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ABSTRACT: Two series of isoreticular chiral metal—organic frameworks
assembled from Ln(IlI) (Ln = Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb), Na(I), and
chiral flexible-achiral rigid dicarboxylate ligands, formulated as [NaLn(Tart)(BDC)-
(H,0),] (S1) and [NaLn(Tart)(biBDC)(H,0),] (S2) (H,Tart = tartaric acid;
H,BDC = terephthalic acid; H,biBDC = biphenyl-4,4-dicarboxylic acid), were
obtained as single phases under hydrothermal conditions. The compounds have
been studied by single-crystal and powder X-ray diffraction, thermal analyses
(TG-MS and DSC), vibrational spectroscopy (FTIR), scanning electron microscopy
(SEM-EDX), elemental analysis, and X-ray thermodiffractometry. The catalytic
activity has been also investigated. The photoluminescence properties of selected
compounds have been investigated, exhibiting room temperature tunable UV—vis—

IR light emission.

B INTRODUCTION

Lanthanide ions attract a great deal of interest because their
luminescence properties are useful in a variety of photonic
applications; the most prominent are optical amplification for
telecommunication, light emitting diodes,” lasers or tunable
lasers,” low-energy scintillators,* and fluoro-immuno assays.5
The luminescence of the lanthanide ions stems from intra
4f-transitions, which are in principle forbidden transitions
resulting in relatively long-lived excited states, and hence makes
them suited for laser applications. The luminescence of
lanthanide(I1I) ions, such as europium and terbium, emitting in
the visible range, are useful for fluorescent lighting and color
displays.® Those emitting in the near-infrared region are ideally
suited for biological imaging and telecommunication applica-
tions.” Er(IIT) is acually used as the active component in optical
amplification in erbium doped fiber amplifiers (EDFAs)" in
telecommunication devices. Ultraviolet light-emitting devices
(UVLEDs) are strong candidates in lighting equipment and
optical storage devices.® Therefore, luminescent materials
which can give tunable emissions between UV—vis—infrared
wavelengths are attractive targets for both fundamental research
and practical applications.

A particular class of materials known as metal—organic
frameworks (or coordination polymers) based on trivalent lan-
thanides (LnMOFs), composed of metal ions or metal clusters
as nodes and multifunctional organic linkers as molecular build-
ing blocks through strong bonds, are a very promising class of
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materials and may constitute a robust platform for addressing
the challenges in engineering of luminescent centers for
multipurposes. MOFs have emerged as a new class of materials,
basically due to their potential applications in gas storage” ' and
separation.'® ™!

Studies on the photoluminescence of MOFs are still in their
infancy,””** and are missing for an integrated approach toward
the design of efficient, stable, cheap, environmentally friendly,
and multiluminescent LnMOFs.>* The research on luminescent
LnMOFs has been focused on their visible emission features.
As noted in the majority of reported LnMOFs, the studies of
luminescence properties are limited to structures containing
Eu(Ill) and/or Tb(I),*** owing to their efficient and
spectrally narrow red and green emissions and their energy
level scheme that allows their use as a sensitive local probe of
the metal neighborhood, in addition to their sensitization via
ligand levels (the well-known antenna effect), which makes their
compounds an attractive target. However, emissive near-infrared
(NIR) LnMOFs have been barely investigated mainly because in
organic matrices molecular vibrations like C—H and O—H
stretching modes quench the lanthanide excited states. Never-
theless, it is possible to overcome such limitations through
rational structural design. A few instances so far of NIR emitting
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LnMOFs from less common lanthanides, such as Er(II),

Nd(III), and Yb(III), have been reported.*' ~**

Recently, the amount of efforts devoted to the field of
photoluminescence of MOFs is increasing, and some novel
interesting phenomena have been discovered, such as tunable
UV-to-visible emission by controlling the guest molecules,*
tunable yellow-to-white emission or white-to-purplish blue by
variation of excitation wavelength,*® tunable color by changing
the doping concentration,”” tunable visible-IR changing the
doping element,”' tunable emissions by controlling the type of
guest species,”” and ion and small molecules sensing.>>>*
However, to the best of our knowledge, no tunable UV—vis—
NIR luminescent chiral LnMOFs have been reported so far.

Herein, we report the synthesis and structural character-
ization of two new families (S1 and S2), which consists of 16
isoreticular trivalent lanthanide-organic frameworks containing
Ln(11I), Na(I), and both flexible and rigid dicarboxylate ligands,
motivated by our previous report,®® as a tunable platform for
the design of stable, cheap, and efficient multiwavelength emission
materials with intriguing architectures.

B EXPERIMENTAL SECTION

Synthesis. LnNa(C,H,0,)(CsH,0,)(H,0), (Series 1) and
LnNa(C,H,04)(C,4H0,)(H,0), (Series 2) were synthesized under
hydrothermal conditions and obtained as a single phase of colorless
needle crystals by following similar procedures.

Series 1 (S1). In a typical synthesis, 0.21 g (1.4 mmol) of L-tartaric
acid (H,Tart), 0.08 g (0.5 mmol) of terephthalic acid (H,BDC),
0.14 ¢ (3.5 mmol) of NaOH, and LnCl;-6H,0 (Sm: 0.30 g
0.82 mmol; Eu: 0.28 g, 0.76 mmol; Gd: 0.29 g, 0.77 mmol; Tb: 0.30 g,
0.80 mmol; Dy: 0.30 g 0.80 mmol; Ho: 0.33 g, 0.88 mmol; Er: 0.36 g,
0.94 mmol; Yb: 0.40 g, 1 mmol) were dissolved in a mixture of ethanol
(6 mL) and distilled water (6 mL).

