(O-H) stretching vibra-
tions, suggesting the presence of water molecules in the
structure in accordance to the thermal analysis results discussed
below. The v(C-H) stretching modes of 2,5-tdc?>~ thiophene ring
and dmso methyl groups appear at 3093 and 2934 cm™!, respec-
tively. The absorption bands at 1271-1292 cm™! region in the
spectrum of 2,5-Htdc, assigned to stretching vibrations of the
non ionized carboxylic groups, are absent in the FTIR spectra of
REMOFs, confirming that the ligands are completely ionized, in
agreement with the crystal structures. Additionally, the band at
1020 cm™! may be attributed to the stretching mode v(S=0)
indicating the presence coordinated dmso molecules [35]. In this
class of carboxylate compounds, the difference (Av) between
Vasym(COO™) and Vgy,(COO™) in comparison to the corresponding
values in ionic species is currently employed to propose the car-
boxylate group coordination mode [36]. The FTIR spectrum of
2,5-tdc?" ligand in ionic form presents strong bands at 1572 and
1382 cm™!, which are attributed t0 Vasym(COO™) and Vgym(COO™)
stretching modes, respectively, providing Av =190 cm™'. This is
an important tool, since rare earth carboxylates usually contain a
variety of different coordination modes as a result of their large
coordination numbers. For the FTIR spectra of REMOFs, absorption
bands are observed at 1571 and 1382cm™! assigned to
Vasym(COO ™) and vgym(COO ™) stretching modes, respectively, giving
Av =189 cm~!. Comparing the Av values, one can conclude that
the carboxylate groups are coordinated to lanthanide ion in a
bridging coordination mode.

3.3. Thermal analysis

Properties as volatility and stability, are important for practical
applications in luminescent materials. Thus, thermal stabilities of
(1)-(6) have been investigated using TGA/DTA techniques (Fig. 5)
with polycrystalline samples in the temperature range of
25-800 °C and under a N, atmosphere. All the complexes exhibit
very similar TGA curves, as expected. Therefore, only complex (2)
thermal behavior will be discussed in detail as a representative
compound for this group. As shown in Fig. 5, at least three well
defined weight losses can be noticed in TGA curve for the complex
(2). The first endothermic step centered at 125 °C correspond to the
release of one lattice water molecule per formula unit ((1): obsd.
2.04%, calcd. 2.09%; (2): obsd. 1.92%, calcd. 1.87%; (3): obsd.1.87%,
calcd. 1.85%; (4): obsd. 1.81%, calcd. 1.83%; (5): obsd.1.74%, calcd.
1.76%; (6): obsd. 1.73%, calcd. 1.76%). Afterwards, two consecutive
mass losses accompanied by two endothermic steps (centered at
306 and 350 °C) correspond to approximately two coordinated
dmso molecules. ((1): obsd.18.39%, calcd. 18.17%; (2): obsd.
16.18%, calcd. 16.70%; (3): obsd.16.85%, calcd. 16.04%; (4):
obsd. 15.86%, calcd. 15.84%; (5): obsd.16.01%, calcd. 15.37%; (6):
obsd. 15.74%, calcd. 15.32%). From 441 °C to 560 °C the decomposi-
tion of organic moiety takes place with exothermic peaks centered
at 455 and 494 °C. At 800 °C, the residual percentage weight is con-
sistent with Pr,03 (obsd. 34.20%, calcd. 35.1%), Y203 (obsd. 27.10%,
calcd. 26.20%), Nd,03 (obsd. 35.20%, calcd. 34.59%), Sm,05 (obsd.
36.21%, calcd. 35.41%), Er,03 (obsd. 38.42%, calcd. 37.55%) and
Tm,03 (obsd. 38.52%, calcd. 37.75%) for (2), (1), (3), (4), (5) and
(6), respectively. As observed in the TGA curves, there is a very
specific temperature range for the release of dmso molecules,

allowing generate voids favorable to gas adsorption, as predicted
in the crystal structures study. This project is in progress in our
research group. Still, it is interesting to note, among all TGA curves,
a smaller residual percentage in {[Y>(2,5-tdc)s(dmso),]-H>0}, (1),
and this is due to the lower atomic of yttrium element when com-
pared to other rare earth elements.

