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Two series of rare-earth isophthalates of the general formula, [M2(H2O)][{C6H4(COO)2}2-
{C6H4(COOH)(COO)}2]·H2O, M = La (I), Pr (Ia), and Nd (Ib) and [M2(H2O)2]-
[{C6H4(COO)2}3]·H2O, M = Y (II), Gd (IIa), and Dy (IIb) have been prepared by the reaction of the
corresponding trivalent lanthanide salts and isophthalic acid under mild hydrothermal conditions. The
La (I), Pr (Ia) and Nd (Ib) have MO9 polyhedra connected to the isophthalate anions forming a
two-dimensional structure, whereas Y (II), Gd (IIa) and Dy (IIb) have MO7 and MO8 polyhedral units
connected to the isophthalate anions forming a different, but related two-dimensional structure. Both
the structures are stabilized by hydrogen bonding and p· · ·p/CH· · ·p interactions. Partial substitution
of Eu and Tb (2 and 4%) at the La (I) and Y (II) sites give rise to characteristic red/pink or green
luminescence, indicating a ligand-sensitized metal-centered emission. The Nd (Ib) compound shows
interesting UV and blue emission through an up-conversion process.

Introduction

Research on rare-earth based compounds has attracted increasing
attention due to their interesting luminescence properties. Lan-
thanide compounds exhibit intense luminescence and are useful in
biochemical fluorescent probes in addition to other emission based
applications.1 In all the compounds, the f electron remains highly
localized and the emission behavior of the rare-earth ions, based
on the f–f transitions, have narrow wavelength ranges and high
quantum yields, which makes them attractive for light emitting
device (LED) applications. The f–f transitions are spin and parity
forbidden, and to exploit the luminescent properties, ligands that
function as sensitizers are employed. Recent studies show that
benzoic acid and its derivatives offer an excellent choice to sensitize
and observe the lanthanide emission. Among the lanthanide ions,
Eu3+ and Nd3+ are two of the most important elements to use as
optical centers. Eu3+ compounds are attractive for use in the visible
region (k = 615 nm), while Nd3+ compounds are useful in the near
IR region (k = 800–1700 nm). In addition, Nd3+ compounds also
show up-conversion behavior of converting the IR radiation into
visible region, via a two photon absorption process.2

In spite of the vast advances made in the understanding of the
optical properties of the rare-earth ions, the subtle relationship
that exists between the photophysical behavior and the structure
points towards the need to explore many new structures for
fruitfully exploiting the emission property of the rare-earth
ions.3 In light of this, the recently discovered rare-earth benzene
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carboxylates are good candidates to investigate both the structure
as well as the luminescent properties.4 The design and synthesis
of lanthanide benzene carboxylates, however, appears to be a
difficult task primarily due to the higher and varied coordination
requirements of the lanthanide ions.5

We have been interested in the study of aromatic (benzene,
pyridine) dicarboxylate compounds of lanthanide and related
systems, resulting in a large number of new and novel structures.6

In the present study, we have used isophthalic acid along
with the lanthanide ions. Isophthalic acid has been widely
used for the preparation of metal–organic framework com-
pounds of lanthanides.7 During the course our investigations,
we have prepared new two-dimensional lanthanide isophthalates
[M2(H2O)][{C6H4(COO)2}2{C6H4(COOH)(COO)}2]·H2O, M =
La (I), Pr (Ia) and Nd (Ib) and [M2(H2O)2][{C6H4(COO)2}3]·
H2O, M = Y (II), Gd (IIa) and Dy (IIb). Of these, compounds
with La (I), Y (II) and Gd (IIa) have been obtained as good
quality single crystals, while the Pr (Ia), Nd (Ib) and Dy (IIb)
are formed as pure powder samples. The La (I), Pr (Ia) and Nd
(Ib) have MO9 polyhedra connected to the isophthalate anion
forming two-dimensional structures, whereas Y (II), Gd (IIa) and
Dy (IIb) have MO7 and MO8 polyhedral units connected with the
isophthalate anions forming a related two-dimensional structure.
Doping of 2% and 4% Eu3+ or Tb3+ in place of La3+ (I) and Y3+

(II) clearly show metal-centered emission. The Nd (Ib) compound
show interesting UV and blue emission through a two-photon up-
conversion process. In this paper, we report the synthesis, structure
and photophysical properties of these compounds.

