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A hydrothermal reaction of a mixture of M(NO3)3, 1,2-dicyanobenzene, 1,2-benzenedicarboxylic
acid (1,2-BDC), 1,10-phenanthroline and piperazine gave rise to a new compound,
[M(NO3)M»(C1,HgN»),][(CsH404)4]-H,O, (M = La, I and Pr, II). The structure is built up from
the connectivity of MO,, polyhedra by sharing an edge or face. The metal atoms are coordinated
by 1,10-phenanthroline or nitrate groups along with the phthalates resulting in an infinite one-
dimensional M—O-M chain. The crystal structure is stabilized by n---n and CH- -7 interactions.
Our preliminary investigations of the Eu*/Tb*" doped samples (in place of La*"), indicate that
interesting red/pink or green luminescence can obtained by excitation at 252 nm. The
luminescence behavior probably results from the ligand-sensitized metal-centered emission.

Introduction

Metal-organic framework (MOF) structures constitute an
important family of compounds with tremendous potential in
the area of catalysis, sorption, non-linear optics, luminescence
ete." 1% Most of the MOF structures are built up from discrete
metal polyhedra or isolated small clusters connected by
organic linkers, giving rise to structures of varying dimension-
ality.'°!3 In many cases, benzenedicarboxylates with angles of
60, 120 and 180° suspended between the two acid groups act as
a very good linker. The variations in the linking ability of the
carboxylate groups can also be tuned in designing new MOF
structures.'*!> Recently, the use of two different benzene
dicarboxylic acids has been shown to give rise to a new type of
hybrid structures.'*'® The use of inorganic and organic acids
in the design and synthesis of MOF structures have been
rare.'” In addition, the interest in the study of metal-organic
hybrid compounds has been enhanced by the report of red
and green emission in Eu®" and Tb*" doping by Férey and
coworkers. We have been interested in the study of rare-earth
benzene dicarboxylates, especially for their variety in the
coordination geometries and also interesting properties such as
luminescence.'®° During the course of our study, we have
now prepared a new metal-organic framework of the formula,
[M(NO3)M»(C2HgN»)o][(CsH404)4]-H>O, (M = La, I and Pr,
II). The structures of both the compounds are identical and are
formed by three different coordination polyhedra of M>* ions
(M = La and Pr) connected by phthalate and nitrate anions
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with 1,10-phenanthroline acting as the secondary ligand. The
edge- and face-sharing connectivity between the polyhedral
units gives rise to M—O-M infinite one-dimensional chains.
The presence of both the nitrate and phthalate anions in the
structures is noteworthy. We have also doped Eu®* and Tb**
(2 and 4 mol%) in place of La** to investigate the luminescence
properties. In this paper, we present the synthesis, structure
and luminescent properties of all the compounds.