3.4. Diffuse reflectance spectra (DR)

In the absorption spectra of solutions, the solvent effect makes
it difficult to study the complexes energy levels. This difficulty can
be overcome by studying the diffuse reflectance spectra, allowing
the identification of the ligand centered as well as the sharp 4f-4f
transitions. Thus, the diffuse reflectance UV spectra of the investi-
gated REMOFs (Fig. 6) were recorded at room temperature in the
region of 230-1300 nm. In the UV region (200-360 nm) of all spec-
tra, a broad absorption band is observed, and can be attributed to
electronic transitions from the ground-state level () Sp to the
excited level (m%) S; of the 2,5-tdc®~ anion clearly confirming the
ligand coordination in the synthesized compounds. The spectra
also displays a set of narrow bands attributed to Laporte-forbidden
4f-4f transitions of rare earth ions, whose assignments are listed in
Table S2 in Supplementary Material.

As expected, the DR spectrum of {[Y5(2,5-tdc);(dmso),]-H>0},, (1)
compound only show absorption the band associated to transition
So — Si(m,m«) of the ligand 2,5-tdc?~, being very similar to the DR
spectrum of Na,tdc sodium salt (not shown).

3.5. Photoluminescence studies

Most of the investigations in the field of luminescent rare earth
complexes have been devoted to Eu'! and Tb" compounds, which
emit in the visible spectral region and are used as sensors and as
luminescent labels in fluoroimmunoassays. Currently much work
is being devoted to rare earth compounds emitting in the near
infrared (NIR) region for both fundamental reasons and possible
applications in some optical fields, especially, telecommunication
networks and novel laser materials [37-39]. Taking into account
this fact, the photoluminescence properties of Pr', Nd™, Sm'! and
Er'"" compounds were studied. All the excitation spectra exhibits
a broad band between 250 and 350 nm which is attributable to
the ligand centered So— S; (m,m*) transition of the aromatic
moiety. Fig. 7a shows the excitation spectrum of {[Pry(2,5-tdc);
(dmso),]-H,0},, (2) recorded at 77 K in the 250-600 range by mon-
itoring the Pr'" emission at 1032 nm. Three narrow bands are
observed which are assigned to 4f° - intraconfigurational transi-
tions from the ground state H, to the following excited states of
praseodymium ion: 3P, (448 nm), 'P;+'ls (471nm) and 'D,
(591 nm). Fig. 7b depicts the solid state emission spectra of
{[Pry(2,5-tdc)3(dmso),]-H>0},, (2) recorded at 77 K upon excitation
in the ligand absorption band, at 322 nm. The emission spectrum
is composed of the typical Pr'' emission, corresponding to
D, - 3F, (1032 nm) in the NIR region. The solid state excitation
(Fig. 7c) and emission (Fig. 7d) spectra of network {{Nd(2,5-tdc)s
(dmso),]-H»0},, (3) were studied at nitrogen liquid temperature.
Several Laporte-forbidden 4f-4f transitions in 340-750 nm range,
corresponding to characteristic transitions of Nd" jon can also be
noticed. These 4f-4f transitions were assigned to “lgj; — *Ds,

(351 nm), “lgp » 2Py (428nm), “lojp > *Gyyjz (465 nm),
4]9/2 - 4G9/2 (509 nm), 419/2 - 4G7/2 (523 nm), 4]9/2 - 4G5/2
(580nm), “loj; » *Hyyz  (624nm), “loj; » *Fo; (676 nm),

“gj2 — *F72 + *S3;2 (740 nm). Upon excitation through 2,5-tdc*~
ligand singlet state at 312 nm, the emission spectrum of
{[Nd5(2,5-tdc)s(dmso),]-H,0},, at 77 K (Fig. 7d) show the main char-
acteristic emission lines corresponding to the expected 4f-4f NIR
transitions and correspond to “Fs;; — *lojz (887 nm), “Fz2 — *l11p2
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Fig. 5. TGA and DTA curves for the complexes under N, atmosphere with a heating rate of 10 °C/min.

(1053 nm) and “Fs; — *I1372 (1324 nm) transitions. The normalized
excitation spectrum for {[Ery(2,5-tdc)s(dmso),]-H>0}, (5), which
was recorded at 77K, and monitored around the intense
1132 — “I15)2 transition of Er'" ion is shown in Fig. 7e. The excita-
tion spectrum of (5) exhibits a series of sharp bands arising of
Af-4f transitions from the ground state *I;s, level to the ?K;sp
(363 nm), *Gy1j2 (379 nm), *“Gojz + *Fgj2 (407 nm), “Fs; (453 nm),
4F;j2 (488 nm), 2Hy1j; (521 nm) and *Ssj; (547 nm) excited states.
However, these transitions are less intense than that of the broad
band attributable to the ligand level, which proves that lumines-
cence sensitization via ligand excitation, is more efficient than that
direct excitation of the Er'" ion absorption levels. This coordination
network exhibits the characteristic emission band upon excitation
in the ligand absorption band, at 315 nm (Fig. 7f). The emission
spectrum is composed of the typical Er'" emission, corresponding
to *l132 — %1152 (1532 nm) transition. This transition is in the right
position of the third telecommunication window (1.5 um) and is
currently employed in the telecommunication area [8]. The com-
pound was also excited on the *I;52 — *Gyyj2 and “Iisp2 — *Hyip

intense transitions (379 and 521 nm, respectively), but no differ-
ence in 4f-4f transitions profile was observed.

