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Pillaring of CdCl,-Like Layers in Lanthanide Metal-Organic Frameworks:

Synthesis, Structure, and Photophysical Properties
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Abstract: A hydrothermal reaction of
lanthanide salts, pyridine-2,3-dicarbox-
ylic acid, benzene-1,4-dicarboxylic acid,
and water gave rise to a new series of
three-dimensional mixed carboxylates
(homocyclic and heterocyclic) of lan-
thanides with the general formula [M,-
(H,0),][{CsH;N(COO),},{CoH,-

(C0O0),}], M=La (I), Pr (I), and Nd
(III). The structure consists of M,0,,N,
dimeric units connected by pyridine-

terephthalate units. The structures also
possess two coordinated water mole-
cules, which are arranged to form one-
dimensional helical chains and can be
reversibly adsorbed. The connectivity
within the layers closely resembles that
of the CdCl, layered structure with 3°
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topology. To the best of our knowledge,
this is the first observation of CdCl,
topology in lanthanide metal-organic
framework compounds. Partial substi-
tution of La** in I by Eu** and Tb**
(2 and 4%) gives rise to characteristic
red/pink or green emission, which sug-
gests a ligand-sensitized metal-centered
emission. The Nd compound III shows
interesting UV and blue emission
through an up-conversion process.

2,3-dicarboxylate moieties to form two-
dimensional layers that are pillared by

frameworks

Introduction

Research in the field of metal-organic frameworks (MOFs)
continues to be exciting for the many potential applications
in the areas of sorption, separation, and other related prop-
erties.' Multidimensional infinitt MOF structures have
been obtained by a careful combination of the geometrical
preferences of the metal ion and the functionalities of the
organic ligands through rational design.”’ Many of these
compounds are based on transition elements. The design
and synthesis of lanthanide-based MOFs, on the other hand,
may be more difficult due to the high and varied coordina-
tion requirements of the lanthanide ions.’! It has been well
established that lanthanide ions have a higher affinity for
hard donor ligands, such as the O-donor ligands.*! This in-
herent preference of the lanthanide ions has been utilized

[a] P. Mahata, K. V. Ramya, Prof. Dr. S. Natarajan
Framework Solids Laboratory
Solid State and Structural Chemistry Unit
Indian Institute of Science
Bangalore-560012 (India)
Fax: (4+91)80-2360-1310
E-mail: snatarajan@sscu.iisc.ernet.in

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

Chem. Eur. J. 2008, 14, 5839—-5850

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

for the preparation of many multi-carboxylates of different
dimensionalities.”’

The complex connectivities observed in some of the MOF
structures prompted researchers to visualize them as simple
topologies based on well-known networks. Topological de-
scriptions, of course, have been traditionally used for the un-
derstanding of the three-dimensional structures of alumino-
silicate zeolites and related materials.!”) In this approach, the
three-dimensionally extended structures are simplified by
considering connectivities based on linked two-dimensional
layers. The two-dimensional layers, in turn, are described as
networked topologies derived from hexagons, squares, and
triangles.””! These units can combine either individually or in
association, thus giving rise to a variety of two-dimensional
nets. The most well established and the simplest of the two-
dimensional nets are the 6° (three hexagons connected at a
node), 4* (four squares connected at a node), and 3° (six tri-
angles connected at a node) topologies. These are the Schli-
fli notations, and well-known examples of such nets are
graphite and corundum (6°), face-centered cubic structures
(4%, and the CdCl, structure (3°).")

An examination of the available literature on MOF struc-
tures indicates that the 6° and 4* topologies are more
common®? than the 3° topology. The first 3° topology was
observed and described by Schroder and co-workers in [Zn;-
(1,4-dbc);(def),-DEF  (1,4-bdc: 1,4-benzenedicarboxylate,
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terephthalate; def: diethylformamide)."” Subsequently, the
3% topology was observed for [{Cus(us-OH)},(ps-btr)s(py-btr)-
(W-X)X,]XssnH,O (X=Br, n=6; X=Cl, n=8; btr: 44
bis(1,2,4-triazole)), which possesses a two-dimensional struc-
ture.l'l Recently, a simple (4,4) connectivity has also been
discussed in terms of 3¢ topology by considering hydrogen-
bond interactions in [M(btza),(H,0),]2H,0 (M=Mn, Zn;
btza: bis(1,2,4-triazol-1-yl)acetate).!"”

We have been interested in the study of lanthanide com-
pounds due to their interesting optical behavior arising from
the ligand-sensitized and sharp f—f emissions. In addition,
the higher coordination requirement of lanthanides can be
gainfully utilized to give rise to interesting network topolo-
gies. Among the lanthanide ions, Eu’* and Nd** are impor-
tant as they can be used in the visible region (1=>500-
700 nm) and in the near-IR region (1=800-1700 nm), re-
spectively. In addition, Nd** compounds also show up-con-
version behavior by converting the IR radiation into the
visible region by a two-photon absorption process.!'!