Experimental
Synthesis and initial characterization

In a typical synthesis, | mM of M(NO3); (0.325 g for La and
0.327 g for Pr) was dissolved in 5 ml of MilliQ water. To this,
0.128 g (1 mM) of 1,2-dicyanobenzene [NC(CcH4)CN], 0.169 g
(1 mM) of phthalic acid, [HOOC(CsH4)COOH], (1,2-BDC)
and 0.199 g (1 mM) of 1,10-phenanthroline were added under
continuous stirring followed by the addition of 0.087 g (1 mM)
of piperazine. The mixture was homogenized for 30 min at
room temperature. The final mixture with the composition,
M(NO3); : 1,2(NC),CgHy : 1,2-BDC : 1.10-phenanthroline :
piperazine : 278H,0, was sealed in a 23 ml PTFE-lined acid
digestion bomb and heated at 180 °C for 72 h under auto-
geneous pressure. The Eu (2 mol%, Ia; 4 mol%, Ib) and Tb
(2 mol%, Ic; 4 mol%, Id) substituted compounds were
also prepared employing similar synthesis procedure using
Eu,(C,04); and Tb,(CO3); as the source of Eu and Tb. In all
cases, large quantities of rod-like single crystals were obtained.
The product was filtered under vacuum and dried at ambient
temperature. Though the synthesis mixture contained 1,2-
dicyanobenzene (1,2-DCB) as one of the reactant, the final
product contained only benzene-1,2-dicarboxylic acid (phtha-
lic acid). It is likely that 1,2-DCB would have undergone
hydrolysis during the hydrothermal reaction to give rise to
the phthalic acid. Similar hydrolysis of 1,2-DCB has been
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observed earlier.>3*> The use of pure 1,2-BDC in the
synthesis mixture also produced the title compounds, but in
powder form. We could obtain single crystals, suitable for
structure determination by single crystal X-ray diffraction, by
the use of a 1 : 1 mixture of 1,2-BDC and 1,2-DCB. The exact
role of 1,2-DCB in the synthesis mixture is not clear. It is likely
that the slow release of 1,2-BDC in the reaction mixture by the
hydrolysis of 1,2-DCB would have resulted in the formation of
single crystals. The initial characterizations were carried out
using powder X-ray diffraction (XRD), thermogravimetric
analysis (TGA) and infra-red (IR) spectroscopy. The powder
XRD patterns were recorded on crushed single crystals in the
20 range 5-50° using Cu Ko radiation. The XRD patterns
indicated that the products were new materials; the patterns
were entirely consistent with the simulated pattern generated
from the single-crystal structure.

Thermogravimetric analysis (TGA, Metler-Toledo) was
carried out in oxygen atmosphere (flow rate = 50 ml min~ ')
in the temperature range 30 to 600 °C (heating rate =
5 °C min~"). The studies show identical results for both the
compounds with two weight losses. The initial weight loss of
6% in the range 170-280 °C corresponds to the loss of the
lattice water and the nitrate group bound to the M>* ion (calc.
5.29 and 5.26% for I and II) and the second weight loss of
67.3% and 66.15% for I and II in the range 360-450 °C
corresponds to the loss of the 1,10-phenanthroline and the
phthalate groups (calc. 67.16% and 66.9% for I and II). The
calcined samples were crystalline and the powder XRD lines
matches well with the corresponding pure oxides. [JCPDS no.:
40-1284 (LayO3) and 42-1121 (PrsO)]

Infra-red (IR) spectroscopic studies have been carried out in
the mid-IR region as a KBr pellet using Bruker IFS-66v
spectrometer. The results indicate characteristic sharp lines
with almost similar bands. Minor variations between the
bands have been noticed between the compounds. The
observed bands are: 3300-3600(s) cm ™' v,OH, 3059(w) cm ™!
V(C—H)4romatic, 1714(m) cm ™! v(C=0), 1605(w) cm ™! 5,H,0,
1535(s) v(N=0), 1425(s) cm™ ' 8(COO), 1401(s) cm ™! 6(OH),
1132(m) cm ™! 5(NO), 1289-1294(s) cm ™! §,(NO) and 5(CO),
1140(s) em™" 3(CHaromatic)in-planes 750(s) and 840(s) cm ™'
0(CHyromatic)out-of-plane- Room temperature solid-state photo-
luminescence studies were carried out on powdered samples
(Perkin-Elmer spectrometer (LS-55) with a single beam set-up
was employed using a 50 W xenon lamp as the source and a
photo-multiplier tube as the detector).

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. Crystal structure determination by X-ray diffrac-
tion was performed on a Siemens Smart-CCD diffractometer
equipped with a normal focus, 2.4 kW sealed tube X-ray
source (Mo Ko radiation, 4 = 0.71073 A) operating at 40 kV
and 40 mA. An empirical absorption correction based on
symmetry equivalent reflections was applied using the
SADABS program.*® The structure was solved and refined
using SHELXTL-PLUS suite of program.** All the hydrogen
atoms of the carboxylic acids were initially located in the

difference Fourier maps and for the final refinement the
hydrogen atoms were placed in geometrically ideal positions
and held in the riding mode. The hydrogen atoms of the water
molecule were not located in the difference Fourier maps.
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]>, was
carried out using the SHELXTL-PLUS>* suite of programs.
Details of the structure solution and final refinements for
I and II are given in Table 1. Selected bond distances are listed
in Table 2.