Experimental

Synthesis and initial characterization

All the compounds were prepared employing the hydrothermal
method. In a typical synthesis, for I, La2O3 (0.082 g, 0.5 mM)
was dispersed in 3 mL of water. To this, isophthalic acid (0.168 g,
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1 mM), pyridine-2,6-dicarboxylic acid (0.17 g, 1 mM) and NaOH
(0.08 g, 2 mM) were added under continuous stirring. The mixture
was homogenized for 30 min at room temperature. The final
mixture was then sealed in a 7 mL PTEF lined autoclave and
heated at 150 ◦C for 5 days and 180 ◦C for 2 days under
autogeneous pressure. The initial pH of the reaction mixture was 3,
and no appreciable change in pH was noted after the reaction. The
final product, containing large quantities of colorless block type
crystals, was filtered, washed with deionized water under vacuum,
and dried at ambient conditions (yield ∼70% based on La). For
the preparation of isostructural Pr (Ia) and Nd (Ib) compounds,
Pr2O3 (0.083 g, 0.5 mM) and Nd2O3 (0.085 g, 0.5 mM) were used
in place of La2O3 by keeping the composition and the reaction
conditions identical to those in I. In both cases, the resulting
product contained large quantities of pale green (Pr) and pale
violet (Nd) powder with similar yields. For II and IIa, Y(NO3)3 and
Gd(NO3)3 (0.0916 g of Y(NO3)3, 0.1144 g of Gd(NO3)3, 0.33 mM)
was dissolved in 4 mL of Millipore water. To this, isophthalic
acid (0.056 g, 0.33 mM), pyridine-2,3-dicarboxylic acid (0.056,
0.33 mM) and NaOH (0.027 g, 0.67 mM) were added under
continuous stirring. The mixture was homogenized for 30 min at
room temperature. The final mixture was sealed in a 7 mL PTEF
lined autoclave and heated at 180 ◦C for 3 days under autogeneous
pressure. In both cases, the resulting product contained large
quantities of colorless block type crystals with high yields
(∼ 70%). For the preparation of isostructural Dy compound (IIb),
Dy(NO3)3 (0.1161 g, 0.33 mM) was used in place of Y. The resulting
product contained large quantities of white powder with similar
yields. The Eu (2 mol%, Ic, 4 mol%, Id) and Tb (2 mol%, Ie,
4 mol%, If) substituted compounds in place of La (I) and Eu
(2 mol%, IIc, 4 mol%, IId) and Tb (2 mol%, IIe, 4 mol%, IIf)
substituted compounds in place of Y (II) were prepared employing
similar synthetic procedures resulting in a fine uniform powder
samples with high yields. Though a secondary acid, pyridine-
2,6-dicarboxylic acid for I and pyridine-2,3-dicarboxylic acid for
II, has been employed during the synthesis, the final product
contained only isophthalic acid. The exact role of the secondary
acid is still not clear. It is likely that the role is to control the pH of
the reaction mixture. We have not been able to prepare the present
compounds in the absence of a secondary acid in the reaction
mixture. Anal. Calcd for I: C 39.48, H 2.26. Found: C 39.21, H
2.17%. Anal. Calcd for Ia: C 39.33, H 2.25. Found: C 39.09, H
2.18%. Anal. Calcd for Ib: C 39.06, H 2.24. Found: C 39.2, H
2.11%. Anal. Calcd for Ic: C 39.49, H 2.26. Found: C 39.26, H
2.09%. Anal. Calcd for Id: C 39.47, H 2.26. Found: C 39.19, H

2.15%. Anal. Calcd for Ie: C 39.48, H 2.26. Found: C 39.15, H
2.12%. Anal. Calcd for If: C 39.45, H 2.26. Found: C 39.25, H
2.14%. Anal. Calcd for II: C 39.88, H 2.22. Found: C 39.35, H
2.09%. Anal. Calcd for IIa: C 33.53, H 1.86. Found: C 32.96, H
1.69%. Anal. Calcd for IIb: C 33.13, H 1.84. Found: C 33.02, H
1.63%. Anal. Calcd for IIc: C 39.76, H 2.20. Found: C 39.49, H
2.11%. Anal. Calcd for IId: C 39.62, H 2.20. Found: C 39.37, H
2.06%. Anal. Calcd for IIe: C 39.74, H 2.20. Found: C 39.45, H
2.13%. Anal. Calcd for IIf: C 39.59, H 2.20. Found: C 39.29, H
2.08%.

Powder X-ray diffraction (XRD) patterns were recorded on
crushed single crystals in the 2h range 5–50◦ using Cu Ka radiation
(Philips X’part) (see ESI‡). The XRD patterns indicated that
the products were new materials; the patterns being entirely
consistent with the simulated XRD pattern generated based on
the structures determined using the single-crystal XRD. Ther-
mogravimetric analysis (TGA) has been carried out in air (flow
rate = 20 mL min−1) in the temperature range 30–850 ◦C (heating
rate = 5 ◦C min−1) (see ESI‡). The TGA studies indicate that the
compounds with the structure of I (La, Pr, Nd) behave differently
compared to the compounds of II (Y, Gd and Dy). For the
compounds of I, we observed weight loss at 100, 190, 300 and
540 ◦C. For compounds of II, there were three weight losses at 100,
280 and 570 ◦C. In both cases, the observed loss at each step could
not be correlated clearly with the structure and the decomposition
behavior appears to be complicated. The total observed weight
loss of both series (I and II) corresponds well with the loss of
the carboxylate and the water molecules 69% (calc. 66.5%), 66%
(calc. 65.13%), 63.8% (calc. 65.78%), 72% (calc. 68.74%), 59.5%
(calc. 57.8%), and 57.2% (calc. 57.1%) for I, Ia, Ib, II, IIa, and IIb,
respectively. The final calcined product was found to be crystalline
by powder XRD and corresponds to La2O3 (JCPDS No. 74–1144),
Pr6O11 (JCPDS No. 42–1121), Nd2O3 (JCPDS No. 83–1346), Y2O3