A detailed literature search indicated that the lanthanide
carboxylates are formed with either homocyclic (benzene
carboxylates)' or heterocyclic systems (such as pyridine,
imidazole carboxylates)."”! There are not many reports of
investigations on the formation of lanthanide MOFs using
hybrid aromatic carboxylates (homocyclic and heterocy-
clic).l®

We sought to investigate the formation of new lanthanide
carboxylates employing hetero (quinolinic acid) and homo
(terephthalic acid) aromatic dicarboxylic acids. Herein, we
describe the successful preparation of a new series of MOF
compounds of lanthanides with the general formula [M,-
(H,0),]J[{CsHsN(COO),1,{CH,(COO),}], M=La (I), Pr
(IT), and Nd (III). Of these, only I was obtained as good-
quality single crystals, whereas II and III were formed as
pure polycrystalline powder samples. In addition, we also
prepared samples doped with Eu’* (2 and 4 mol%) and
Tb** (2 and 4 mol %) in place of La** (I). The structures of
all the compounds are similar and are formed by a network
of M** ions and quinolinate units, which give rise to a two-
dimensional layered structure that resembles the CdCl, top-
ology (3°). This is the first observation of CdCl, topology, to
the best of our knowledge, in a lanthanide carboxylate
system. The lanthanide—quinolinate layers are pillared by
terephthalate units, thus completing the three-dimensional
structure. Optical studies indicate metal-centered emission
in the doped compounds and an interesting UV and blue
emission through a two-photon up-conversion process in III.
Herein, we describe the synthesis, structure, and photophysi-
cal and related properties of all the compounds.

Results and Discussion

Structure: Compound I has 21 non-hydrogen atoms in the
asymmetric unit, in which one La** ion, one pyridine-2,3-di-
carboxylate (quinolinate) anion, half a benzene-1,4-dicar-
boxylate (terephthalate) anion, and two water molecules are
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present (see Figure S1 in the Supporting Information). The
metal atom, La(1), is surrounded by eight oxygen atoms and
one nitrogen atom and has a distorted tricapped trigonal
prismatic environment (La(1)OgN, CN=9; see Figure S1 in
the Supporting Information). Of the eight oxygen atoms,
two [O(5), O(6)] are coordinated water molecules and the
nitrogen atom is part of the pyridine ring. Of the six remain-
ing oxygen atoms, four are from the pyridine dicarboxylate
units and two are from the benzene dicarboxylate units.
One oxygen atom, O(1), has p; connectivity linking two
metal centers and a carbon atom. The La—O bonds have
lengths in the range 2.505(2)-2.674(2) A and the La—N bond
has a length of 2.834(3) A. The O/N-La-O/N bond angles
are in the range 49.94(7)-157.53(7)°. The coordination
around the La’* ions was based on assuming typical La—O
distances in the range 2.4-2.8 A. The selected bond lengths
are listed in Table 1.

Table 1. Selected bond lengths [A] observed in [La,(H,0),][{CsH;N-
(CO0),1{CH,(COO),)] (D).

Bond"! Amplitude Bond Amplitude
La(1)-O(1) 2.505(2) La(1)-O(5) 2.604(2)
La(1)-O(2)#1 2.511(2) La(1)-0(6) 2.610(2)
La(1)-0(3)#2 2.516(2) La(1)-O(7) 2.674(2)
La(1)-O(4) 2.527(2) La(1)-N(1) 2.834(3)
La(1)-O(1)#3 2.604(2)

[a] Symmetry transformations used to generate equivalent atoms: #1: x,
—y+32, z41/2; #2: x, y—1, z; #3: —x+1, —y+1, —z+1.

The three-dimensional structure can be explained by con-
sidering simpler building units. Thus, the La(1)OsN poly-
hedral units are connected through a common edge with an-
other La(l) atom by two ps-coordinated oxygen atoms
[O(1)] to form a dimer of the formula La,O N, (Figure 1a).
Each dimer is connected to six different pyridine-2,3-dicar-
boxylate moieties and each pyridine-2,3-dicarboxylate is
connected to three different dimers, thus giving rise to a
two-dimensional layer with 3° topology (Figure 1b). The
two-dimensional layers are connected by the terephthalate
units that complete the three-dimensional structure
(Figure 2). The presence of coordinated water molecules
and the spatial displacement of the pyridine-2,3-dicarboxy-
late units give rise to two distinct pockets, hydrophilic and
hydrophobic, respectively (Figure 3a). Additionally, the
presence of two coordinated water molecules [O(5) and
O(6)] in close proximity gives rise to O—H:--O hydrogen
bonds. These interactions also result in a one-dimensional
helical arrangement (Figure 3b), which may be due to the
presence of a 2, axis in the structure. In addition, the coordi-
nated water molecules also interact with other carboxylate
oxygen atoms with O-+-O contact distances in the range
2.761(3)-2.855(4) A and O—H--O angles in the range 156—
176°. The observed hydrogen-bond interactions are listed in
Table 2. The two-dimensional layer with 3° topology appears
to be unique and has been observed for the first time in a
highly coordinated lanthanide carboxylate.

