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a b s t r a c t

Two series of lanthanide-containing metaleorganic frameworks (Ln-MOFs) of the general formula
{[Ln(HIDA)2H2O]ClO4$H2O}n (Ln ¼ La (1), Nd (2), Eu (3), Gd (4), Tb (5), Eu:Tb (6); H2IDA ¼ iminodiacetic
acid) and [Ln(TT) (HTT) (H2O)3]n (Ln ¼ Eu (7), Gd (8), Tb (9), Dy (10), and Eu:Tb (11); H2TT ¼ tartaric acid)
were synthesized by reacting Ln(ClO4)3 with iminodiacetic acid and L-tartaric acid, respectively. All
compounds were structurally characterized by single-crystal X-ray diffraction. Elemental analyses are
consistent with the corresponding crystallographically generated formulas. Moreover, the luminescence
properties of both the single and mixed-lanthanide complexes were studied. Near infrared, red, and
green emissions that are characteristic of Nd(III), Eu(III), and Tb(III) are observed for 2, 3/7, and 5/9,
respectively. For the two mixed-lanthanide complex systems 6 and 11, depending on the relative amount
of Eu(III) and Tb(III), the color of emission can be fine-tuned. It is found that a small amount of Eu(III) is
adequate for the observation of the most intense transition of Eu(III). This is believed to be a result of
energy transfer from Tb(III) to Eu(III) within the same complex - a conclusion supported by the signif-
icantly shortened lifetime of Tb(III) and the accompanying enhanced lifetime of Eu(III) in the mixed-
lanthanide complex with respect to the corresponding values for the pure Tb(III) and Eu(III) com-
plexes with the same ligand.

© 2021 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.
1. Introduction

Lanthanide-containing metaleorganic frameworks (Ln-MOFs)
are a relatively new class of materials with potential applications
for sensing1e10 and white-light production.11e16 While sensory
systems sensitively and selectively recognize specific analytes of
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biological and environmental significance,1,2,5,8e10,16e19 materials
capable of light-emission at various wavelengths and color-tuning
are important for solid-state lighting, large-panel displays, tele-
communication, and biomedical imaging.7,15,20e23 These applica-
tions are made possible primarily because of the unique f-
electronic structure of the lanthanide ions. Specifically, upon
appropriate excitation, light-emissions in the wide range between
near infrared and ultraviolet can be generated, with Eu(III) and
Tb(III) emitting respectively in red and green being the most
extensively studied.7,24,25 Due largely to the similar lanthanide
sizes, the chemical reactivity of the lanthanide ions is comparable,
so much so that isostructural complexes are frequently obtained
with the use of different lanthanide ions under otherwise the same
reaction conditions.26,27 This offers the possibility of color tuning of
light emission, as a product incorporating different lanthanide ions
eserved.

mailto:abd@unr.edu
mailto:zhengzp@sustech.edu.cn
mailto:zhengzp@sustech.edu.cn
www.sciencedirect.com/science/journal/10020721
http://www.journals.elsevier.com/journal-of-rare-earths
https://doi.org/10.1016/j.jre.2021.01.019
https://doi.org/10.1016/j.jre.2021.01.019
https://doi.org/10.1016/j.jre.2021.01.019


M. Fairley, M.M.V.S. Livera, W. Chen et al. / Journal of Rare Earths 39 (2021) 487e494488
can be produced with the use of a lanthanide mixture.9,11,15e17 One
can anticipate photophysical properties that are different from
those observed for single-lanthanide complexes, as energy transfer
between different lanthanide centers within the same complex
may occur.10,11,21e23,28

A large number of Ln-MOFs have been reported, most of which
feature di- or polycarboxylate-based bridging ligands due to the
strong oxophilicity of the lanthanide ions.8,14,17,20,23,29e37 Often
such work is concerned with only the synthesis and structural
determination of the framework structures of the single-lanthanide
complexes. In this work, we report two series of Ln-MOFs using two
commonly available carboxylic acids, namely iminodiacetic acid
(H2IDA) and L-tartaric acid (H2TT) as the organic linkers (Fig. 1). All
complexes, either new or previously reported, were structurally
characterized by single-crystal X-ray diffraction. Photophysical
properties of these complexes with Ln ¼ Nd(III), Eu(III), Gd(III), and
Tb(III) were studied. We also prepared a number of mixed-
lanthanide complexes with different molar ratios of Eu/Tb, with
which tuning of the color of emissions was visually observed.
Detailed luminescence studies revealed interesting intramolecular
energy transfer from Tb(III) to Eu(III).