The Sm'™ ion has an 4f° electronic configuration, with a odd
number of electrons, being classified as an Kramer’s ion (electronic
levels doubly degenerate by interaction of ligand field for any
chemical environment [40,41]). Thus, the maximum number of
the Stark levels for Kramer ions is J+ 1/2 (with *'L; state) for
any symmetry lower than cubic [42]. The normalized excitation
spectrum for the Sm"' complex, which was recorded at room tem-
perature, and monitored around the intense “Gs;; — ®Hy, transi-
tion for the Sm'™ ion, is shown in Fig. 7g. In this spectrum, a
series of bands arising from 4f-4f transitions from the ground state
6H7/2 level to 4H7/2 (363 nm), 4D5/2 + 6P5/2 (373 nm), 6P7/2 (387 nm),
“Lis;2 (403 nm), Pgj, (418 nm), ®Psjy + Pz (438 nm), and “Gop,
(463 nm) excited states. Upon excitation through the singlet state
of the 2,5-tdc®~ ligand, at 310 nm, the emission spectrum of
{[Smy(2,5-tdc)s(dmso),]-H,0},, (4) at room temperature (Fig. 7h)
show the main characteristic emission lines of the Sm" ion and
correspond to the *Gsjz — ®Hspz (562 nm), “Gs;; — ®Hyj, (601 nm),
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Fig. 6. DR spectra of {[RE5(2,5-tdc)s(dmso),]-H,0}, compounds.

4G5/2 - GHg/z (646 nm) and 4G5/2 - GH“/Z (704 nm). In the Smm
compound, the transition 4G5,2 — 6H5,2 is taken as the reference
due to its predominant magnetic dipole character (AJ = 0). On the
other hand, the *Gs; — ®Hoj, transition is magnetic dipole forbid-
den and electric dipole allowed. Thus, the #s,, intensity parameter
can be calculated by the equation:

Hsm = 1(*Gsj2 — ®Ho2) /1(°Gs 2 — °Hs)2)

where I (*Gsj2 — ®Hgj2) and I (*Gsj2 — ®Hsz) are the intensities of
4Gs2 — ®Hoj2 and *Gsjp — ®Hspa, respectively [43]. The experimental
intensity parameter ysm, for the {[Smy(2,5-tdc);(dmso),]-H;0}, (4)
obtained is approximately 1.82, indicating that Sm™ ion is in a
low polarizable chemical environment, with the high symmetry.

This small value also confirms the predominance of 465,2 - 6H7,2
transition, corresponding to 59.9% of emission spectrum.

3.5.1. Energy transfer mechanism in the REMOFs

It is important to emphasize that several previous reports of
Metal-Organic Frameworks of rare earths with this ligand, discuss
briefly the photophysical investigations presenting only the
excitation/emission spectra [27-34]. The compounds studied in
this work, together with the congeners reported by our group
[11-13] presents a more detailed study of energy transfer process.
Thus, in order to confirm the possibility of occurrence of antenna
effect, the identification of the lowest triplet state of 2,5-tdc?~
ligand, was obtained from the emission phosphorescence spectrum
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Fig. 7. Photoluminescence excitation and emission spectra for (2) (a and b), (3) (c and d), (5) (e and f), emitting in the NIR region, and (4) (g and h) emitting in the Vis region.
Excitation spectra were obtained at emission maximum, while the emission spectra were obtained upon excitation through 2,5-tdc?~ ligand singlet state.