(JCPDS No. 86–1326), Gd2O3 (JCPDS No. 74–1987), and Dy2O3

(JCPDS No. 86–1327), respectively. IR spectra were recorded as
KBr pellet (Perkin Elmer, SPECTRUM 1000). The observed IR
bands are listed in Table 1. We have also observed a band at
∼1690 cm−1 characteristic of C–OH in the case of the compounds
with structure I.8

Single crystal structure determination

A suitable single crystal of each compound 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

Table 1 The observed IR bands for M2(H2O)][{C6H4(COO)2}2{C6H4(COOH)(COO)}2]·H2O, M = La (I), M = Pr (Ia) and (c) M = Nd (Ib) and
[M2(H2O)2][{C6H4(COO)2}3]·H2O, M = Y (II), M = Gd (IIa) and (c) M = Dy (IIb)

Bands I/cm−1 Ia/cm−1 Ib/cm−1 II/cm−1 IIa/cm−1 IIb/cm−1

mas(O–H) 3252 (s) 3218(s) 3207 (s) 3263 (s) 3316 (s) 3276 (s)
ms(C–H)aromatic 3062 (w) 3051 (w) 3073 (s) 3079 (w) 3079 (w) 3079 (w)
ms(C–OH) 1690 (m) 1690 (m) 1690 (m) Absent Absent Absent
ms(C=O) 1615 (s) 1612 (s) 1612 (s) 1609 (s) 1622 (s) 1618 (s)
d(H2O) 1550 (s) 1552 (s) 1550 (s) 1543 (s) 1540 (s) 1530 (s)
d(COO) 1408 (s) 1408 (s) 1408 (s) 1398 (s) 1395 (s) 1396 (s)
d(CHaromatic)in-of-plane 1155 (m) 1168 (m) 1160 (m) 1175 (w) 1167 (w) 1162 (w)
ms(C–C)skeletal 945 (m) 956 (m) 950 (m) 939 (w) 942 (w) 939 (w)
d(CHaromatic)out-of-plane 840 (s) 842 (s) 837 (s) 830 (m) 821 (m) 825 (m)
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Apex CCD diffractometer at 293(2) K. The X-ray generator was
operated at 50 kV and 35 mA using Mo Ka (k = 0.71073 Å)
radiation. Data were collected with x scan width of 0.3◦. A total
of 606 frames were collected in three different setting of φ (0, 90,
180◦) keeping the sample-to-detector distance fixed at 6.03 cm and
the detector position (2h) fixed at −25◦. The data were reduced
using SAINTPLUS,9 and an empirical absorption correction was
applied using the SADABS program.10 The structure was solved
and refined using SHELXL9711 present in the WinGx suit of
programs (Version 1.63.04a).12 All the hydrogen atoms of the
carboxylic acids, and the bound as well as the lattice water
molecules, were initially located in the difference Fourier maps,
and for the final refinement, the hydrogen atoms were placed in
geometrically ideal positions and refined in the riding mode. In
all three compounds restraints for the bond distances were used
during the refinement for keeping the hydrogen atoms bonded with
the water molecules. Final refinement included atomic positions
for all the 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 2|
was carried out using the WinGx package of programs.12 Details
of the structure solution and final refinements for I, II and Ia are
given in Table 2.

Results and discussion

Structure

The compound I has 52 non-hydrogen atoms in the asym-
metric unit, of which two La3+ ions are crystallographically
independent. The isophthalate anions can be classified into four
crystallographically distinct based on their coordination modes
(see ESI‡). Both the La3+ ions have nine coordination with oxygens
(La(1) = 8 carboxylate oxygens and a water molecule and La(2) =
9 carboxylate oxygens) that form a distorted tricapped trigonal

prismatic arrangement around the central La3+ ion (see ESI‡). Of
the 18 oxygens in the asymmetric unit, five oxygens [O(2), O(3),
O(4), O(5) and O(8)] have l3 connectivity linking two lanthanide
centers and a carbon atom. The presence of l3 oxygens in I gives
rise to infinite La–O–La one-dimensional connectivity. The La–
O bonds have distances in the range 2.361(2)–2.745(2) and the
O–La–O bond angles are in the range 48.78(6)–159.18(7)◦. We
arrive at the coordination geometry around the La3+ ions based
on the typical bond distances in the range 2.2–2.8 Å. Similar bond
distances and angles have been observed before.4c Selected bond
distances for I are listed in Table 3.