Series 2 (52). In a typical synthesis, 0.21 g (1.4 mmol) of L-tartaric
acid (H,Tart), 0.12 g (0.5 mmol) of biphenyl-4,4-dicarboxylic acid
(H,biBDC), 0.14 g (3.5 mmol) of NaOH, and LnCl;:6H,0 (Sm:
0.30 g, 0.82 mmol; Eu: 0.27 g, 0.74 mmol; Gd: 0.28 g, 0.75 mmol; Tb:
0.33 g, 0.88 mmol; Dy: 0.31 g 0.82 mmol; Ho: 0.34 g, 0.90 mmol; Er:
0.37 g, 0.97 mmol; Yb: 0.39 g, 1 mmol) were dissolved in a mixture of
ethanol (6 mL) and distilled water (6 mL).

In both cases, the reaction mixture was stirred for 2 h at room
temperature to homogeneity and then placed in a Teflon-lined
stainless vessel (40 mL) and heated to 170 °C for 60 h under
autogenous pressure and afterward cooled slowly to room temperature
at a rate of 5 °C/h. The resulting product was filtered off, washed
thoroughly with ethanol and distilled water, and finally air-dried in an
oven at 60 °C. Elemental analyses were performed in a C—H-N
Perkin-Elmer model 2400B elemental analyzer. The yields based on
lanthanides elements, the calculated and found percentages of C—H,
and the total mass losses of the two series of compounds are
represented in Table S1 (see Supporting Information).

Doped Yttrium Compounds. Compounds based on Ce, Pr, and
Nd, unfortunately have not been obtained; thus, we have resorted to
the doping approach of yttrium-based compounds by the following
procedure: 021 g (1.4 mmol) of L-tartaric acid (H,Tart), 0.08 g
(0.5 mmol) of terephthalic acid (H,BDC), and 0.14 g (3.5 mmol) of
NaOH were added to 6 mL of a solution of Y:Ln with a ratio of 20:1
previously prepared by dissolving 0.29 g (0.95 mmol) of YCl;-6H,0
and LnCl;-6H,0 (for Ce: 0.019 g, 0.05 mmol; Pr: 0.013 g, 0.08 mmol;
Nd: 0.018 g, 0.05 mmol) in 6 mL and stirring for 24 h. Finally, 6 mL of
ethanol were added to the mixture. The reaction mixture was stirred
for 1 h and then placed in a Teflon-lined stainless vessel (40 mL) and
heated to 180 °C for 72 h (for Ce: 0.08 g, ca. 20% yield based on Y;
Pr: 0.10 g, ca. 28%; Nd: 0.12 g, ca. 30%).

Single-Crystal X-ray Diffraction Studies. Data collection was
performed at 293 K on an Agilent Gemini CCD diffractometer,
using CuKa radiation. Images were collected at a S5 mm fixed
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crystal—detector distance, using the oscillation method, with 1°
oscillation and variable exposure time per image. The crystal structure
was solved by direct methods. The refinement was performed using
full-matrix least-squares on F% All non-H atoms were anisotropically
refined. All H atoms were either geometrically placed riding on their
parent atoms or located from the difference Fourier map, with
isotropic displacement parameters set to 1.2 times the U, of the atoms
to which they are attached. Crystallographic calculations were carried
out using the following programs: CrysAlis CCD*® for data collection;
CrysAlis RED* for cell refinement, data reduction and empirical
absorption correction; SHELXS-97°% or SIR-2004% for structure
solution; XABS2° for refined absorption correction; SHELXL-97°%
for structure refinement and prepare materials for publication;
PLATON®' for the geometrical calculations; and Diamond®* for
molecular graphics. The detailed crystallographic data and the structure
refinement parameters are summarized in Table 1. Selected bond
distances, angles, and hydrogen bonds for S1 and S2 are given in
Tables S2 and S3 (see Supporting Information).

Thermal Characterization. A Mettler-Toledo TGA/SDTA851°
and a DSC822e were used for the thermal analyses in oxygen dynamic
atmosphere (50 mL/min) at a heating rate of 10 °C/min. In all cases,
ca. 20 mg of powder sample was thermally treated, and blank runs were
performed. In TG tests, a Pfeiffer Vacuum ThermoStar GSD301T mass
spectrometer was used to determine the evacuated vapors. The masses
18 (H,0), 44 (CO,), and of the intense peaks corresponding to the
cracking of the ligands BDC*™ and biBDC?", were tested by using a
detector C-SEM, operating at 1200 V, with a time constant of 1 s.

Morphological Characterization. Micrographs and X-ray micro-
analysis (SEM/EDX) were recorded with a JEOL JSM-6100 electron
microscope operating at 20 kV coupled with an INCA Energy-200
energy dispersive X-ray microanalysis system (EDX). SEM images
show needle shaped crystals with length of ca. 50—400 ym (Supporting
Information, Figure S1), and EDX confirmed that the Ln/Na ratio is
ca. 1:1.

Infrared Spectra. The infrared data were collected at RT using a
FT-IR Bruker Tensor-27 spectrometer from KBr pellets. The spectra
were collected over the range 4000—400 cm ™" by averaging 15 scans at
a maximum resolution of 4 cm™".