Chem. Eur. J. 2008, 14, 5839 —5850
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Figure 1. a) The dimer, La,O;N,, formed by the connectivity between
LaOgN polyhedra through two p; oxygen atoms [O(1)] in L. b) Two-di-
mensional layer in the bc plane formed by the connectivity between the
La,O4yN, dimers and the pyridine-2,3-dicarboxylate (pydc-2,3) units. The
dimers are represented as a single sphere for simplicity.

Well-known examples for the
observation of 3° topology are
the CdCl, structure and in
UO**-type coordinated struc-
tures (where all six ligands are
in the equatorial plane)."” To
compare the present two-di-
mensional connectivity between
La’* ions and quinolinate
anions with that of CdCl, and
UO,**-type coordinated struc-
tures, we represented the dimer
and the quinolinate units as
spheres arranged in a two-di-
mensional lattice (Figure 4a). It
then immediately becomes evi-
dent that the present structure
has a close similarity to the
CdCl, structure (Figure 4b).
The UOS*-type coordinated
structure, though it appears to
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Figure 2. Three-dimensional structure formed by the connectivity be-
tween the two-dimensional layers and the benzene-1,4-dicarboxylate
units.

be comparable, has the ligand connecting only two metal
centers (Figure 4c), whereas in CdCl, the ligands (CI™) con-
nect with three metal centers. In the present structure, each
dimer is connected to six quinolinate anions and each quino-
linate anion is connected to three different dimers, which is
akin to the situation found in the CdCl, structure. In addi-
tion, the topological arrangement of the different layers in
the present structure also mimics the arrangement of the
layers found in the CdCl, structure (Figure 5a and b).

Thermal studies: Thermogravimetric analysis (TGA) was
carried out in air (flow rate 20 mLmin ') in the temperature
range 30-850°C (heating rate 5°Cmin"'; see Figure S2 in
the Supporting Information). The results indicate that com-
pounds I-III all behave in a similar fashion. An initial
weight loss (=8 %) in the temperature range 170-220°C for
all three compounds may be due to the loss of coordinated
water molecules, and the second weight loss, which occurs in

Figure 3. a) Hydrophilic and hydrophobic cavities within the three-dimensional structure. b) Arrangement of
the coordinated water molecules to form helical one-dimensional chains (see text).
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Table 2. Important hydrogen-bond interactions in [La,(H,0),][{CsH;N-
(CO0),},{CH,(COO),} (I).

D-H--Al D-H[A] H-A[A] D-A[A] D-H-A[]
O(5)-H(5A)O(7)#1  0.94 1.82 2761(3) 1759
O(5)-H(5B)--0(6)#2  0.94 2.18 3.0393) 151
O(6)-H(6A)O(8)#3  0.94 1.83 2769(4) 175
O(6)—H(6B)--O(3)#4  0.94 1.97 2.855(4) 156

[a] #1: x, 14y, z; #2: 1—x, 1/2+4y, 3/2—z; #3: x, 32—y, 112+ z; #4: 1—x,
2—y,1-z.
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Figure 4. a) Connectivity between the six connected dimeric units (green
spheres) and the three connected pyridine-2,3-dicarboxylate moieties
(purple spheres) forming the 3° topology (see text). b) Structure of
CdCl,. Cd atoms: green; Cl atoms: purple. Note the close structural simi-
larity between the two-dimensional layer of I and CdCl,. ¢) UO,**-type
coordinated structure with 3° topology. Metal atoms: green; ligands:
purple. Note the differences in the connectivity of this structure and I
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Figure 5. a) Three-dimensional connectivity of the layers in I through
benzene-1,4-dicaboxylate moieties. b) Arrangement of layers in the
CdCl, structure. Note the similarity in the arrangement of layers in the
structures.

two steps in the temperature range 280-480°C, corresponds
to the loss of all the carboxylate moieties. The total ob-
served weight loss corresponds well with the loss of the car-
boxylate and water molecules: 64 (caled 61.4), 62 (calcd
59.9), and 63% (calcd 60.64 %) for I-1II, respectively. The
final calcined product was found to be crystalline by powder
XRD and corresponds to La,O; (JCPDS: 00-002-0688),
Pr;O,; (JCPDS: 00-042-1121), and Nd,O; (JCPDS: 00-021-
0579 and 00-006-0408), respectively. The three compounds
in the present study are isostructural, and therefore to inves-
tigate the physical properties we chose to study the lantha-
num-containing compound, [La,(H,0),][{CsH;N(COO),},-
(CHL(COO),]] (D).