2. Materials and methods

2.1. Materials and characterization

Lanthanide oxides and other reagents were purchased and used
without further purification. Aqueous solutions of Ln(ClO4)3
(Ln ¼ Eu, Tb, Nd, La, Gd) were prepared by dissolving the corre-
sponding lanthanide oxides in concentrated HClO4 and then
diluting to 1.0 mol/L. Elemental analyses (CHN) were performed on
a PerkinElmer PE2400-Series II, CHNS/O analyzer. Elemental anal-
ysis for Eu and Tb in complex 6 was obtained using an Elan DRC-II
inductively coupled plasma-mass spectrometer (ICP-MS) system.
Elemental analyses of Eu and Tb in complexes 11a�ewere obtained
by using an iCAP 7400 ICP-OES Thermo Scientific system. The molar
ratios of the starting Tb(III)/Eu(III) and those in the products
determined by ICP analysis are shown in Table S1 (Supporting
Information).

2.2. X-ray crystallographic studies

Single crystal X-ray diffraction data were collected on a Bruker
APEX II Duo X-ray diffractometer with graphite-monochromated
Fig. 1. The asymmetric unit of the crystal structure of 3. Color legend: Eu (cyan), O
(red), C (grey), N (purple), Cl (green), and H (white).
Mo Ka radiation (l ¼ 0.071073 nm) at room temperature. The
structures were solved by direct methods and refined by full-
matrix least squares using SHELXTL38 in Olex2. SAINT software
was used to integrate the data and multi-scan absorption correc-
tions were applied using SADABS39 and absorption corrections
were applied using TWINABS.39 All non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms
were located at geometrically calculated positions and refined with
isotropic thermal parameters. The relevant crystal data and details
of the data collection and refinement are summarized in Tables S2
and S3. More details on the crystallographic studies and atomic
displacement parameters can be found in the CIF files (Supporting
Information). Powder X-ray diffraction studies were performed in
the 2q ¼ 7�e50� range on a Philips X’Pert MPD with Cu Ka
(l ¼ 0.1542 nm) at room temperature.
2.3. Photoluminescence studies

The photoluminescence data for 3, 5, and 6 were obtained by a
Fluorolog-3 spectrofluorometer (Horiba FL3-22-iHR550), with a
1200 grooves/mm excitation monochromator with gratings blazed
at 330 nm and a 1200 grooves/mm emission monochromator with
gratings blazed at 500 nm. A 450Wozone-free xenon lamp (Ushio)
was used as the radiation source. The excitation spectra corrected
for instrumental function were measured between 250 and
500 nm. The emission spectra were measured in the range of
450e725 nm in front face mode at 22.5�. All emission spectra were
corrected for instrumental function. The emission decay curves
were obtained using a TCSPC system and a Xe pulsed lamp as
excitation source. The time-resolved phosphorescence spectra of
the analogous Gd(III) complex were obtained at 77 K on a Perki-
nElmer LS-55 spectrometer. The energy of the ligand’s triplet state
was obtained by deconvolution of the phosphorescence spectrum
into its Franck-Condon progression with the highest energy
component taken as the 0-0 transition.40 Unless otherwise indi-
cated, all spectrophotometric measurements were carried out at
room temperature. The efficiency of energy transfer between Tb(III)
and Eu(III) (hET) was calculated according to Eq. (1):

hET ¼1� tTbEu
tTb

(1)

tTbEu is the lifetime of the 5D4 /
7F5 transition of the mixed-ion

complex and tTb is the lifetime of that same transition for the Tb(III)
complex. Photoluminescence data for complexes 7, 9, and 11a�e
were collected at room temperature using a QuantumMaster 40 PTI
fluorimeter with a 75 W Xe arc excitation lamp and a photo-
multiplier tube at 1100 V. A slit width of 1 nm and integration time
of 2 s were used during data collection. The angle of incidence on a
sample goniometer was set to 60�. Solid samples were prepared by
depositing powder on carbon tape mounted to a glass slide.
2.4. Samples preparation