Powder X-ray Diffraction Studies. Powder X-ray diffraction
patterns were recorded on Xpert Philips diffratometer with CuKa
radiation. The samples were gently ground in an agate mortar in order
to minimize the preferred orientation. All data were collected at room
temperature over the angular 26 range 3—46° with a step of 0.01° and
a counting time of 1.5 s/step. The PXRD patterns of the compounds
1 and 2 were compared with the theoretical ones (Supporting
Information, Figure S2), indicating that the products have been
successfully obtained as pure crystalline phases.

Powder X-ray Thermodiffraction Studies. In two different diffrac-
tometers, the powder X-ray thermodiffraction studies were performed
in (a) air, the sample was placed in an Anton Paar HTK 1200N oven-
chamber, on a PANalytical XPERT-PRO diffractometer, using CuKa
radiation, equipped with PIXcel linear detector with 255 channels. Each
powder pattern was recorded in the 4—110° range (26) at intervals of
25 °C up to 200 °C and cooling down to 25 °C with a step of 0.013°
and a counting time of 0.424 s/channel. The temperature ramp
between two consecutive temperatures was 10 °C/min; (b) air, the
sample was placed in an Anton Paar XRK 900 reactor chamber on a
Bruker D8 Advance diffractometer with DAVINCI design, using CuKa
radiation, equipped with LynxEye detector. Each powder pattern was
recorded in the 4—60° range (26) from RT to 200 °C and cooling to
RT with a step of 0.02° and a counting time of 0.4 s. The temperature
ramp between two consecutive temperatures was 10 °C/min; (c)
vacuum, the sample was placed in an Anton Paar XRK 900 reactor
chamber on a Bruker D8 Advance diffractometer with DAVINCI
design, using CuKe radiation, equipped with LynxEye detector. Each
powder pattern was recorded in the 4—60° range (26) from RT to
900 °C with a step of 0.02° and a counting time of 0.3 s; the
temperature ramp was 10 °C/min and XRPD patterns were recorded
every 50 °C.
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Catalysis Studies. The procedure established for acetalization of
benzaldehyde with trimethylorthoformate (TMOF) is described as
follows: TMOF (S mmol, 0.5 mL) and benzaldehyde (0.5 mmol,
0.05 mL) were added to a suspension of the catalyst (0.01 mmol) in
3 mL of tetrachloromethane. The reaction was carried out in a
sealed tube under nitrogen atmosphere, mild conditions (70 °C), and
magnetic stirring. Samples were taken at intervals and analyzed by gas
chromatography.

Photoluminescence Studies. The photoluminescence spectra in
the visible and NIR spectral ranges were recorded at room
temperature with a modular double grating excitation spectrofluorim-
eter with a TRIAX 320 emission monochromator (Fluorolog-3, Horiba
Scientific) coupled to a R928 and H9170 Hamamatsu photomultipliers,
respectively, using the front face acquisition mode. The excitation
source was a 450 W Xe arc lamp. The emission spectra were corrected
for detection and optical spectral response of the spectrofluorimeter
and the excitation spectra were corrected for the spectral distribution
of the lamp intensity using a photodiode reference detector. The time-
resolved measurements were acquired with the setup above-described
for the photoluminescence spectra using a pulsed Xe—Hg lamp (6 us
pulse at half width and 20—30 s tail). The NIR emission and excita-
tion spectra were acquired with 20—50 scans.

B RESULTS AND DISCUSSION

Single-crystal X-ray diffraction analyses reveal that all the com-
pounds crystallize in the orthorhombic chiral space group C222,,
and the compounds of each series (S1 or S2) are isostructural,
tuned by the influence of the Ln** cations (see Table 1). The
variation of unit cell parameters show dependency on the
Shannon’s effective ionic radii,”® and the expected tendencies
are observed: the ionic radii decrease linearly as the unit cell
parameters (a, b, ¢, and volume) and distances Ln—Na do. These
tendencies are illustrated in Figure 1. The coordination modes of
carboxylate groups of Tart*”, BDC>", and biBDC?" ligands in S1
and S2 are shown in Figure 3g. To the best of our knowledge,
these coordination modes are uncommon and have not yet been
reported.