The two-dimensional structure of I can be easily understood by
considering the connectivity between the La3+ ions. Thus, La(1)
and La(2) ions are connected through three l3 oxygens [O(2),
O(3) and O(4)] to form a face-shared dimer. The dimer units
are connected edge-wise through two l3 oxygens [O(5) and
O(8)] giving rise to an infinite one-dimensional La–O–La chains
(Fig. 1a). The M–M distances in I have two distinct values, one
corresponding to the face-shared dimer (3.973 Å) and the other
due to the sharing of the edges (4.120 Å). One isophthalate anion

Table 3 Selected bond distances (Å) observed in [La2(H2O)][{C6H4-
(COO)2}2{C6H4(COOH)(COO)}2]·H2O, I

Bond Amplitude Bond Amplitude

La(1)–O(1) 2.659(2) La(2)–O(2) 2.523(2)
La(1)–O(2) 2.651(2) La(2)–O(3) 2.737(2)
La(1)–O(3) 2.553(2) La(2)–O(4) 2.615(2)
La(1)–O(4) 2.471(2) La(2)–O(5)a 2.700(2)
La(1)–O(5) 2.580(2) La(2)–O(8)a 2.490(2)
La(1)–O(6) 2.446(2) La(2)–O(10) 2.491(2)
La(1)–O(7) 2.558(3) La(2)–O(11) 2.605(2)
La(1)–O(8) 2.745(2) La(2)–O(12) 2.535(2)
La(1)–O(9) 2.472(2) La(2)–O(13) 2.361(2)

a Symmetry transformations used to generate equivalent atoms: −x, y +
1/2, −z + 1/2.

Table 2 Crystal data and structure refinement parameters for [La2(H2O)][{C6H4(COO)2}2{C6H4(COOH)(COO)}2]·H2O, I, [M2(H2O)2]-
[{C6H4(COO)2}3]·H2O, M = Y (II), Gd (IIa)

Structure parameter I II IIa

Empirical formula C32H22La2O18 C24H16O15Y2 C24H16O15Gd2

Formula weight 972.32 722.19 858.87
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c (no.14) P21/c (no.14) P21/c (no.14)
a/Å 10.3780(19) 10.587(2) 10.6293(18)
b/Å 14.177(3) 14.227(3) 14.219(2)
c/Å 21.525(4) 17.130(3) 17.175(3)
a/◦ 90.0 90.0 90.0
b/◦ 95.710(3) 97.998(4) 97.915
c /◦ 90.0 90.0 90.0
Volume/Å3 3151.3(10) 2554.8(8) 2571.2(8)
Z 4 4 4
T/K 293(2) 293(2) 293(2)
qcalc/g cm−3 2.049 1.878 2.219
l/mm−1 2.763 4.599 5.192
h range/◦ 1.72 to 28.00 1.87 to 28.01 1.87 to 28.03
k (Mo Ka)/Å 0.71073 0.71073 0.71073
R indices [I > 2r(I)] R1 = 0.0309, wR2 = 0.0559 R1 = 0.0529, wR2 = 0.0896 R1 = 0.0297, wR2 = 0.0537
R indices (all data) R1 = 0.0430, wR2 = 0.0591 R1 = 0.1083, wR2 = 0.1054 R1 = 0.0387, wR2 = 0.0563

R1 = R ‖F 0| − |F c|/R |F 0|; wR2 = {R [w(F 0
2 − F c

2)2]/R [w(F 0
2)2]}1/2. w = 1/[r2(F 0)2 + (aP)2 + bP], P = [max.(F 0

2,0) + 2(F c)2]/3, where a = 0.0229 and
b = 0 for I, a = 0.0415 and b = 0 for II and a = 0.0189 and b = 2.0973 for IIa.
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Fig. 1 (a) ORTEP22 diagram showing the connectivity between La(1)O9 and La(2)O9 polyehedra by the l3 oxygen atoms. Thermal ellipsoids are given
at 50% probability. Note the formation of the face-shared dimers (see text). Symmetry transformations used to generate equivalent atoms: La(1a) −x,
1/2 + y, 1/2 − z and La(2a) −x, −1/2 + y, 1/2 − z, O(2a, 3a or 4a) −x, −1/2 + y, 1/2 − z. (b) Figure showing the one-dimensional La–O–La chains.
Note that acid-4 links within the chain. (c) View of two-dimensional layer formed by the connectivity between two La–O–La chains and acid-3.