Results and discussion

Both T and II are iso-structural and have 85 non-hydrogen
atoms in the asymmetric unit. There are three crystallographi-
cally distinct M** jons and four phthalate anions. The M**
ions are connected to four phthalate anions, a nitrate anion
and two 1,10-phenanthroline ligands. The four phthalate
anions {acid-1-[C(41)—(C48), acid-2-[C(51)-(C58)], acid-3-
[C(61)—~(C68)] and acid-4-[C(71)-(C78)]} can be classified into
three different types based on their coordination modes with
the metal atoms (Fig. 1). The metal atom, M(1), is surrounded
by ten oxygen atoms and has a distorted bicapped square anti-
prism environment (MO;o, CN = 10). Among the ten, two
oxygen atoms [O(9) and O(10)] are from the nitrate group and
the remaining 8 oxygens are from the four phthalate anions.
Five oxygen atoms, O(1), O(3), O(5), O(6) and O(7) have s
connections linking two metal centres and a carbon atom.

Table 1 Crystal data and structure refinement parameters for I and
II, [M(NO3)M(C12HsN,)o][(CsHaO4)s] H,O (M = La, Pr)

Structure parameter La Pr

Empirical formula
Formula weight

Cr12HgsLagO39N1o
3007.21

C112He4PrsO30N1g
3019.23

Crystal system Triclinic Triclinic

Space group PI (no. 2) PI, (no. 2)

al 12.8146(2) 12.7564(1)

bIA 13.1192(2) 13.1300(1)

clA 17.5359(2) 17.5490(3)

7 89.1100 89.4760(10)

pr 79.8090(10) 79.5100

y° 65.9370(10) 65.9120(10)

VIA3 2644.16(7) 2631.54(6)

zZ 1 1

Dicalefg cm ™ 1.889 1.905

wmm™ 2.465 2.819

J (Mo Kay/A 0.71073 0.71073

F(000) 1460 1472

20 range/® 2.4-46.6 2.4-46.4

Total data collected 11111 10 904

Unique data 7456 7345

Observed data [/ > 20(])] 6019 5496

Rinerg 0.0340 0.0324

R indexes [I > 20(1)] R; = 0.0330% R; =0.0339%
WR, = 0.0701” WR, = 0.0585”

R indexes [all data] Ry = 0.0453% Ry = 0.0580%
WR, = 0.07417 WR, = 0.0662”

Largest difference map 0.74 and —1.28 0.56 and —0.66

peak and hole/e A™*
“Ry = Zl|F| — |FIZIF); * wRy = {2 [w(Fy* — FAVEw(Fo™ 1.
w = 1[o*(Fy)* + (aP)* + bP], P = [max.(F,>,0) + 2(F.)?)/3, where a =
0.0131 and » = 0.0 La and ¢ = 0.0 and b = 0.0 for Pr.
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Table 2 Selected bond distances in I and II, [M(NO3;)My(C>,HgN,),][(CsH404)4]-H,O (M = La, Pr)

Distance/A Distance/A Distance/A

Bond La Pr Bond La Pr Bond La Pr

M(1)-O(1) 2.693(3) 2.692(4) M(2)-0O(1) 2.544(3) 2.498(4) M(3)-0(3) 2.598(3) 2.575(4)
M(1)-0(2) 2.550(4) 2.507(4) M(2)-O(7) 2.657(3) 2.630(4) M(3)-O(5) 2.586(3) 2.546(4)
M(1)-O(3) 2.639(3) 2.601(4) M(2)-O(11) 2.532(4) 2.480(4) M(3)-O(6) 2.655(3) 2.632(4)
M(1)-O(4) 2.554(4) 2.506(4) M(2)-0(12) 2.555(4) 2.499(4) M(3)-O(15) 2.591(4) 2.537(4)
M(1)-O(5) 2.586(3) 2.553(4) M(2)-O(12)#1¢ 2.498(4) 2.456(4) M(3)-O(16) 2.562(4) 2.521(4)
M(1)-O(6) 2.547(4) 2.506(4) M(2)-0(13) 2.571(4) 2.525(5) M(3)-0(17) 2.699(4) 2.678(4)
M(1)-0(7) 2.581(3) 2.546(4) M(2)-N(1) 2.703(5) 2.664(5) M(3)-0(18) 2.729(4) 2.696(4)
M(1)-O(8) 2.567(4) 2.536(4) M(2)-N(2) 2.747(5) 2.702(5) M(3)-O(18)#2“ 2.535(3) 2.510(3)
M(1)-0(9) 2.609(4) 2.564(5) M(3)-N(3) 2.708(4) 2.662(5)
M(1)-O(10) 2.631(4) 2.590(4) M(3)-N(4) 2.707(4) 2.670(5)