The TGA studies clearly revealed a single-step weight
loss in the range 170-220°C, which corresponded with the
possible loss of the coordinated water. To probe the reversi-
bility of water adsorption, we employed ex situ powder
XRD studies. For this purpose, the La-containing sample
was heated at three different temperatures (180, 200,
220°C) and the powder XRD patterns were compared with
that of I (Figure 6 A). The sample heated at 220°C indicated
the disappearance of some of the peaks at high 260 values
(>13) although the main peak at around 6.7° appears to
remain unchanged, but with reduced intensity. In addition,
some broadness in the peak width can also be noticed,
which suggests that the loss of the coordinated water at
220°C may lead to the loss of crystallinity. The dehydrated
sample (heated at 220°C) was kept in the open air (labora-
tory conditions) and the powder XRD patterns were record-
ed periodically as a function of time (Figure 6B). As can be

Chem. Eur. J. 2008, 14, 5839 -5850
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Figure 6. A) Ex situ powder XRD study of [La,(H,0),][{CsH;N(COO),},-
{CsH4(COO),}] (I): a) RT; b) 180; c) 200; d) 220°C. Note the change in
the XRD pattern at 220°C. B) Ex situ XRD plots of the dehydrated
sample of I as a function of time: a) fully dehydrated; b) 1 h; c¢) 10 h; d)
1 day; e) 2 days; f) 7 days; g) fully rehydrated. h) fully deuterated sample
(see text).

noted, the samples appear to remain dehydrated for at least
one week, which indicates the stable nature of the dehydrat-
ed state. The dehydrated sample, when heated with water at
75°C for 12h in an autoclave, immediately returns to the
original hydrated phase.

To understand this possible reversible hydration behavior
of I, we carried out in situ diffuse reflectance Fourier trans-
form IR spectroscopic (DRIFTS) studies (Perkin-Elmer,

Chem. Eur. J. 2008, 14, 5839—-5850
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Spectrum 2000, mercury cadmium telluride detector) in the
range from 25 to 250°C. The coordinated water band at
3535 cm™! was monitored as a function of temperature and
the results are presented in Figure 7a. As can be noted, the
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Figure 7. In situ DRIFTS of I as a function of temperature showing the
disappearance of the bands a) H,0, 3535 cm™, and b) D,0, 2520 cm™".
The dashed line is a guide to the eye.

band gradually disappears with increasing temperature, thus
confirming the removal of the coordinated water molecules
from the structure. To investigate the reversible uptake of
H,O, we made efforts to replace the coordinated water with
D,O and study the dehydration behavior. For this, the fully

— 5843
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dehydrated sample was heated in a similar fashion with D,O
in an autoclave, and the deuterated sample studied by using
DRIFTS. The IR spectra of the deuterated sample show a
peak around 2520 cm™!, which corresponds to the D,O
stretching vibration.'”! The D,0-exchanged sample does not
exhibit the peak corresponding to water at 3535 cm™!, which
suggests that the coordinated water molecules were com-
pletely replaced by D,0O. The DRIFTS studies of the deuter-
ated sample also exhibited a behavior similar to that of the
as-prepared sample when heated under identical conditions.
Thus, the peak at 2520 cm ™ also loses intensity with increas-
ing temperature (Figure 7b). This study clearly establishes
the complete reversibility of the hydration in L

Luminescence studies: Lanthanide ions, generally, have low
molar absorptivity, which results in weak emission when ex-
cited directly. Significant emission, characteristic of the lan-
thanide ion, however, can be observed by employing suita-
ble chelates that can absorb and transfer the energy to the
lanthanide ion.'"® In most cases, the direct excitation of the
ligand leads to a singlet state, which goes to a triplet state
via an intersystem crossing. The emission from the metal is
observed when a nonradiative energy transfer occurs from
the triplet state of the ligand to the lanthanide ion." The
lanthanide ion can then emit a photon or relax through a
series of nonradiative processes. This phenomenon is known
as the “antenna effect”.®? It has been shown that the lan-
thanide-centered emission can be sensitized by molecules
with & electrons. The success of the transfer of energy is re-
flected in the suppression of the intra-ligand emission. It has
been shown that the nitrogen-containing ligands, which di-
rectly bond with the lanthanide ion, are more efficient in
transferring the energy, which results in stronger emission.!!
Presently, we have both the nitrogen-containing ligands
(pyridine) and the regular conjugated m systems (benzene)
that bind with the lanthanide. Both can absorb strongly in
the UV region and sensitize the lanthanide ion through the
antenna effect described above. The high-intensity band at
around 300 nm in the UV/Vis spectra of these compounds
indicates the intra-ligand energy-transfer process due to the
n—m* or n—* transitions (see Figures S3 and S4 in the
Supporting Information).

In the emission spectra of the sodium salts of the two di-
carboxylates, the benzene-1,4-dicarboxylate salt shows a
broad emission centered around 365 nm, whereas the pyri-
dine-2,3-dicarboxylate salt shows a broad emission at
380 nm, along with two low-intensity peaks at 420 and
488 nm, when excited by a wavelength (A.,) of 300 nm (see
Figure S5 in the Supporting Information). The emission
peaks arise from the m*—n and mt*—u transitions of the two
aromatic dicarboxylates. Compounds I-III also exhibit four
emission bands centered at 356, 380, 420, and 488 nm (4., =
300 nm). This result clearly indicates that the emissions in
the present compounds are due to the intra-ligand energy
transfer, which has been observed in many lanthanide car-
boxylate systems.’? It is believed that the benzene carboxyl-
ate ligands act as a sensitizer for the lanthanide ions.
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To investigate the luminescence from the metal-centered
emission in the present compounds, we partially doped Eu
(2 mol%, Ia, and 4 mol%, Ib) and Tb (2 mol%, Ic, and
4 mol %, Id) in place of La in L. The concentrations of Eu in
Ia and Ib as well as of Tb in Ic and Id were based on the no-
tional composition in the initial mixture (see Experimental
Section). The success of the energy transfer from the aro-
matic 7 system to the metal ion is clearly indicated by the
suppression of the intra-ligand emission in the luminescence
spectra along with the observation of the characteristic
colors of the doped ion under UV illumination (red/pink
(Eu**) and green (Tb’T), see Figure S6 in the Supporting
Information).