The structures of the compounds of both series S1 and S2
consist of infinite chains, along the a-axis, of alternating {LnOg}
and {NaOg} polyhedra edge-shared through two carboxylate
oxygen atoms, O(1) (from BDC>™ or biBDC*") and O(4)
(from Tart*"). The distance between adjacent Ln—Na cations in
the chain, from the beginning to the end of S1 and S2, ranges
from 3.861(1) A (for Za3, Sm) to 3.798(1) A (for Zal7, Yb),
and from 3.849(1) A (Za4, Sm) to 3.786(1) A (Zal8, Yb), with
the average values of 3.831 A and 3.820 A, respectively. The
flexible Tart*™ ligand serves as a bridge to link the -Ln—Na—
Ln—Na-- chains along the a- and c-axis to create a double layer
in a zigzag fashion, while the rigid BDC?> in S1 or biBDC*™
ligands in S2 are parallel to the b-axis and act as pillars
separating two successive double layered networks, resulting in
isoreticular layered chiral Ln/Na-organic frameworks (Figure 2).
The distance centroid-to-centroid between neighboring BDC*"
ligands in S1 or biBDC*™ in S2 along the c-axis ranges,
respectively, from 3.83 A (for Za3) to 3.78 A (for Zal7), and
from 3.84 A (Za4) to 3.80 A (Zal8), thus indicating the
possibility of weak noncovalent 7—7 interactions, which is an
offset stacking, where the ring normal forms an angle of about
10° with the vector between the rings centroids. In the case of
82, biBDC*" is not planar and has a torsion angle ranging from
a maximum value of 36.61° (for Za4) to minimum of 34.13°
(for Zal8). The slight decrease in the centroid-to-centroid
distance, as well as the torsion angle in the case of S2, shows
a dependency on the ionic radii of Ln®" cations. The spacers
BDC?™ in S1 or biBDC*™ in S2 are one-sided coordinated and
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bind three cations (one Ln*" and two Na*) in a tetradentate
chelating—bridging mode (4* — n': % 5'). However, the
opposite side is involved in strong hydrogen bond interac-
tions between the oxygen atoms O2 of the noncoordinated
carboxylate groups 02—C6—02 of the BDC*™ ligand in S1,
or 02—C10—02 of the biBDC?*~ ligand in the case of S2, which
acts as an acceptor, and the oxygen atom O3 of the hydroxyl
groups of the Tart”” ligand, together with the coordinated water
molecules O6 to the sodium atom which act as donors,
therefore imparting 3D stability to the structure. The unusual
coordination mode of BDC?™ (biBDC?" in the case of S2), in a
successive switch manner, gives rise to an undulating interlayer
surface propagating in the a- and c-directions. Both series
of compounds contain one Ln’* and Na' cation crystallo-
graphically independent, each with half occupancy sitting on
a 2-fold crystallographic axis along the b-direction. Around each
Ln®" cation are eight oxygen atoms (Figure 3a,c), six of them
carboxylic (O1 form BDC*” or biBDC?*", and 04 and OS5 from
Tart’”) and two from hydroxyl groups (O3 from Tart*”). Its
coordination geometry may be described as a distorted bicapped
trigonal-prism (Figure 3b), while the Na* cation is bonded to six
oxygen atoms (Figure 3d,f), four of them carboxylic (O1 and
04) and two from coordinated water molecules (O6), and its
geometry may be described as distorted trigonal prism (Figure 3e).
Out of the eight oxygen atoms coordinated to Ln*, six come
from four symmetry-related Tart’” anions: two of them are
coordinated to Ln’" in chelating modes via the carboxylic
oxygen atom OS and the hydroxyl oxygen atom O3, and the
last two act as a bridge between the Ln*" and Na* through the
carboxylic oxygen atom O4. The two remaining oxygen atoms
bonded to Ln* belong to one BDC*™ anion in S1 or biBDC*~
in the case of S2, which acts (i) in chelating mode via the
carboxylate group O1—-C1—O1 and (ii) in bridging mode
between Ln** and Na* within each carboxylate oxygen atom OL.
Out of the six oxygen atoms coordinated to Na®, two come
from the Tart’™ anion which acts in chelating mode via the
carboxylate oxygen atoms O4, and the four remaining, every
two of them belong to two symmetry-related: (i) coordinated
water molecules, (ii) BDC>™ anions (or biBDC*™ anions in the
case of S2), by coordinating oxygen atoms O6 and Ol,
respectively. In S1, the distances Ln—O and Na—O range from
a maximum average value of 2.408 A and 2.434 A (for Za3, Sm)
to minimum average values of 2.315 (3) A and 2.407 A (for
Zal7, Yb). Similarly, the pertinent values in S2 range from
2.405 A and 2.431 A (for Za4, Sm) to 2.319 A and 2.406 A (for
Zal8, Yb), respectively, which are usual values for oxygen-
coordinated lanthanides or sodium atoms compounds with
carboxylic acids.

The series of compounds S1 and S2 display very similar IR
spectra as depicted in Figure S3 (see Supporting Information).
The strong and broad adsorption bands in the region 3600—
3400 cm ™" are attributed to the characteristic O—H stretching
vibrations from hydroxyl groups of Tart’” ligands and
coordinated water molecules to sodium atoms; the existence
of these two different types of chemical species is evident in
the spectra which show two markedly distinct bands at ca.
3590 cm™ and 3470 cm™' assigned, respectively, to water
molecules and hydroxyl groups. The two weak bands at
ca. 3065 cm™" are assigned to =C—H stretching vibrations of
phenylene rings of BDC?>~ or biBDC?™ ligands, and those at
ca. 2960 cm™" and 2920 cm™" are attributed to C—H stretching
vibrations of the alkane chain of Tart*~ ligand. The two coordina-
tion modes adopted by the carboxylate groups of Tart’”, and

dx.doi.org/10.1021/ic202020z | Inorg. Chem. 2012, 51, 1703-1716
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Figure 1. Variation of cell parameters (g, b, and c), volume, and Ln—Na distance vs Shannon’s ionic radii (A) of Ln*" cations in the series of

compounds S1 and S2.