(acid-4) connect the La3+ ions within the chain, as shown in
Fig. 1b. The isophthalate anions (acid-1 and acid-2), which are
monoionic, connects with this chain through only one end of the
carboxylate and the remaining carboxylate group is free. Acid-
3 connects the La–O–La chains completing the two-dimensional
structure (Fig. 1c). The free C–OH group of acid-1 participates
in intra-layer hydrogen bonding with bonded C–O group of the
carboxylate of acid-2 (see ESI‡). The two-dimensional layers also
exhibits hydrogen bond interactions involving the lattice water,
[O(100)], coordinated water, [O(7)], free C–OH group of the
carboxyalate of acid-2 and C–O group of carboxylate of acid-

1 and acid-4 forming a three-dimensionally extended hydrogen
bonded structure (see ESI‡). The complete list of the observed
hydrogen bond interactions in I is given in Table 4.

The compounds II and IIa are isostructural and isomorphous
and have 41 non-hydrogen atoms in the asymmetric unit, of which
two M3+ (M = Y, Gd) are crystallographically independent. The
isophthalate anions can be classified into three different types
based on their coordination modes (see ESI‡). For describing the
structure, we consider only the Y compound. Unlike I, the Y3+ ions
show differences in their coordination with respect to the oxygens.
Thus, Y(1) is seven coordinated with 5 carboxylate oxygens and

Table 4 Important hydrogen bond interactions in [La2(H2O)][{C6H4(COO)2}2{C6H4(COOH)(COO)}2]·H2O, I

D–H · · · A D–H/Å H · · · A/Å D · · · A/Å D–H · · · A/◦

O(22)–H(22) · · · O(1)a 0.82 1.96 2.750(3) 162
O(31)–H(31) · · · O(12)b 0.82 2.08 2.876(7) 164
O(7)–H(51) · · · O(100) 0.85 1.87 2.710(5) 170
O(7)–H(52) · · · O(32)c 0.85 2.15 2.992(4) 175
O(100)–H(101) · · · O(32)d 0.84 2.16 2.972(5) 164
O(100)–H(102) · · · O(11)e 0.84 2.11 2.923(5) 161

a x, 1/2 − y, −1/2 + z. b −1 + x, 1 + y, z. c 1 + x, y, z. d −x, −1/2 + y, 1/2 − z. e 1 − x, −1/2 + y, 1/2 − z.
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2 water molecules and Y(2) is 8 coordinated with carboxylate
oxygens, forming a mono-(CN = 7) and a bi-(CN = 8) capped
trigonal prismatic arrangement (see ESI‡). Of the 15 oxygens, only
one oxygen, O(6), has l3 connectivity linking two Y centers and
a carbon, which forms a simple Y–O–Y dimeric unit. The Y–O
bonds have distances in the range 2.228(3)–2.640(3) Å and O–
Y–O bond angles are in the range 51.41(10)–157.66(13)◦. Again,
the coordination geometry around the central Y3+ ion is based
on typical bond distances in the range 2.2–2.7 Å. Similar bond
distances and angles have been observed before.7e Selected bond
distances for compounds II and IIa are listed in Table 5.

The structure of II consists of Y(1)O5(H2O)2 and Y(2)O8

polyhedral units connected through a common oxygen vertex,
O(6), forming a dimeric unit. In addition, the two Y3+ ions are
also connected by carboxylate units forming the typical build-
ing unit commonly observed in many metal-organic framework
compounds (Fig. 2a).7f The dimer units are connected by two
different isophthalate anions (acid-1 and acid-3) to give rise to a
one-dimensional chain-like structure. As can be noted, the chains
lie on the 21 axis giving rise to a helical nature (Fig. 2b). The
chains are connected through the acid-2 completing the two-
dimensional layer structure (Fig. 2c). The coordinated water, O(3),
participate in strong intra-layer hydrogen bonding with the C–O
group of the carboxylate of acid-2, which partially stabilizes the
layers. In addition, the two-dimensional layers are connected
with each other through hydrogen bond interaction involving the
coordinated water, ([O(7)], lattice water, [O(100)] and C–O group
of the carboxylate of acid-1 (see ESI‡). The complete list of the
observed hydrogen bond interactions is given in Table 6.

Table 5 Selected bond distances (Å) observed in [M2(H2O)2][{C6H4-
(COO)2}3]·H2O, M = Y(II), Gd(IIa)

Bonds Y(II) Gd(IIa)

M(1)–O(1) 2.277(3) 2.318(3)
M(1)–O(2) 2.228(3) 2.267(3)
M(1)–O(3) 2.363(4) 2.423(3)
M(1)–O(4) 2.350(3) 2.417(3)
M(1)–O(5) 2.258(3) 2.316(3)
M(1)–O(6) 2.366(3) 2.396(3)
M(1)–O(7) 2.297(4) 2.345(3)
M(2)–O(6) 2.640(3) 2.640(3)
M(2)–O(8) 2.269(3) 2.322(3)
M(2)–O(9) 2.276(3) 2.342(3)
M(2)–O(10)a 2.271(3) 2.319(3)
M(2)–O(11) 2.392(3) 2.441(3)
M(2)–O(12) 2.495(3) 2.543(3)
M(2)–O(13) 2.418(3) 2.447(3)
M(2)–O(14)a 2.332(3) 2.369(3)

a Symmetry transformations used to generate equivalent atoms: −x, y +
1/2, −z + 1/2.