The solid-state photoluminescence spectra of I and Ia-d
are presented in Figure 8a and b. As can be noted, the main
intra-ligand emission band is suppressed in the doped sam-
ples (Ia-d) followed by the observation of the emission lines
characteristic of the metal. It is known that Eu’* ions can
emit °D, (red), °D; (green), and °D, (blue) regions, the emis-
sions being dependent on the host lattice.®! The emissions
from the Tb** ions are mainly from the D, (green) region,
and in some cases °D; (blue) emissions have also been ob-
served."™ In the present compounds, we observed °D,—'F,
(J=0-4) and °D,—’F, (J=1, 2) emission bands for Eu’*
ions and °D,—’F, (J=3-6) emission bands for the Tb**
ions, when excited by a wavelength of 300 nm. For Ia and
Ib, the emission bands at 530-540 and 556 nm correspond to
’D,—’F, and °D,—"F, transitions, respectively. The bands at
578, 590-596, 615, 650, and 693 nm correspond to *Dy—’F,,
’D,—'F,, °D,—"F,, °Dy—'F;, and *D,—’F, transitions, re-
spectively (Figure 8a). Observation of the transition from
the °D; state to the 'F, state of Eu®* in Ia and Ib is notewor-
thy, as most of the Eu-containing compounds show transi-
tions only from the °D, state to the ’F; state in the visible
region (400-800 nm).”! The 4% Eu-doped sample (Ib)
shows less intra-ligand emission than the 2% FEu-doped
sample (Ia), which indicates that the higher dopant level at
the lanthanum site facilitates the transfer of more energy
from the aromatic ligands. This observed behavior may not
be expected to be linear for higher concentrations of Eu’™,
as the metal-centered emission would begin to undergo self-
quenching.?!

It has been observed that the lanthanide emissions are
sensitive to the local environment around the lanthanide
ion."™ The subtle differences in the emission behavior has
been rationalized by invoking the symmetry of the coordina-
tion geometry around the lanthanide ions.?* In the present
compounds, it is notable that the *Dy—’F, transition has a
much larger intensity than the D,—F, transition. This has
been employed to prove the coordination state and the site
symmetry around the Eu** ion, since the *D,—’F, emission
is due to the magnetic dipole and independent of the ligand
environment.” The *D,—’F, emission, on the other hand,
is due to the electric dipole and is sensitive to the crystal
field symmetry.?**! In Ia (2% Eu) and Ib (4% Eu), the in-
tensity ratios of the Dy—’F, and *D,—’F, transitions are
5.2 and 3.92, respectively. The sensitive dependence of the

Chem. Eur. J. 2008, 14, 5839 —5850
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Figure 8. Room-temperature photoluminescence spectra of a)I and the
corresponding Eu-doped compounds Ia (2 mol% Eu) and Ib (4 mol %
Eu); b) I and the corresponding Tb-doped compounds Ic (2 mol% Tb)
and Id (4 mol % Tb).

emission on the coordination can be explored further in the
present compounds as it has been established that the coor-
dinated water molecules can be reversibly adsorbed. There-
fore, the dehydrated samples can provide further insights
into the local symmetry of the La*" ions, especially in the
Eu’*-doped compounds in luminescence studies. Since the
dehydrated samples appear to be stable under atmospheric
conditions, we carried out photoluminescence studies on the
dehydrated samples (see Figure S7 in the Supporting Infor-
mation). The studies indicate a similar ligand-sensitized
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metal-centered emission with characteristic lines (see Fig-
ure S7 in the Supporting Information). The intensity ratios
of the °Dy—F, and °D,—F, transitions are 4.2 and 3.6, re-
spectively, for the 2% Eu and 4% Eu samples. The reduced
values of the ratio in the dehydrated sample indicate that
the lanthanide ions have less coordination and are also
more symmetric. The fully hydrated sample contains two
water molecules positioned adjacent to each other (cis—cis
arrangement) in one face of the trigonal prism, as part of
the nine coordination of the La** ion (see Figure S8 in the
Supporting Information), and can exert some strain. It is
also known that the cis structure is generally less symmetric.
During dehydration, the bound water molecules are re-
moved, which would give rise to a seven-coordinated La’*
ion that is probably much less strained than the nine-coordi-
nated La** site.