BDC*>™ or biBDC*" ligands in all the compounds are clearly
distinguished from the spectra. The characteristic bands for the
asymmetric and symmetric stretching vibrations of the
carboxylate groups appear at ca. 1640—1545 cm™' and 1470—
1360 cm™', respectively. The values of Av = Dasym(COZ_) —
Uym(CO,7) of ca. 140—180 cm™ may confirm the bridging
mode of the carboxylate groups found in these compounds. The
band at 1670 cm™" may be assigned to the uncoordinated and
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deprotonated carboxylate group of BDC>™ or biBDC*" involved
in strong hydrogen bonds. The strong band at ca. 1510 cm™
corresponds to C=C stretching vibrations (skeletal vibrations).
Bands at ca. 1350 cm™ and 1304 cm ™" may be assigned to O—H
stretching vibrations of hydroxyl Tart’™. The band at ca. 1242 cm™
is attributed to C—O stretching vibrations of carboxylate
groups. The bands corresponding to C—OH stretching vibrations
of Tart’ appear at ca. 1074 cm™". The band at ca. 865 cm™" may

dx.doi.org/10.1021/ic202020z | Inorg. Chem. 2012, 51, 1703-1716
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Figure 2. Projection of the structure of compounds S1 (a, ¢) and S2 (b, d) along the a- and c-axis. C—H hydrogen atoms have been omitted for

clarity.

be attributed to scissoring vibrations of carboxylate groups. The
aromatic =C—H out-of-plane deformation vibrations are
confirmed by the strong bands at ca. 798 cm™ (strong) and
710 cm™ (weak). The band corresponding to C—C—0O
stretching vibrations of Tart’™ appear at ca. 740 cm™". Bands
at ca. 534 cm™' and 424 cm™' may be assigned, respectively,
to in-plane rocking vibration and out-of-plane of deformation
vibrations of carboxylate groups bonded to aromatic rings. The
main difference between S1 and S2 is the fact that in S2 an
additional sharp strong band appeared centered around 690 cm™
which is due to C—H out-of-plane deformation vibrations arising
from the second aromatic ring of biBDC?~.547%6

The thermal stability in air of S1 and S2 was investigated.
Comparison TG curves for the series of compounds S1 or S2
are depicted in Figure S4 (see Supporting Information), respec-
tively. For each compound, the TG/DTG/SDTA curves with
the corresponding mass spectrometry analysis are provided in
Figure SS, while Figure S6 shows DSC traces (see Supporting
Information). The final product was identified as an equal (1:1)
mixture of Ln,O; (detected by PXRD) and amorphous Na,O
(by EDX microanalysis), and coal (by C—H—N elemental
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analysis). The TG curves of S1 and S2 very closely resemble
each other and reveal the observed total mass losses, presented
in Table S4 (see Supporting Information), from room tempera-
ture up to 1000 °C.

In the case of S1, Za9 has been taken as a representative
example. As shown in Figure SSd (see Supporting Informa-
tion), the thermal decomposition process of Za9 proceeds in
five stages. The first mass loss between 140 and 260 °C with
the total mass loss of 6.5% (cal. 6.79%) corresponds to the
gradual loss of the two water molecules coordinated to the
sodium atom. The rest of the stages, from the second to the
fifth in the range 270—560 °C, are continuous and overlapping
with the total mass loss of ca. 48.2%, assigned to a complex
decomposition process of the mixed-ligands. Additional mass
loss of ca. 2% has been observed in the range 950—1000 °C,
which is assigned to the liberation of some trapped organic part
after the structure collapse. The associated mass spectrometry
m/z 18 (H,0) and m/z 44 (CO,) curves are in good agree-
ment with TG/DTG curves. Taking into account that the
mass spectrometry analysis is a semiquantitative method, the
integration of the first band (608 nA) is almost half of the

dx.doi.org/10.1021/ic202020z | Inorg. Chem. 2012, 51, 1703-1716
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integration of the second, third, and fourth ones (1367 nA) in
the m/z 18 curve, indicating the loss of approximately four
water molecules in the second, third, fourth, and fifth steps,
corresponding to the amount of hydrogen atoms resulting from
the decomposition of both Tart’” and BDC?~ ligands in the
formula of Za9.

In the same way, Zal0 is taken as a representative example of
S2 (Supporting Information, Figure SSd). Za10 undergoes five
steps of mass loss; the first step (exp. 5.6%) at 150—240 °C
corresponds to the loss of coordinated water molecules
(caled. 5.94%). The rest of the steps (exp. 54.5%; calcd.
58.77%) in the range 290—540 °C are continuous and
overlapping, and correspond to the progressive decomposition
of the ligands. Additional mass loss (ca. 2%) between 900—
1000 °C is attributed to the liberation of some trapped organic
moieties after the structure collapse. The associated mass
spectrometry m/z 18, m/z 44, and m/z 78 (C4Hy) curves are in
agreement with those of TG/DTG. m/z 78 (C¢H,) curve has
one maximum (450 °C) and shows that the decomposition of
biBDC?~ ligand starts basically in the fourth stage, manifested
by the contraction of interlayer spacing from ca. 18.8 A (of
dehydrated phase of Zal0) to ca. 14.7 A (confirmed by powder
X-ray thermodiffraction studies; see violet powder pattern at
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450 °C in Figure S7 in Supporting Information) due to the loss
of one phenyl group of biBDC*~ ligand. In the m/z 18 curve,
the integration of the first band (440 nA) is almost a third of
the integration of the second, third, and fourth ones (1296 nA),
which proves the loss of approximately six water molecules in
the second, third, fourth, and fifth stages, corresponding to the
hydrogen atoms resulting from the decomposition of the both
Tart’™ and biBDC*" ligands in the formula of Zal0.