2.4.1 Synthesis of {[Ln(HIDA)2H2O]ClO4$H2O}n (Ln¼ La (1), Nd
(2), Eu (3), Gd (4), Tb (5)).

A reaction mixture containing Ln(ClO4)3 (2 mL, 1.0 mol/L) and
iminodiacetic acid (H2IDA; 0.266 g, 2.0 mmol) in 10 mL of water
was stirred at 80 �C while a freshly prepared aqueous solution of
NaOH (1.0 mol/L) was added slowly to the point of incipient but
permanent precipitation. The mixturewas kept under reflux for 5 h
and then filtered while hot. The filtrate was collected and covered
with a parafilm to allow for evaporation under ambient conditions.
Colorless crystals, obtained after about one week, were collected,
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washed with chilled water, and dried under vacuum. Elemental
analysis (%):

Calcd for C8H16N2O14ClLa (1): C, 17.84; H, 2.99; N, 5.20. Found: C,
18.09; H, 2.86; N, 5.44.

Calcd for C8H16N2O14ClNd (2): C,17.67; H, 2.96; N, 5.15. Found: C,
17.73; H, 2.67; N, 5.14.

Calcd for C8H16N2O14ClEu (3): C,17.42; H, 2.92; N, 5.08. Found: C,
17.47; H, 2.99; N, 5.10.

Calcd for C8H16N2O14ClGd (4): C,17.25; H, 2.90; N, 5.03. Found: C,
17.55; H, 2.72; N, 5.22.

Calcd for C8H16N2O14ClTb (5): C, 17.20; H, 2.89; N, 5.01. Found: C,
17.05; H, 2.65; N, 4.94.

2.4.2 Synthesis of {[(Eu/Tb) (HIDA)2H2O]ClO4$H2O}n (6).
This compound was prepared by following a similar procedure

as is described above for compounds 1e5, but using a mixture of
Eu(ClO4)3 (0.2 mL, 1.0 mol/L) and Tb(ClO4)3 (3 mL, 1.0 mol/L).
Elemental analysis (%): Calcd for C8H14N2O16Cl(Eu/Tb) (6): C, 17.26;
H, 2.54; N, 5.03. Found: C, 17.20; H, 2.49; N, 5.07. The molar ratio of
Eu:Tb was determined to be 1.0:8.3 in this mixed lanthanide
complex.

2.4.3 Synthesis of [Ln(TT) (HTT)$3H2O]n (Ln¼ Eu (7), Gd (8), Tb
(9), Dy (10)).

L-tartaric acid (0.15 g, 1.0 mmol) was dissolved in 4 mL of
Ln(ClO4)3 (aq. 1.0 mol/L) and stirred at 80 �C, to which a freshly
prepared solution of NaOH (aq. 0.5 mol/L) was added to the point of
incipient but permanent precipitation. The resulting mixture was
then filtered while hot. The filtrate was collected and covered with
parafilm for slow evaporation. Block-shaped colorless crystals
formed after approximately one week. The crystals were collected
by filtration, washed with chilled water, and dried under vacuum.
Elemental analysis (%):

Calcd for C8H15O15Eu (7): C, 19.10; H, 3.01. Found: C, 19.28; H,
2.92.

Calcd for C8H15O15Gd (8): C, 18.90; H, 2.97. Found: C, 19.09; H,
3.15.

Calcd for C8H15O15Tb (9): C, 18.84; H, 2.96. Found: C, 18.85; H,
3.01.

Calcd for C8H15O15Dy (10): C, 18.70; H, 2.94. Found: C, 18.94; H,
2.70.

2.4.4 Synthesis of [(Eu/Tb) (TT) (HTT)$3H2O]n (11aee).
This series of compounds were prepared by following a similar

procedure as is described for 7e10, but using amixture of Eu(ClO4)3
and Tb(ClO4)3 in the following Eu:Tb molar ratios: 7:1 (11a), 3:1
(11b), 1:1 (11c), 1:3 (11d), and 1:7 (11e), respectively. The products
were obtained as polycrystalline solids. Elemental analysis (%):

Calcd for 11a (Eu:Tb ¼ 7:1): C, 19.05; H, 3.00. Found: C, 19.21; H,
2.80.

Calcd for 11b (Eu:Tb ¼ 3:1): C, 19.01; H, 2.99. Found: C, 19.31; H,
2.66.

Calcd for 11c (Eu:Tb ¼ 1:1): C, 18.95; H, 2.98. Found: C, 19.06; H,
2.74.

Calcd for 11d (Eu:Tb ¼ 1:3): C, 18.89; H, 2.97. Found: C, 19.13; H,
2.57.