“ Symmetry transformations used to generated equivalent atoms: #1 —x,—y + 1,—z + 1 #2 —x + 1,—y,—z

M(2) is coordinated by six oxygen atoms and two nitrogen
atoms and has a distorted dodecahedral environment (MOgN,,
CN = 8). The two nitrogen atoms [N(1) and N(2)] are from the
1,10-phenanthroline ligand and the six oxygen atoms are from
the four phthalate anions. Three oxygen atoms, O(1), O(7) and
0O(12)] have p; connectivity. M(3) is coordinated by eight
oxygen atoms and two nitrogen atoms and has a distorted
bicapped square anti-prism environment (MOgN,, CN = 10).
The two nitrogen atoms [N(3) and N(4)] are from the 1,10-
phenanthroline ligand and the eight oxygen atoms are from the
four phthalate anions. Four oxygen atoms, O(3), O(5), O(6)
and O(18) have p; connectivity. The M-O bonds have
distances in the range 2.456(4)-2.729(4) A and the M-N
bonds have distances in the range 2.662(5)-2.747(5) A for I
and II. The O-M-O bond angles are in the range 48.66(11)—
167.15(12)° for I and I1. We have obtained all the coordination

(c) (d)

Fig. 1 The various coordination modes of the phthalate anions
observed in I and II. (a) acid 1, (b) acid 2, (c) acid 3 and (d) acid 4.

distances for the MO, polyhedra by assuming the typical M—O
distances in the range 2.4-2.8 A.

The structure of I and II can be explained by considering
smaller building units. Thus, two M(2)** ions are connected
through two p3 oxygen atoms [O(12)], from two different
phthalate anions (both are acid 1) to form an edge-shared
M>0;,N4 dimer. Similarly, two M(3J)3+ ions are connected
through two p; oxygen atoms [O(18)], from two different
phthalate anions (both are acid 4) to form an edge-shared
M,0;¢Ny4 dimer (Fig. 2a). The two dimers M(2) and M(3), are
independently connected to each other by the acid 2 and acid 3
(Fig. 2b). In addition, the M(2) and M(3) dimers are also
linked to M(1) by p3 oxygen atoms. Thus, O(1) and O(7)
connects the M(2) dimer with M(1) by sharing the edge,
whereas O(3), O(5) and O(6) atoms connects the M(3) dimer
with M(1) by sharing the face resulting in a head-tail type of
arrangement. [(M(2)-dimer as the head and M(3)-dimer as the
tail or vice versa] (Fig. 2a) The arrangement of the polyhedra
gives rise to an infinite one-dimensional M—O-M chain struc-
ture decorated with phthalates, nitrates and 1,10-phenanthro-
line ligands as shown in Figs. 2b and 2c.

The structural stability in a low-dimensional structure is, in
general, derived from weak non-covalent interactions. In the
present case, we find n---m and CH:---7 interactions dominate
and probably lend stability to the structure. The mw
interactions can be classified into three different types: acid—
acid, 1,10-phenanthroline-acid and 1,10-phenanthroline-1,10-
phenanthroline as shown in Fig. 3. Based on the classification,
we find the centroid-to-centroid distances between all the
participating aromatic rings to be in the range 3.622-3.716 A
and the dihedral angles to be in the range 0-5.7°. The CH to
centroid distances are in the range 2.785-3.399 A and the
angles in the range 87.77-153.14° for I and II.