For the remaining compounds of S1 and S2, numerical
values of TG-DTG-MS and SDTA/DSC curves are represented
in Table S4 (see Supporting Information). To summarize, the
first stage is attributed to the release of two coordinated water
molecules, the second stage corresponds to the loss of Tart*”
fragments followed by combustion, the third stage is shared
between the continuation of Tart’~ combustion and the begin-
ning of BDC? or biBDC?*" combustion, and finally, the fourth
and fifth stages are dominated by the combustion and loss of
phenyl groups of BDC*™ or biBDC”".

In addition, the dehydration enthalpies for S1 and S2,
ranging from —36 kJ/mol to —105 kJ/mol and —34 kJ/mol
to —107 kJ/mol, respectively, are fairly close and comparable.
However, oxidative decomposition enthalpies are found to be
higher in S2 than S1, varying in the ranges 3571—6690 kJ/mol

dx.doi.org/10.1021/ic202020z | Inorg. Chem. 2012, 51, 1703-1716
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and 2051—3889 kJ/mol, respectively, which is related to the
difference between oxidative decomposition enthalpies of
BDC?*™ and biBDC?", estimated at ca. 2200 kJ/mol.

The X-ray thermodiffraction analysis carried under air
heating up from 25 to 200 °C and cooling down to 25 °C
were performed for Za7, Zal3, and Zal6 (see Figure 4, panels
a, b, and ¢, respectively), and under vacuum heating up from
room temperature to 900 °C for Zal6 (Figure S7, Supporting
Information). The results confirm that S1 and S2 exhibit a
phase transformation corresponding to the dehydration process
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by losing the two water molecules coordinated to sodium
atoms, which is a reversible process for S1, involving a
spontaneous rehydratation after cooling down to room
temperature, clearly illustrated by thermodiffractogram of Za7
and Zal3 (blue powder patterns at 25 °C down, Figure 4a,b).
However, rehydratation is slowly reversible in the case of S2
illustrated by thermodiffractogram of Zal6é (green powder
patterns on Figure 4c) and estimated to be approximately half
rehydrated at the end of the experiment (confirmed by TG
analysis).

dx.doi.org/10.1021/ic202020z | Inorg. Chem. 2012, 51, 1703—1716
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For Za7, Zal3, or Z16, no structural change occurs below
160 °C, and no significant change in the unit cell parameters
has been observed. The phase transformation to the anhydrous
form begins at 170 °C, and the total transformation to the
anhydrous form is reached at 180 °C and maintained until
200 °C, which is consistent with the TG analyses. During the
temperature decrease the anhydrous phase is preserved, and
the rehydration begins at 120 °C, 140 °C, and 100 °C for Za7,
Zal3, and Z16, respectively, and continues until room tempera-
ture. The patterns of dehydrated compounds of Za7 and Zal3
correspond to the as-synthesized compounds with some diffrac-
tion intensity drop and peak broadening. In contrast with S1
compounds, the rehydration of S2 compounds (Zal6) is not
achieved at the end of the experiment, and takes a few days in
air, indicating the slow reversibility of the process.

X-ray thermodiffractogram of Zal6 under vacuum heating up
to 900 °C (see Figure S7, Supporting Information) indicates no
structural change below 100 °C. At 150 °C the dehydrate phase
appears and progressively increases until reaching the total
transformation at 250 °C, and the anhydrous phase is preserved
until 300 °C. At 350 and 400 °C, powder patterns show a broad
peak at 260 ~ 5.4° corresponding to the interlayer distance, and
practically no other diffraction peaks have been observed at
higher angles, which is due to phase amorphization caused by
decomposition of the organic ligands. At 450 and 500 °C, the
broad peak became sharp, its intensity markedly increases, and
is shifted toward higher angles due to contraction of the
interlayer spacing from ca. 18.8 A (of dehydrated phase) to ca.
14.7 A caused by loss of phenyl groups; moreover, a second
peak corresponding to the interlayer distance at 260 ~ 11.8° also
appears. This behavior is explained by the fact that the
decomposition of Tart*™ (incorporated in the layer) is stopped
and loss of phenyl groups of biBDC>~ (pillaring the layers) is
continued. Above 550 °C, practically no diffraction peak has
been observed due to the structure collapse. These results are
consistent with TG analyses. However, a new phase has been
formed characterized by a series of broad diffraction peaks
corresponding to the formation of Er,O;.

X-ray powder diffraction patterns of dehydrated forms for
Za7, Zal3, and Zal6 at 200 °C have been indexed in the
orthorhombic system with the following unit cell parameters:
a=06818(2) A, b=28.634(8) A, c=7.297(5) A, V = 1424.5(6)
A3 for Za7,a = 6.7713(4) A, b = 28.728(2) A, c = 7.3292(8) A,
for Zal3, and a = 6.7357(6) A, b = 37.875(4) A, c = 7.5869(7)
A, V =1935.5(4) A3, for Zal6. The results reveal the structure
contraction of ca. 7% (for Za7), ca. 6% (Zal3), and ca. 3%
(Zal6) along the b-axis, maintaining the orthorhombic
symmetry, after the loss of two water molecules coordinated
to the sodium atoms. The a- and c-axis are almost unchanged in
all cases. The structural modeling of dehydrated forms have
been previously reported for yttrium-based compounds.®’