Calcd for 11e (Eu:Tb ¼ 1:7): C, 18.85; H, 2.97. Found: C, 19.09; H,
2.57.

3. Results and discussion

3.1. Syntheses

The two series of compounds, namely {[Ln(HIDA)2H2O]ClO4·-
H2O}n (1e6) and [Ln(TT) (HTT) (H2O)3]n (7e11), were prepared
using similar procedures but with iminodiacetic acid (H2IDA) and L-
tartaric acid (H2TT) as ligands, respectively. These include the
mixed-lanthanide complexes 6 and 11aee. We note that the molar
ratios of Eu/Tb in the final products are not the same as the original
ones in the starting mixtures. Specifically, for the synthesis of 6,
single crystals were obtained only when a starting Eu/Tb ratio of
1.0:15 was used. However, elemental analysis by ICP-MS yielded a
ratio of 1.0:8.3, suggesting that some of the starting Tb(III) was not
incorporated. This argument is supported by the green lumines-
cence, characteristic of Tb(III), upon UV irradiation of the mother
liquor. Interestingly, in the case of mixed-lanthanide tartrates, the
molar Eu/Tb ratios in the final products agreed well with those in
the reactants; the reason for the observed disparity remains
unclear.

If the nature of the lanthanide is not considered, it appears that
the chemical compositions of 1e6 are the same, although they
crystallized out in different space groups depending on the
lanthanide ion used (see below for structural description); those of
lighter lanthanides (1e3) crystallized out in the space of P21/c,
whereas those with heavier ones (4 and 5) crystallized out in the
space group of P-1. The mixed-lanthanide complex 6 also crystal-
lized out in P-1, which interestingly suggests that the resulting
space group is determined by the “averaged” lanthanide, that is,
Gd(III) which is between the two lanthanide ions (Eu(III) and
Tb(III)) used. However, all complexes (7e10) featuring tartrate as
ligand crystallized out in the same space group of P41212.

3.2. Structural description

Several extended Ln-IDA complexes have been reported,30e34

including examples with transition metals41e43 and mixed-ligand
systems.44,45 Examples of mixed Ln-IDA extended structures to
produce white light are not known. The structure of 3 is presented
in detail as a representative of the isostructural 1 and 2; the
structures are only slightly different in their unit-cell dimensions
and volumes, as a result of the small difference in the size of the
lanthanide ions.

The asymmetric unit consists of one Eu(III) ion, two HIDAe li-
gands, one aqua ligand, one ClO4

e, and one water solvent molecule.
HIDAe is a result of the protonation of the imino group of the
doubly deprotonated IDA2� ligand.

The Eu(III) ion is octa-coordinate featuring the coordination by
eight O atoms, seven of which being from seven different HIDAe

ligands and one from the aqua ligand. The coordination geometry
can be best described as a distorted square antiprism. The EueO
bond lengths, ranging from 0.23571 to 0.24965 nm with an
average of 0.2414 nm, are typical of similar carboxylate Eu(III)
complexes.27,46 The HIDAe ligand, serving as a tetradentate linker,
coordinates the Eu(III) ion using only its 4 carboxylate O atoms in a
m4-kO:kO’:kO’’:kO000 bridging mode; such a mode has not yet been
reported, although a large number of lanthanide complexes with
HIDAe are known.31e33 Crystallographic analysis reveals that the
protonated imino group is hydrogen-bonded with a ClO4

e ion pre-
sent in the voids of the extended framework structure (Fig. 2).

Each Eu(III) is bridged to two Eu(III) through two bridging
carboxylate groups of the IDA ligand and to nine Eu(III) through the
opposite carboxylate group of the IDA linker. The framework
structure features two types of channels, one having a dimension of
approximately 0.723 nm � 0.504 nm (Fig. 3(a)) and the other
0.603 nm � 0.833 nm (Fig. 3(b)). This structure is similar to a
previously reported [Ln2(H2O)4(HIDA)2(IDA)]Cl2$3H2O (Ln ¼ Pr32,
Nd31) with an additional HIDAe linking metal nodes in place of H2O
molecules.

Crystallographic studies of 4e6 showed that they are also iso-
structural, but in the triclinic P-1 space group. Nevertheless, the
coordination modes are essentially the same; the difference from
the structure of 3 is only the relative position of the ligands. Such
disparities can be clearly seen from the structure of 3 versus that of



Fig. 2. H-bonding interaction of ClO4
e ion and protonated imino group (blue dotted

line). Color legend: Eu (cyan), O (red), C (grey), N (purple), Cl (green), and H (white).