For the Tb’*-doped compounds (Ic and Id), the emission
bands at 490, 543, 587, and 622 nm can be assigned to the
D,—’F,, °D,—’Fs, °D,—’F,, and *D,—F; transitions, re-
spectively, when excited by a 300 nm source. Again, the
higher concentration of Tb** ions in Id shows considerably
more quenching of the intra-ligand transition (Figure 8b).
The present results are qualitative, and the emission ob-
served in these compounds could be compared to the emis-
sions for other similar compounds.®!!

Lifetime studies: To study the luminescence lifetime of the
excited states, we used the 4%-doped samples (Ib=Eu;
Id=Tb). The 615nm emission (°D,—'F,) for the Eu’*
sample and the 543 nm emission (°D,—’Fs) for the Tb**
sample were monitored with lifetime studies by employing
300 nm excitation at room temperature (Figure 9). The lumi-
nescence decay behavior can be fitted into a single-exponen-
tial function [Eq. (1)], in which 7 and [, are the lumines-
cence intensities at times ¢ and 0 and 7 is defined as the lu-
minescence lifetime.

I=1I,exp(—1/7) (1)
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Figure 9. Room-temperature luminescence decay curves for compounds
Ib (4% Eu) and Id (4% Tb).
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The studies indicate lifetime values of 29.4 us for the 4%
Eu’*-doped sample and 14.3 us for the 4% Tb**-doped
sample. The luminescence lifetime values for the doped
samples in the present study appear to be smaller than those
obtained generally for the pure Eu’* and Tb** carboxylates
reported in the literature.”**%)

Up-conversion studies: Up-conversion phosphors, capable of
converting long-wavelength radiation into a shorter wave-
length through multiphoton processes, have attracted much
attention.?! Generally, trivalent lanthanides are suitable for
such an up-conversion process due to the availability of a
number of electronic states, including many intermediate
levels.'™ Up-conversion studies have been carried out on
inorganic rare-earth materials (oxides, silicates, fluorides,
etc.),””) and such investigations are beginning to emerge in
rare-earth-based MOF compounds as well.””! Among the
present compounds, the Pr- and Nd-containing materials (IT
and IIT) may be attractive for the study of up-conversion be-
havior. The UV/Vis spectrum of compound III is shown in
Figure 10a. As can be noted, the sample exhibits intra-
ligand w—m* or n—a* transitions of the aromatic ligands at
lower wavelengths (<330 nm). In addition, the absorption
bands in the range 330-900 nm show detailed Stark splitting
of the eigenstates by the crystal field effect.? The details of
the Stark components, however, could not be resolved clear-
ly from the absorption spectrum due to the overlap of the
excited upper Stark levels of the ground state, which results
in a complex absorption spectrum. The UV/Vis spectra of
compound II also show some Stark splitting (see Figure S3
in the Supporting Information).

A schematic of the various energy-transfer processes in
the up-conversion emission with Nd** ions is shown in Fig-
ure 10b. We employed the energy corresponding to the ab-
sorption band, “I;,—*Gs, (580 nm), as the excitation energy
for examining the up-conversion behavior in HI (Fig-
ure 10a). This energy level is far from the intra-ligand ab-
sorption bands. The luminescence of III at short wave-
lengths is expected to result from the *Ds, levels, and the
direct excitation to either the D5, or “Ds), level is limited as
they are close to the intra-ligand absorption bands. The exci-
tation wavelength (A~580 nm) was tuned to optimize the
up-conversion excitation efficiency of populating the *Fsy,
levels and efficient re-excitation from the ‘F;, to the ‘Ds),
level. The possible up-conversion excitation pathways
(dashed lines) and corresponding transitions (solid lines) for
the luminescence of Nd’* ions are summarized in Fig-
ure 10b. The ground-state absorption (GSA) is responsible
for the excitation from the “Iy, level to the *Gs), level. The
excited *Gs), levels relax nonradiatively to the “Fs, levels,
where some populations take part in excited-state absorp-
tion (ESA) and the remainder relax to lower energy levels.
Another excitation from the “Fs, level populates the excited
‘Ds, levels from the ESA that also relax nonradiatively to
the “Ds, levels from which up-converted luminescence is
emitted. Figure 10c shows the up-converted luminescence
spectrum from the ‘D;, levels for the 580 nm excitation.
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The emission spectrum has a peak at 422nm and two
shoulders at 364 and 431 nm, which correspond to the “Dj
» =113, “D3p—"1;1, and *D;, —*1,5, transitions, respectively.
Similar emission is also observed for the dehydrated sample,
which indicates that the up-conversion process is element
specific and not dependent on the coordination environment
around the element (see Figure S8 in the Supporting Infor-
mation).