The role of p· · ·p/CH· · ·p interactions in the stability of
supramolecularly engineered crystal structures has been well
documented.13 In recent years, the role of p· · ·p/CH· · ·p inter-
actions in extended metal–organic frameworks have attracted
much attention. This generally non-covalent interaction lends
some stability to the low-dimensional structures. In the present
compounds, we find significant intra-layer p· · ·p/CH· · ·p inter-
actions between the aromatic rings of the isophthalate anions.
The distances between the aromatic rings and the inter-planar
angle suggests that this type of interactions may be present in the
following pair: In I, between two acid-1 and between acid-2 and
acid-3 and in II, between acid-1 and acid-3 and between acid-2
and acid-3. To understand the nature and the energies involved
in these interactions, we performed calculations using Gaussian98
software package at B3LYP/6-31+G(d,p) level.14 Using the crystal
structure geometry, the calculated energies for the interaction
between the benzene rings were 1.24 kcal mol−1 (between two acid-
1 in I), 1.29 kcal mol−1 (between acid-2 and acid-3 in I), 1.73 kcal
mol−1 (between acid-1 and acid-3 in II) and 2.46 kcal mol−1

(between acid-2 and acid-3 in II). Thus, the net energy involved in
these interactions appear to be too low to be of any significance.

It is illustrative to compare the structures exhibited by La3+

and Y3+ ions (I and II). As expected, the larger La3+ ions have 9
coordination compared to the 7 and 8 coordination for Y3+ ions.
While the structure of I has four isophthalate anions, II has only
three such units and both the structures have two M3+ ions. Both
the structures are also formed with the same space group, P21/c
(no. 14). While the a and b parameters are comparable in both
the structures, the c parameter in I is larger by ∼4.4 Å. The larger
size of the c lattice parameter can be explained by examining the
structure of I and II in the ac plane (Fig. 3a and 3b). In I, the layers
are formed in the bc plane and are stacked one over other in the a
direction, whereas in II, the layers are formed in the ab plane and
are stacked in the c direction. This difference in the arrangement
of the layers is responsible for the observed differences in the c
lattice parameter between I and II.

Luminescence studies. It has been shown that the lanthanide
ions are useful as luminescent probes and the lanthanide centered
emission can be sensitized by molecules having the p electrons.1b

The low molar absorptivity of the lanthanides does not favor
a strong emission when excited directly. Significant emission,
characteristic of the lanthanide ions, however, can be observed by
employing suitable complexing/chelating agents that can absorb
and transfer the energy to the central lanthanide ions. Generally,
in coordination complexes, the ligand is excited to the singlet
state, from where part of the energy is transferred to the triplet
state through inter system crossing. When the energy levels are
favorable, the triplet excited state can transfer the energy to the

Table 6 Important hydrogen bond interactions in [Y2(H2O)2][{C6H4(COO)2}3]·H2O, II

D–H · · · A D–H/Å H · · · A/Å D · · · A/Å D–H · · · A/◦

O(3)–H(52) · · · O(13)a 0.85 1.85 2.699(6) 178
O(7)–H(62) · · · O(14)b 0.85 1.93 2.761(5) 165
O(7)–H(61) · · · O(100) 0.84 1.85 2.690(5) 170

a −x, −1/2 + y, 1/2 − z. b x, 1/2 − y, −1/2 + z.
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Fig. 2 (a) ORTEP22 diagram showing the connectivity between M(1)O7 and M(2)O8 polyhedra through the l3 oxygen atoms in II. Thermal ellipsoids
are given at 50% probability. Note the formation of a simple dimeric unit. (b) View of the one-dimensional chain formed by the connectivity between the
dimeric unit and isophthalate anions (acid-1 and acid-2) in II. Note that the chains lie on the 21 axis. (c) View of the layer formed by the connectivity
between the chains and acid-2 in II.

metal centers, resulting in metal centered luminescence.15 The
success of this transfer of energy is reflected in the suppressing
of the intra-ligand emission in the luminescence spectra. In the
present compounds, the isophthalate anions absorb strongly in
the UV region and can sensitize the lanthanide ion.