The role of =n---7 interactions in the stability and structure of
supramolecular assemblies is a subject of current interest and
has been extensively studied in the literature for rationalizing
the structures of both the organic crystals as well as the bio-
molecules.>>® There is now a general consensus that this inter-
action falling in the moderate energy scale (3-10 kcal mol ™)
acts to binds molecules together in the crystal. It is likely that
this interaction would be used as an important parameter in
the design of new solids.?” As described earlier, the interactions
between the acid-acid and the 1,10-phenanthroline-1,10-
phenanthroline pairs are isotropic and the interaction between
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M(2)-dimer __P_‘L(M-dimer

)

Fig. 2 (a) The polyhedral connectivity of the M(2) and M(3) dimers
and their connectivity to M(1) (see text). (b) Structure shows the
connectivity between M(2) and M(3) dimers through acid 3 and acid 4.
(¢) Structure shows the connectivity involving the secondary ligands
with M(1), M(2) and M(3) (1,10-phenanthroline and nitrate).

the acid-1,10-phenanthroline pair is anisotropic. A careful
analysis of the n -7 interactions in the three systems reveals
interesting features. The centroid—centroid distance (d) and
their inter-planar angles (0) for the favorable n-- -7 interactions
between these rings have been observed for all the three types
of interactions with ¢ = 3.716 A and 6 = 3.7° for the acid-acid
pair, d = 3.638 A and 0 = 5.7° for the 1,10-phenanthroline—
1,10-phenanthroline pair and d = 3.622 A and 0 = 0° for the
acid—1,10-phenanthroline pair. From the inter-planar angles
(0), it is clear that the two 1,10-phenanthroline rings are
arranged one over the other, but are stacked anti-parallel to
each other. This type of anti-parallel arrangement of aromatic
rings is commonly observed in systems exhibiting dipolar
properties. To understand the role of the various interactions
involving the m electrons, we have performed preliminary
calculations using the AMI
available in the Gausian program suite.’® AM1 methods,
together with a semi-classical dipolar description have been
employed recently to establish the relationship between the
stability and geometries of organic molecules.* The individual
molecules are dipolar (dipole moment of the acid as calculated

parameterized Hamiltonian

d=3.6384
6=57

(b)

Fig. 3 The three different types of n-- 7 interactions observed in I and
II (a) acid—acid (b) 1,10-phenanthroline—acid and (c) 1,10-phenanthro-
line-1,10-phenanthroline.

at AMI1 level is 7.15 Debye and that for the 1,10-phenanthro-
line is 2.82 Debye) and the most favorable mode for the
arrangement of the two dipolar molecules involve anti-parallel
orientation, which cancels the overall dipole moment.** 2
However, such an arrangement may not be suitable for the
anisotropic pair (acid-1,10-phenanthroline) and the overall
n-stacked aggregate has a net dipole moment (7.85 Debye).
Using the crystal structure geometry present in I and II,
we have made an evaluation of the strength of the m-w
interactions based on single-point energy calculation without
the symmetry constraints. The n-'m interaction energy
was found to be 4.3 kcal mol™!, 4.826 kcal mol™' and
5.62 kcal mol ™! for the acid-acid, 1,10-phenanthroline-1,10-
phenanthroline and acid-1,10-phenanthroline pairs. These
energies are in the range comparable to the hydrogen bond
energies observed in many solids. The n-- -1t interactions along
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with other non-covalent interactions (CH--m and H bond
interactions involving the lattice water molecules) possibly
lends structural stability to I and II.

Optical properties

The lanthanide-centered emission is sensitized by the molecules
having 7 systems. Recently, lanthanide-centered luminescence
sensitized by the diketonate type ligands was reported.** Férey
et al reported the luminescence behavior of doped lanthanide
carboxylates, which also contains M-O-M one-dimensional
chains.>'* Since the present compound also has M—O-M
chains, we investigated the luminescence behavior of I and II.
In order to investigate the luminescence from the metal center,
we have partially doped Eu (2 mol%, Ia and 4 mol% Ib) and
Tb (2 mol%, Ic and 4 mol% Id) in place of La.