The correlation between the excitation intensity and that
of the up-converted luminescence intensity can be examined
by carrying out further studies. Thus, a series of sterile glass
plates were placed sequentially in the pathway between the
excitation source and the sample. The decrease in the excita-
tion intensity per glass plate was determined by UV/Vis
spectroscopy in the transmission mode and normalized with
respect to the transmission obtained in the absence of any
glass slides. The normalized transmission intensities (/,,) as
a function of the number of glass plates, along with the
emission intensities (I.,), are shown in Figure 11 A. This
study can also give some indications of the number of pho-
tons involved in the up-conversion process. Accordingly, if n
is the number of photons absorbed, then [Egs. (2)—(4)]

Tom o (Iey)" (2)
Or Iem = A(Iex)n (3)
or logl,, = A1+ nlogl, (4)

The value of n can be obtained from the log-log plot of I,
versus I, (I, =emission intensity of any luminescence peak,
I.,=intensity of the excitation energy, and n=number of
photons responsible for the emission process). The log-log
plot for the emissions at 422, 431, and 364 nm, which corre-
spond to Dy, =13, ‘D3p—"Lisp, and Dy, —*1yyp, respec-
tively, are shown in Figure 11B. A fit of the lines gave a
value for n close to 2 (the value of the slope), thus indicat-
ing that all three emissions are based on two-photon absorp-
tion. Similar values for the slopes have been obtained
before for the two-photon up-conversion processes in Nd**
compounds.?”!

The Pr’* compound (II), when subjected to an identical
study, did not show any up-conversion behavior. A blue up-
conversion through a two-photon absorption (*H;—'G, and
'G,—>P,) has been observed in many Pr’*-containing com-
pounds when excited by IR radiation.””! Such a process was
not possible in our present investigation because we em-
ployed visible light as the excitation source, which resulted
in the nonobservation of the up-conversion processes in II.

Conclusion
The synthesis, structure, and photophysical properties of a
new series of lanthanide mixed carboxylate systems have

been accomplished. The formation of CdCl,-related layers
with 3 topology is interesting and has been observed for the
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Figure 11. A) Dependence of the observed emission on the excitation in-
tensity of IIL a) 100; b) 90.94; c) 82.84; d) 75.55; e) 69.34; f) 63.4; g)
58.37%. B) Log-log plot of the dependence of excitation intensity on the
emission intensity at different up-converted emissions: 1=422 (a), 431
(b), and 364 nm (c).

first time in a lanthanide carboxylate system. The observa-
tion of metal-centered emission in samples doped with Eu**
(red/pink) and Tb** (green), and a blue luminescence in a
Nd** sample (III) through an up-conversion process, is note-
worthy. The coordinated water molecules can be reversibly
adsorbed and appear to have some effect on the photophysi-
cal behavior of the prepared compounds.

Experimental Section

Synthesis and initial characterization: All the compounds were prepared
by employing the hydrothermal method. In a typical synthesis, for I, La-
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(NO3); (0.163 g, 0.5 mm) was dispersed in water (2 mL). Pyridine-2,3-di-
carboxylic acid (0.085 g, 0.5 mm), benzene-1,4-dicarboxylic acid (0.083 g,
0.5 mm), and piperazine (0.086 g, 1 mm) were added under continuous
stirring. The mixture was homogenized for 30 min at room temperature.
The final mixture was then sealed in a 7mL PTFE-lined autoclave and
heated at 125°C for three days under autogenous pressure. The initial
pH of the reaction mixture was 4, and no appreciable change in pH was
noted after the reaction. The final product, which contained colorless
block-type crystals along with white powder, was filtered, washed with
deionized water under vacuum, and dried under ambient conditions
(yield ~#70% based on La). The white powder obtained along with the
single crystals was found to be of the same phase as the single crystals by
powder XRD studies. For the preparation of isostructural Pr (II) and Nd
(II) compounds, Pr(NO;); (0.164 g, 0.5mm) and Nd(NO;); (0.165 g,
0.5 mm) were used in place of La(NO;); and the composition and reac-
tion conditions were kept identical to those in the synthesis of I. In both
the cases, the resulting product contained large quantities of pale green
(Pr) and pale violet (Nd) polycrystalline powder with similar yields. The
compounds with Eu (2mol%, Ia; 4 mol%, Ib) and Tb (2 mol%, Ic;
4 mol %, Id) substituted in place of La (I) were also prepared by employ-
ing similar synthesis procedures, which resulted in fine, uniform powder
samples with high yields. Elemental analysis caled (%) for I: C 31.27, H
2.13, N 3.32; found: C 31.01, H 2.17, N 3.19; calcd for II: C 31.24, H 2.12,
N 3.30; found: C 31.11, H 2.16, N 3.26; calcd for III: C 30.88, H 2.10, N
3.28; found: C 30.61, H 2.07, N 3.21; calcd for Ia: C 31.25, H 2.13, N 3.31;
found: C 31.17, H 2.09, N 3.35; caled for Ib: C 31.23, H 2.13, N 3.31;
found: C 31.15, H 2.15, N 3.24; calcd for Ie: C 31.24, H 2.13, N 3.31;
found: C 31.17, H 2.12, N 3.37; caled for Id: C 31.21, H 2.13, N 3.31;
found: C 31.07, H 2.08, N 3.20. Energy-dispersive X-ray analysis of the
powder sample indicated the presence of both La and Eu (Ia and Ib) and
La and Tb (Ic and Id; see Figures S9 and S10 in the Supporting Informa-
tion)