Two compounds Zal$ (based on Er) and Zal7 (based on
Yb) of S1 have been selected to test their catalytic activity to
behave as Lewis acid catalysts in acetalization of benzaldehyde
(Supporting Information, Figure S8a,b), and their catalytic
activity has been compared with that of a yttrium-based
compound (compound 1) previously reported.” The results
show that the catalytic activity is quite improved when the
catalytic center is Yb or Er, although it takes place on the surface.
The greater catalytic effect of a Yb-based compound (Zal5) may
be explained in terms of more acidic character when the ionic
radii decrease. In order to check the stability and heterogeneity
of these catalysts, four consecutive catalytic cycles have been
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carried out with Zal$ catalyst (Supporting Information, Figure
S8c). The first reaction cycle was carried out until the conversion
reaches 60% (ca. 48 h) using 0.02 mmol of catalyst. After each
catalytic cycle, the reaction mixture was centrifugated, the organic
phase was removed, and then fresh substrates and solvent were
added without further addition of catalyst. A slight decrease in the
catalytic activity (ca. 7%) after four reaction cycles is probably due
to the loss of some amount of catalyst by manipulation. The solid
catalyst withdrawn after the fourth cycles has been characterized
by PXRD which proves its stability (see Supporting Information,
Figure S8d). Moreover, to rule out the contribution of homo-
geneous catalysis due to a potential leaching of catalysts, the filtered
liquid of the fourth reaction cycle was allowed to react; however, no
further significant conversion (4%) was observed after ca. 48 h.
The series of compounds S1 and S2 have been examined
under UV-light and they exhibit tunable color emission over the
whole visible light range by changing the doping Ln** cation or
its concentration, or the type of structure (S1 or 82), as
exemplified in Figure S. For instance, the crystals of Za$ display
a red-light emission visible with the naked eye, as exemplified in
Figure Se,f. In order to monitor the excitation paths that induce
such emission features, the excitation spectra were monitored
within the Eu***D, — ’F, transition (Figure 6). The spectra of
Za6 and Za$ are very similar being formed of a large band with
three peaks around 250 nm, 270 nm, and 310 nm ascribed to
the excited states of the biBDC>~ or BDC>™ ligands
(Supporting Information, Figure $9) and of a series of straight
lines ascribed to the intra4f® "Fo1 = *D4_1,°G,_e "Ly transitions.
The low-relative intensity of the intra4f® lines point out that the
Eu®" ion sensitization process is more efficient when compared
with direct intra4f® excitation. The excitation paths in the presence
of Gd* ions were also monitored for DZa7 (synthesis, crystal-
lographic data, and structural characterization for DZa7 are
given in Supporting Information), Figure 6. This spectrum
resembles the ones acquired for the pure Eu** samples being,
however, observed changes in the relative intensity of the broad
band components and a decrease in the relative intensity of the
intra4f® lines, which indicates a better Eu®* sensitization process
in the presence of Gd*" ions. Nevertheless, the absence on Gd**
lines in the excitation spectrum monitored within the Eu*
emission lines indicates the absence of an efficient room-
temperature Gd**-to-Eu’* energy transfer mechanism. Figure 7
compares the emission features of Za6, Za$, and DZa7 under
excitation via the broad band (270 nm) and directly into the
intra4f® levels (395 nm, SLg). The spectra are formed of the
Eu** 3D, — "F,_, transitions, and for Za6 a low-intensity broad
band originated from the ligands excited states in which a series
of intra4f® self-absorptions are superimposed is also detected.
For Za6 and Za$ the presence of a single line for the
nondegenerated *D, — F, transition, the Stark splitting into
2 and 3 clearly expresses that components for the °Dy — F,,
transitions and the high relative intensity of the Dy — F,
transition are in accord with the Eu®* local site symmetry (C,)
determined based on the crystal structures. Moreover, the
energy and full width at half- maximum (fwhm) of the intra4f®
lines are almost independent of the excitation wavelength, in
good agreement with the presence of a single average local
environment for the Eu** in both crystals. Nevertheless, Za6
emission lines display a higher fwhm value, when compared
with that of Za$, as well exemplified by the fwhm value of the
Dy — ’F, transition illustrated in the inset in Figure 7 (15.4 +
0.4 and 266 + 0.9 cm™' for ZaS and Za6, respectively).
The presence of Gd** induces both an enlargement of the
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Figure S. Digital photographs under UV radiation (254 nm) of Za3-
red (a), Za4-pink (b), Za9-green (c, d), ZaS-red (e, f), Zall-
yellowish-orange (g), Zal2-blue (h), Zal3-deep-purple (i), and Tb-
doped-Y-compound-yellow (j). Panels (d) and (f) were obtained by
optical microscopy.

Eu®" emission lines (e.g., 40.6 + 1.0 cm™" for the *D, — ’F,
transition) and variations in the energy of the components,
suggesting a larger distribution of Eu’*similar local environ-
ments compared with that found in Za6é and Za$. Moreover,
the relative intensity of the D, — "F,_, transition depends on
the excitation wavelength, reinforcing this assumption. The
emission features of the three crystals were further quantified
by the measurement of the *Dy decay curves monitored
within the D, — ’F, transition, under direct intra4f® excitation
(395 nm, L), Figure 8. Whereas the emission of DZa7 is well
reproduced by a single exponential function yielding a lifetime
value of 0.574 + 0.002 ms, the emission decay curves of Za6
and Za$ display a rise-time behavior for time values below 1 ms
(inset in Figure 8) probably ascribed to the contribution of the
’D, or ligands levels. For time values higher than 1 ms, the
decay curves reveal a single exponential decay with lifetime
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Figure 6. Excitation spectra of Zaé (a), ZaS (b), and DZa7 (c)
monitored within 616—618 nm. The spectrum of Za6 monitored at
420 nm is also shown (solid line and open circles); the asterisk
denotes the intra4f® self-absorption ascribed to the "F, — SLg

Intensity (arb. units)

a JU(\___/F h
570 598 626 654 682 710
Wavelength (nm)

Figure 7. Emission spectra of Za6 (a), Za$ (b), and DZa7 (c) under
different excitation wavelengths. The insets show a magnification of

values of 0.588 + 0.002 ms and 0.608 + 0.002 ms for Za6 and
Za$, respectively.