The solid state photoluminescence spectra of compounds I, Ic–
If and II, IIc–IIf were recorded at room temperature (Fig. 4a
and b and Fig. 5a and b). The photoluminescence spectra of the
sodium salt of the isophthalate, recorded at room temperature,

showed a broad emission centered at 370 nm (kex = 300 nm),
which may be due to the p* → n or p* → p transition (see ESI‡).
The parent compounds, I and II also exhibited a broad emission
at 370 nm (kex = 300 nm) along with low intense broad peaks in
the range 415–500 nm, which could be due to other intra-ligand
transitions.16 The doped samples (Eu3+, Tb3+) in place of La and Y,
on the other hand, exhibited a suppression of the intra-ligand band
along with the observation of strong luminescence corresponding
to the doped element (red = Eu3+, green = Tb3+) (Fig. 6). This
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Fig. 3 (a) View of the layers in I in the ac plane. (b) View of the layers in II in the ac plane. Note the different arrangements (see text).

Fig. 4 (a) Room-temperature photoluminescence spectra of I and the corresponding Eu doped compounds, Ic (2 mol% Eu) and Id (4 mol% Eu).
(b) Room-temperature photoluminescence spectra of I and the corresponding Tb doped compounds, Ie (2 mol% Tb) and If (4 mol% Tb). Note that in
both the cases the intra-ligand transitions are suppressed on doping.

indicates that there is a successful and efficient energy transfer
from the isophthalate anions to the metal centers.

As can be noted from Fig. 4a (Eu3+ doped in I) and Fig. 4b (Tb3+

doped in I), the main intra-ligand band is suppressed followed by
the appearance of the characteristic 5D0 → 7FJ (J = 1, 2) emission
bands for Eu3+ and 5D4 → 7FJ (J = 3, 4, 5, 6) emission bands
for Tb3+, when excited using k = 300 nm. The emission bands
at 590 and 614 nm (for Ic and If) corresponds to 5D0 → 7F1

and 5D0 → 7F2 transitions, respectively. Other possible 5D0 → 7FJ

transitions corresponding to J = 0, 3, 4 etc. are not visible in the
present compounds, possibly, due to the low intensity. Compared
to the 4% Eu-doped sample, the 2% Eu-doped sample shows larger
intra-ligand emission indicating the higher dopant level facilitates
the transfer of more energy from the isophthalate anions. This
behavior may not be a linear one for higher concentrations of
Eu3+ as the metal centered emission would start to undergo self
quenching.1b For the Tb3+ doped compounds, the emission bands
at 490, 540, 580 and 620 nm can be assigned to the 5D4 → 7F6,
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Fig. 5 (a) Room-temperature photoluminescence spectra of II and corresponding Eu doped compounds, IIc (2 mol% Eu) and IId (4 mol% Eu).
(b) Room-temperature photoluminescence spectra of II and corresponding Tb doped compounds, IIe (2 mol% Tb) and IIf (4 mol% Tb). Note the
suppression of the intra-ligand transitions.

Fig. 6 View of the Eu- and Tb- doped samples under UV illumination.

5D4 → 7F5, 5D4 → 7F4 and 5D4 → 7F3 transitions, respectively.
Again, the higher concentration of Tb3+ in I (If) shows more
quenching of the intra-ligand transition, and also give rise to more
intense green emission (Fig. 4b).

The Eu3+ doped (Fig. 5a) and Tb3+ doped (Fig. 5b) in place of Y
(II) also show similar characteristic emission bands. The various
observed band are: 5D0 → 7F1 (∼590 nm), 5D0 → 7F2 (∼616 nm)
and 5D0 → 7F3 (∼650 nm) for the Eu3+ doped sample, and 5D4 →
7F6 (∼488 nm), 5D4 → 7F5 (∼542 nm), 5D4 → 7F4 (∼580 nm) and
5D4 → 7F3 (∼620 nm) for the Tb3+ doped samples.

A comparison of the photoluminescence studies of the doped
samples in La (I) and Y (II) compounds indicate that the intra-
ligand transition appears to be quenched more in the latter (Fig. 4
and 5). It is likely that the comparable size of Eu3+ and Tb3+ with
Y3+ would have led to less local distortion, thereby, helping more
efficient energy transfer [crystal radii for CN = 9 are 1.35 (La3+),
1.26 (Eu3+) and 1.24 (Tb3+) Å; for CN = 8 are 1.159 (Y3+), 1.21
(Eu3+) and 1.18 (Tb3+) Å, for CN = 7 are 1.10 (Y3+), 1.15 (Eu3+)
and 1.12 (Tb3+) Å].17