Powder XRD patterns were recorded in the 26 range of 5-50° by using
Cug, radiation (Philips X’pert; Figure 12). The XRD pattern for the La
compound (I) indicated that the product was new; the patterns were en-
tirely consistent with the simulated XRD pattern generated based on the
structures determined using the single-crystal XRD. The Pr (II)- and Nd

‘LJ&—MAMW‘AMWWW&Mh)
w

f)

VTRV VN W OOV RSO

|
I !
[N

Intensity (a.u.)

c)
b)
a)
*l AA_J\J‘ A MadaAn s
1l0 l 2IO ' SIU I 4|0 I SIO
26 (%)

Figure 12. Powder XRD patterns of the prepared compounds. a) simulat-
ed from the single-crystal structure of I. Experimental results of: b) I; c)
II; d) IIL; e) Ia; f) Ib; g) Ic; h) Id. Note that all the XRD patterns are
identical, which indicates the phase purity of the as-prepared samples.
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(III)-containing samples as well as the doped ones are highly crystalline
and have XRD patterns comparable to that obtained for the La (I) com-
pound (Figure 12). IR spectra for all the compounds were recorded as
KBr pellets (Perkin-Elmer, Spectrum 1000). The observed IR frequen-
cies for compounds I-1II are listed in Table 3 (see Figure S11 in the Sup-
porting Information).

Table 3. Observed IR bands for [La,(H,0),][{CsH;N(COO),},{CsH,-
(COO0),} (M), [Pry(H0)4][{CsHN(COO),L{CsHy(COO),}] (IN), and [Nd,-
(H,0),][{CsH;N(COO0),},{C;H,(COO),}] (I).

Bands I[cm™] II [cm™'] I [cm™']
v,(O—H) 3535 (m) 3540 (m) 3537 (m)
v(O—H) 3357(s) 3346 (s) 3346 (s)
Vy(C—H) sromatic 3064 (w) 3053 (w) 3050 (w)
0(H,0) 1620 (m) 1615 (m) 1618 (m)
v,,(COO) 1578 (s) 1568 (s) 1570 (s)
v,(COO) 1397 (s) 1397 (s) 1390 (s)
O(CH yomatnpine 1105 (m) 1093 (m) 1102 (m)
6(CHammalic)nul—nﬂplane 834 (m) 837 (m) 845 (m)
0(CO0) 755 (m) 757 (m) 755 (m)

Single-crystal structure determination: A suitable single crystal of I was
carefully selected under a polarizing microscope and glued to a thin glass
fiber. The single-crystal data were collected on a Bruker AXS smart
Apex CCD diffractometer at 293(2) K. The X-ray generator was operat-
ed at 50 kV and 35 mA using Moy, (1=0.71073 A) radiation. Data were
collected with an w scan width of 0.3°. A total of 606 frames were col-
lected in three different settings of ¢ (0, 90, 180°) while keeping the
sample-to-detector distance fixed at 6.03 cm and the detector position
(20) fixed at —25°. The data were reduced using SAINTPLUS, and an
empirical absorption correction was applied using the SADABS pro-
gram.®” The structure was solved and refined using SHELXL97,Y which
is present in the WinGx suite of programs (Version 1.63.04a).5?! All the
hydrogen atoms of the carboxylic acids and the bound water molecules
were initially located in the difference Fourier maps, and for the final re-
finement the hydrogen atoms were placed in geometrically ideal posi-
tions and refined in the riding mode. Restraints for the bond lengths
were used during the refinement for keeping the hydrogen atoms of the
water molecules. Final refinement included atomic positions for all the

Table 4. Crystal data and structure refinement parameters for [La,-
(H,0),][{CsH3N(CO0),},{CsHy(COO0),}] (D).

empirical formula
formula weight
crystal system
space group

C,HsN,0La,
844.20
monoclinic
P2,/c (no.14)

a[A] 14.280(3)
b [A] 6.9480(14)
c[A] 13.662(3)
al° 90.0

B 112.380(3)
7 [°] 90.0
volume [A?] 1253.4(4)
z 2

T [K] 293(2)
Peatea [gem ™) 2.237

u [mm] 3.450

6 range [°] 1.54 to 27.99

2 (Mog,) [A]
R indices [1>20(I)] Ry_0.0202, wR,—0.0557%
R indices (all data) R,=0.0238, wR,=0.0697"

[a] Ri=3| Fo| = | F|l /2| Fo| ;5 wRy={E[w(F—FVEwFE) N2 w=1/
[*(Fy)*+ (aPY+bP], P=[max.(F20)+2(F,7/3, where a=0.0379 and
b=0.2376.

0.71073
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atoms, anisotropic thermal parameters for all the non-hydrogen atoms,
and isotropic thermal parameters for all the hydrogen atoms. Full-matrix
least-squares refinement against |F’| was carried out using the WinGx
package of programs.® Details of the structure solution and final refine-
ments for I are given in Table 4. CCDC-674214 (I) contains the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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