(Fig. A.5. in Supporting Material) for the {[Gdx(2,5-tdc)s(dmso),]-
H,0}, recently reported by our research group [13]. The steady-
state phosphorescence spectrum this compound displays two
overlapped broad bands that are assigned to the fluorescence
(S1 = Sp) (centered at 414 nm) and phosphorescence due to the
Ty — So (7, ) centered ligand transitions. The time-resolved spec-
trum, using 0.5 ms delay, enabling determine unequivocally the
energy due to the 0-0 phonon transition for the Gd'". In this case
the fluorescence bands decrease very fast as the flash delay is
increased and only the phosphorescence spectrum from the
ligands is displayed. Thus, on the basis of the phosphorescence
spectra of complex {[Gdx(2,5-tdc)s(dmso),]-H,0}, (Fig. A.5. in

Supporting Material), the triplet energy level (T;) of 2,5-tdc®>~ cor-
responds to the zero-zero phonon transition and is located at
approximately 22,371 cm™! (447 nm). The triplet energy level of
2,5-tdc®~ appears at appreciably higher energy than 'D, (Pr'"),
*F3jo (Nd™), *Gsj, (Sm™) and “I135, (Er™) emitting levels, indicating
that this ligand can act as an antenna for the photosensitization of
trivalent rare earth ions, collecting UV energy and transferring it in
a nonradiative process through T; state to excited states of these
rare earth ions. There are some levels in the rare earth ions that
can efficiently receive energy from the lowest triplet state, for
example: 3P (~22,010 cm™") in Pr'", *Gy /2 (~21,426 cm™") in Nd",
Fs;y (~22,129cm™") in Sm™ and “Fs;, (~22,181 cm™') in Er'™
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Fig. 7 (continued)

Intense emission, however, is only observed from the 'D, (Pr'!),
4F35 (NA™), “Gspz (Sm™) and “I;3, (Er™) emitting levels in these
REMOFs. The reason for this is the close proximity of these excited
states to each other, which causes electrons from the higher states
to rapidly relax to the emitting levels, ending with a radiative tran-
sition to the ground state. One of factors that governs the lumines-
cence efficiency of rare earth complexes is the energy-level match
between the ligand triplet states and RE" ion (®*7)L,; state. In this
context, an efficient ligand-to-metal energy transfer process for
RE" needs AECrm« — 25*DL;)>2000 cm™! [44]. In {[Tmy(2,5-tdc)s
(dmso),]-H,0}, (6), the energy gap AE(Cmms — 'G,) is very small
(1071 cm™!), promotes Tm"-ligand back transfer energy and

accounts for the unobservable emission in the Tm™ compound.
Also, the energy gap between !G4 and F, excited states in Tm™
is relatively large (6108 cm™') disabling the occurrence of relax-
ations to lower energy levels and consequently emissions from
the 3F, and 3H, levels [4546]. In addition, the presence of
dimethylsulfoxide molecules in the complex may also promote
the quenching of luminescence by C-H oscillators high frequencies
vibrations. Although of unobservable emission in the Tm" com-
pound, to the best of our knowledge, this is the first example of
crystal structure description involving 2,5-tdc?>~ ligand and Tm'"
ion. A schematic energy level diagram based on the foregoing is
presented in the Fig. 8.
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4. Conclusions

In conclusion, we have successfully synthesized six new 3D rare
earth-metal organic frameworks of general formula {[REx(2,5-tdc)s
(dmso),]-H20}, (RE = Y™, Prt, Nd", sm™, Er'™ and Tm'; 2,5-tdc?~ =
2,5-thiophenedicarboxylate anion; dmso = dimethylsulfoxide) and
topology analysis shows a bct net, uninodal with a 3'24%85° point
symbol. The compound of Sm™ exhibits typical emission in the vis-
ible range, while the compounds containing Pr'", Nd"™ and Er'" act
as luminescent materials in the NIR region, which is highly desired
for biomedical and photonics applications. The data also suggests
that 2,5-tdc®>~ ligand is suitable for the sensitization of
luminescence for the Pr'", Nd", Sm™ and Er'™ jons acting as an
antenna. Furthermore, such compounds exhibit characteristics
which make them potential adsorptive gas material. Research for
developing new interesting inorganic-organic hybrid and porous
luminescent materials using carboxylate ligands is in progress in
our laboratory.

Acknowledgments

The authors thank the Brazilian agencies CNPq, CAPES,
FAPEMIG (CEX-APQ-00808-13) and FAPESP for financial support.

Appendix A. Supplementary data

Tables with the geometric parameters, bond distance (A) and
bond angles (°) for {[Ery(2,5-tdc)s(dmso),]-H>0},, and {[Y(2,5-tdc)s-
(dmso),]-H>0},, compounds are reported as Supporting Information.
CCDC 1459038, 1459039 and 1452040 contain the supplementary
crystallographic data for the structures reported in this paper.
These data can be obtained free of charge via http://www.
ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1
EZ, UK; fax: (+44)1223-336-033; or e-mail: deposit@ccdc.ac.uk.

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ica.2016.07.008.
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