The room temperature photoluminescence properties of all
the compounds were studied using an excitation wavelength of
252 nm. The emission spectrum of the pure compounds I and
II show a broad peak centered at ~400 nm (Fig. 4a). This
emission may be attributed to the intra ligand luminescence
(m* — n or n©* — m). Generally, in metal-coordination
compounds, the ligand is excited to the singlet state, from
where part of the energy is transferred onto the triplet excited
state through inter-system crossing (ISC). The triplet exited
state then comes to the ground state through radiative
emission. This emission also has a competing process called
ligand-sensitized energy transfer to the metal center, if the
energy levels are favorable.***> This would result in a metal
centered luminescence, showing characteristic spectra of the
central metal ion. The success of the energy transfer to the
metal ion is clearly indicated in the suppression of the intra-
ligand emission in the luminescence spectra. A preliminary
optical emission of the doped compounds of I and II, Ia
(2 mol% Eu), Ib (4 mol% Eu), Ic (2 mol% Tb) and Id (4 mol%
Tb) was observed under UV irradiation. As shown in Fig. 4b,
very efficient pink/red and green emission is observed for the
Eu** and Tb*" doped samples, respectively.

The room temperature photoluminescence spectra of the Eu
and Tb doped samples are given in Fig. 5a and 5b. As can be
seen, the main emission band is suppressed followed by
the strong red luminescence, characteristics of the Dy — F,
(J =0, 1, 2, 3, 4) emission bands of the Eu®* ion.*® The
excitation spectrum of Ia and Ib has a band maximum around
250nm, confirming that the energy transfer takes place from
the ligand to Eu’" ion. Under this circumstances, the inter-
system crossing (ISC) from the singlet to the triplet excited
state of the ligands (1,2-BDC and 1,10-phenanthroline) occurs,
followed by the energy transfer to the D, J=3,2, 1, 0state of
Eu** ions (Fig. 5a). A schematic of the various possible energy
levels in the doped compounds is given in Fig. 6. In
compounds Ia and Ib, the emission from the *D, — ’F; states
is responsible for the red/pink luminescence. Thus, the
emissions at 580, 543, 615, 650 and 700 nm corresponds to
Dy — 'Fo, "Dy — 'Fy, >Dg — 'Fa, Dy — 'F3 and "Dy — 'F,4
transitions, respectively. In the case of Ia (2 mol% Eu) the
overall energy transfer is not complete since intra-ligand
emission is not quenched fully.*” For Ib (4 mol% Eu), on
the other hand, the quenching appears to be more and

Intensity (a.u)

400 500 600 700
Wavelength (nm)

(b)

Fig. 4 (a) Room-temperature photoluminescence spectra for I and II.
(b) Compounds of Ia, Ib, Ic, and Id under white (top) and UV
(bottom) illuminations.

hence more energy would have been transferred from the
ligands. It is likely, that the increased concentration of the
Eu®* ions in Ib would have resulted in this behavior. This
behavior is not expected to be linear as for higher concentra-
tions of Eu’", the metal centered luminescence may be affected
by self-quenching.

It has been observed that the emission bands of the *D, —
"F, peaks also give an idea about the coordination environ-
ment. For example, a (2J + 1) splitting is observed in the
emission band for a single type of environment (coordination
environment and site symmetry) around the metal ion.** In the
present case, only one emission band has been observed in the
Dy — "F, degenerate transition around 580 nm. This indicates
that the Eu(Ill) ion occupies only one of the three crystal-
lographic sites. Of the three available positions, two are
coordinated with 1,10-phenanthroline as a secondary ligand
along with the phthalate anions and the remaining site is
coordinated to the nitrate and the phthalate anions. The
emission at 593 nm corresponds to D, — 'F, transition,
which is induced by magnetic dipole moment and is fairly
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Fig. 5 Room-temperature photoluminescence spectra of the doped
compounds (a) Ia (2 mol% Eu) and Ib (4 mol% Eu) (b) Ic (2 mol% Eu)
and Id (4 mol% Tb).