Up-conversion studies. Up-conversion is the excitation
through a two stage process involving a reasonably stable
intermediate. The up-conversion is really an anti-Stokes emission
and may be used to detect infrared radiation visually. There
has been considerable interest in studying new materials for
the up-conversion process.18 Most of the studies concentrate on
cooperatively doped rare-earth ions in host lattices, pioneered by
Auzel.19 The use of lanthanide carboxylates for up-conversion
studies has been attempted recently.20 We, therefore, wanted to
explore the up-conversion properties of the present compounds.
Among the compounds, [Nd2(H2O)][{C6H4(COO)2}2-
{C6H4(COOH)(COO)}2]·H2O, Ib, appears to show promising
up-conversion emissions. The UV-Vis spectra of Ib (Nd) is shown
in Fig. 7a, which indicates that the absorption increases rapidly
with decreasing wavelength below 300 nm due to the intra-ligand
absorption. The absorption bands of the Nd3+ ions show detailed
Stark splitting of the eigenstates by the crystal field effect.21 How-
ever, the details of the Stark components in each level could not
be resolved from the absorption spectrum at room temperature,
because the thermally excited upper Stark levels of the ground
state gives rise to additional absorption peaks superimposed
on the zero-temperature peaks, resulting in a complicated
pattern. A schematic diagram of the energy transfer process in the
up-conversion using Nd3+ ions is shown in Fig. 7b. The denoted ab-
sorption bands of Nd3+ in Fig. 7a are involved in the up-conversion
excitation levels. They are far from the intra-ligand absorption
bands except for the 4D3/2, 4D5/2 bands. Since the luminescence
(Fig. 7c) of Ib (Nd) at short wavelength results from the 4D3/2

levels, the excitation of either the 4D3/2 or 4D5/2 band is required,
and direct excitation is limited by the intra-ligand absorption by
short wavelength radiation. On the other hand, the up-conversion
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Fig. 7 (a) Absorption spectra of [Nd2(H2O)][{C6H4(COO)2}2{C6H4(COOH)(COO)}2]·H2O, Ib at room temperature. (b) Schematic of the energy level
diagram of Nd+3 ion in Ib. The dotted and solid arrow indicate yellow pumping (580 nm) and the transitions related to the luminescence, respectively.
(c) Up-converted luminescence spectra of [Nd2(H2O)][{C6H4(COO)2}2{C6H4(COOH)(COO)}2]·H2O, Ib at room temperature excited using 580 nm
radiation.

Fig. 8 (a) The observed emission dependence on the excitation intensity of [Nd2(H2O)][{C6H4(COO)2}2{C6H4(COOH)(COO)}2]·H2O, Ib. (a) = 100%,
(b) 90.31% (c) 82.07%, (d) 74.67%, (e) 68.5%, (f) 61.84% and (g) 57%. (b) The log–log plot of the excitation intensity dependence of the luminescence
intensity at three different up-converted emission wavelengths (366, 424, and 441 nm).

excitation does not give rise to such problems because the
excitation wavelength (≈ 580 nm) is far from the wavelength
responsible for the intra-ligand absorption. The excitation
wavelength (≈ 580 nm) was tuned to optimize the up-conversion
excitation efficiency, of populating the 4F3/2 levels and efficient
re-excitation from the 4F3/2 to the 4D5/2 levels. The possible up-

conversion excitation pathway (dashed line) and corresponding
transitions (solid line) for the luminescence of Nd3+ ions are
summarized in Fig. 7b. The excited 4G5/2 levels relax nonradiatively
to the 4F3/2 levels where some populations take part in the
excited state absorption (ESA) and the others relax to lower
energy levels. The excited 4D5/2 levels from the ESA also relax
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nonradiatively to the 4D3/2 levels from which up-converted lu-
minescence is emitted. Fig. 7c shows the up-converted lumi-
nescence spectra from 4D3/2 levels for 580 nm excitation
(yellow pump). In order to understand the excitation intensity
dependence of the up-converted luminescence intensity, we have
carried out a simple experiment. In this, a series of sterile glass
plates were placed sequentially in the pathway between the excita-
tion source and the sample. The decrease in excitation intensity per
glass plate has been determined from the UV-Vis spectroscopy. The
successive decrease in the luminescence intensity using 6 different
glass plates is shown in Fig. 8a. To find the number of photons
involved in the up-conversion process, the luminescence intensity
versus excitation intensity was plotted on a log–log scale (Fig. 8b).
The three main regions (370, 424 and 441 nm) show a slope of
greater than 1, indicating that in all cases the observed emission
is a two-photon process. Similar values for the slopes have been
obtained before for the two photon up-conversion processes in
Nd3+ compounds.19 The ideal value for the slope should be closer
to 2 for the two photon absorption process, and the decreased value
of the slope is, probably, due to the loss of the excitation energy at
the one-photon absorption level, which might emit from 4F3/2 to
the 4I11/2, 4I9/2 level in the near-IR region. Further study is required
to evaluate and understand the up-conversion process in these
compounds.

Conclusions

Two different, but related, two-dimensional lanthanide benzene
dicarboxylates have been prepared by hydrothermal methods.
The structures consist of M3+ cations (M = lanthanides) and
1,3-benzenedicarboxylate anions connected to form the layered
structure. Doping at the La3+ and Y3+ sites by Eu3+ and Tb3+

(2% and 4%) show red and green emission with characteristic
transitions resulting from the ligand-sensitized energy transfer
(or fluorescence resonance energy transfer). The Nd3+ containing
compound exhibits up-conversion properties with intense blue
emission when excited using 580 nm radiation.
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