Figure 9a,b shows the emission spectra of Dy’*-based
materials under distinct excitation wavelengths. The spectra
of Zal2 are formed of a high-relative intensity broad band
(380—500 nm) and a series of Dy’* lines attributed to the
4F9/2 - 6H15/2_u/2 transitions. For Zall the emission is
characterized by a low-relative intensity broad band (380—
650 nm) and by the typical Dy** *F,/, = H;;,_y, , transitions.
The large broad band in each sample can be ascribed to the
excited states of the BDC>~ or biBDC*" ligands (Supporting
Information, Figure S9). The excitation spectra were selec-
tively monitored within the large broad band (410—450 nm)
and within the Dy** emission lines (575 nm), as exemplified
in the inset of Figure 9ab for Zal2 and Zall, respectively.
The latter spectrum reveals a broad band (240—380 nm)
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Figure 9. Emission spectra of Zal2 (a) and Zall (b) excited at (1) 270 nm, (2) 340—350 nm. The insets show the excitation spectra monitored at

(3) 410 nm and (4) 575 nm.

superimposed on a series of Dy**-related lines assigned to the
*Hys), — 4P7/2’3 12 Fa Gy 4P7/2‘3 /5 and *Hg), transitions.
The UV-band is also present in the excitation spectrum
monitored within the BDC*™ and biBDC*" ligands emission
spectra (inset of Figure 9a,b), pointing out an efficient Dy>"
sensitization. Moreover, the higher relative intensity of the
ligands broad band with respect to the Dy*" lines indicates that
the main excitation path for the metal ions is via the BDC>~ or
biBDC?™ excited states. For Zal2 the excitation spectrum
monitored within the Dy’* lines also reveals a broad band
(390—480 nm). Figure 10 shows the emission features of the
Ho®**- and Er’*-based materials containing biBDC>" ligands.
The spectra reveals a broad band assigned to the ligands excited
states (Supporting Information, Figure S9) and a series of
Ho®*- and Er**-related self-absorptions ascribed to the Er** and
Ho’'-related transitions, respectively. The Ho®'- and Er’*-
doped materials containing the BDC?>™ ligands do not show
efficient room temperature emission. This observation suggests that
the ligands' absorbed energy is probably being efficiently transferred
to the lanthanide ions, since the ligands are optically active at 300 K
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Figure 10. Emission spectra of (1) Zal6 and (2) Zal4 excited at 325 nm.
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Figure 11. Excitation (dashed line) and NIR emission (solid line)
spectra of (1) Zal6 and (2) Zal$ monitored around 1530 nm and
excited at 325 nm, respectively.

(Supporting Information, Figure S9). Under UV excitation the
Er**-containing samples display the typical NIR emission ascribed
to the intra4f'' *I;;, — *I;5/,, Figure 11. The excitation spectra
were monitored around this transition revealing a broad band
ascribed to the BDC*™ and biBDC?>™ excited states for Zal5 and
Zal6, respectively, and a series of Er*" lines attributed to the
*Lis/2 = *Gyy» *Fy), transitions. As mentioned above for the Dy**-
based materials (Figure 9), the higher-relative intensity of the
ligands excited states when compared with the Er*" lines points
out that the lanthanide ions are mainly populated via an efficient
sensitization process rather than by direct intra4f excitation.

B CONCLUSIONS

In summary, the field of metal—organic frameworks chemistry
has advanced quickly over recent years. Recent reports tend to
focus on the functionality of these materials, but much of them
are centered on transition metal rather than lanthanide containing
materials because the lanthanides provide a challenge in the
assembly of topologies of interest. However, it is important to
harness the unique feature of the luminescent lanthanide ions
and direct attention to exploring and exploiting this property for
potential applications. In this context, two series NaLn(C,H,O)-
(CsH,0,)(H,0), (S1) and NaY(C,H,04)(C,4H;0,)(H,0),
(S2) made up of 16 isoreticular chiral lanthanide-organic frame-
works materials based on Ln(III), Na(I), and chiral flexible-
achiral rigid dicarboxylates ligands, have been synthesized and
characterized. S1 and S2 undergo phase transformation upon
dehydration process, while the spontaneous rehydration is char-
acterized by different kinetics, fast in the case of S1 and slow for
S2. Catalytic activity has been quite improved through the
judicious choice of the Ln®" cation. Photoluminescence studies
of the investigated materials show room temperature tunable
UV—vis—IR light emission through an effective Ln** sensitiza-
tion via BDC>™ and biBDC*" ligands.
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TG/DTG/SDTA-MS and DSC curves for the series of
compounds S1 and S2, emission and excitation spectra of
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and structural characterization for DZa7, and X-ray crystallo-
graphic information (CIF files) for the series of compounds S1
and S2, and compound DZa7 can be obtained free of charge via
the Internet at http://pubs.acs.org.
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