insensitive to the coordination environment.** The emission at
615nm corresponds to the Dy — ’F, transition, which is
induced by the electric dipole moment and also sensitive to the
environment. At room temperature these are not resolved very
well. The intensity ratio, I(SDO — 7Fz)/I(SDO — "F)) = ~6,
indicates a lower symmetry level of the coordination environ-
ment of the Eu®" occupied site.*® It may be noted that in the
present case, the metal ions with CN = 10 is less symmetric
than with CN = 8. In I, there are two sites, La(1) and La(3),
which are 10 coordinated. It is likely that the Eu®* ions occupy

151
351
lg
lsl 'y 1
30+
3T1
251
3T1
£
‘[l_,o 201
=
=
151
101
?FD ¥
TFS —
5t ¥ 5  —a—
5  —a—
4 R N
1 1 1
oL 3 B LS # G

1,2BDC  1,10-Phen LO IaIb Ie, Id
Fig. 6 Schematic energy level diagram for the pure ligands, I, I and
Ia-Id showing the various possible energy transfer processes. (ISC

denotes inter-system crossing).

the La(3) sites, which are coordinated by O(8) and N(2) atoms,
rather than the La(1) sites, which are completely coordinated
by O(10) atoms.

Similarly, in the case of Tb*>* doped samples (Ic and Id), we
find a band maximum ~250 nm in the excitation spectrum,
indicating that the energy transfer takes place again from the
ligand to the Tb>* ions. The emission spectra shows the typical
peaks, and the energy transfer occurs from the triplet excited
state of the ligand to the Dy state of the Tb>" ions.*> The
resultant emission occurs from Dy to the 'F; (J = 3, 4, 5, 6)
states giving green luminescence. The various peaks are
assigned as follows: Dy — 'Fg (~490 nm), Dy — 'Fs
(~ 545 nm), °Dy — "F4 (~580 nm) and *D, — "F; (~ 620 nm)
(Fig. 5b). As can be noted, the higher concentration of Tb>* in
Id shows more quenching of intra-ligand transition giving rise
to more intense green emission.

Considering all the four doped compounds, it is becoming
obvious that the energy transfer from the ligand to the metal is
more pronounced in the Eu** doped compounds (Ia and Ib)
compared to the Tb>* doped ones (Ic and Id). It is likely that
the availability of more energy levels for Eu** (°Dy, J = 3, 2,
1, 0) compared to Tb>* (°Dy), would have resulted in the
efficient energy transfer. The Dy — 'F, (~615 nm) emission
for Ia and Ib and the °D, — "Fs (~ 545 nm) emission for Ic
and Id, respectively, correspond to the red and green region of
the visible spectrum. The present results are qualitative in
nature, and the emission observed in these compounds could
be compared to the emissions of the commercial red phosphors
(i) Y505 : Eu** with 611 nm emission (ii) (Y,Gd)(P,V)O4 : Eu*"
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with 615 nm emission and green phosphors (i) LaPOy, :
Ce**, Tb** with 545 nm emission (ii) (Ce,Gd, Tb)MgBsO;, with
542 nm emission (iii) (Ce,Tb)MgAl;;019 with 541 nm emis-
sion.* This opens up a new way of introducing luminescent
properties into the hybrid solids with the extended inorganic
network structure. In addition, the presence of aromatic linkers
with delocalized m electrons (benzene carboxylate and 1,10-
phenanthroline) appears to enhance the optical properties.

Conclusions

The synthesis, structure and characterization of new metal—
organic hybrid compounds has been accomplished. The
structures are built-up from MO;;, MOgN, and MOgN,
polyhedral units forming infinite one-dimensional M-O-M
chains. The presence of both the nitrate and the carboxylate
anions in the same structure is interesting and has been
observed for the first time. The Eu** and Tb** doped samples,
in place of La, show red and green emissions with charac-
teristic transitions resulting from the ligand sensitized energy
transfer (or fluorescence resonance energy transfer, FRET).
Other similar compounds are currently under investigation to
enlarge the field of luminescence in metal-organic hybrid
compounds based on rare-earth elements.
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