Fig. 3. The extended structures of 3 viewed along the bc plane (a) and the ab plane (b).
H atoms and ClO4

e ions are omitted for clarity. Color legend: Eu (cyan), O (red), C (grey),
and N (purple).

Fig. 4. The structures of 3 (a) and 5 (b) viewed along the a-axis.
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5, viewed along the crystallographic a-axis; the structures are
similar, but the fine differences are clearly noticeable (Fig. 4).

For the series of lanthanide tartrates (7e10), all four compounds
are isostructural in the tetragonal space group of P41212. We note
that such a structural type had already been reported35e37,47e51;
the lanthanide ion is nona-coordinate, displaying a tricapped
trigonal prismatic coordination geometry with three aqua ligand O
atoms and six tartrate O atoms. The overall framework structure
can be viewed as a 2D chiral sheet of Eu(III)-tartrate hydrogen-
bonded by the aqua ligands (Fig. S1). The mixed-lanthanide com-
plexes 11a�e showed the same powder X-ray diffraction patterns
as their single-lanthanide cognates (Fig. S2) are therefore iso-
structural to 7e10.
3.3. Photoluminescence studies

Upon UV irradiation at 365 nm, 3 and 5 displayed intense red
and green emissions characteristic of Eu(III) and Tb(III), respectively
(Fig. 5). The mixed-lanthanide (Eu/Tb) complex 6 showed yellow
emission under the same conditions (Fig. 5, middle).



Fig. 5. Luminescence of 3 (right), 5 (left), and 6 (middle) under UV irradiation at 365 nm.
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The solid-state excitation and emission spectra of 2, 3, 5, and 6
were measured at room temperature. The time-resolved phos-
phorescence spectra of the Gd(III) complex 4were obtained at 77 K
(Fig. S4). As the lowest excited state of Gd(III) (6P7/2) is too high to
accept energy from the ligand,52 the data obtained by deconvo-
luting the phosphorescence spectrum of 4 into its Franck-Condon
progression with the highest energy component taken as the 0e0
transition yielded the triplet energy the ligand. This energy,
determined to be 25200 cm�1, falls in the right energy range of
22000e27000 cm�1 for the sensitization of Eu(III) and Tb(III)-based
luminescence. However, as is discussed below, we observe that the
excitation spectra show mostly direct fef excitation bands, indi-
cating that direct excitation is prevalent with a smaller contribution
from the T1 state of the ligand.4,23 As such, quantum yields of
sensitized emission were not determined because the excitation
occurs mostly independently of the ligands and the antenna effect
is negligible.

Complex 2 displayed metal-centered emission in the near-
infrared (NIR) range upon excitation at 461 nm, as is shown by
the purple trace in Fig. 6(a). The two sharp bands in the emission
spectrum correspond to the 4F3/2 / 4IJ (J ¼ 11/2, 13/2) transitions;
the former at about 1063 nm is most useful in laser systems and the
latter at about 1370 nm more useful for telecommunication
applications.53,54

Upon excitation at 393.4 nm, 3 displayed Eu(III)-centered
emissions (Fig. 6(b)) featuring sharp bands corresponding to the
5D0/

7FJ (J ¼ 1, 2, 3, 4) transitions into the ground-state manifold.
All emission bands exhibit extensive Stark fine structure, including
a very intense 5D0/

7F4 emission, indicative of low symmetry
around the Eu(III) center.32 It is known that the 5D0/

7F2 transition
is electric-dipole allowed and hypersensitive to the site symmetry,
whereas the 5D0/

7F1 transition is magnetic-dipole allowed and
insensitive to the site symmetry. The intensity ratio of the 5D0/

7F2
Fig. 6. Solid-state excitation and emission spectra
transition to the 5D0/
7F1 transition therefore reveals important

structural information such as the site symmetry of Eu(III) and the
ligand environments.7,18 In the present case, the more intense
transition of 5D0/

7F2 suggests that the coordination environment
of the Eu(III) is non-centrosymmetric and without an inversion
center, which is in good agreement with the structure determined
crystallographically. The excitation spectrum, obtained by moni-
toring the most intense emission band at 612 nm originating from
the 5D0/

7F2 transition is dominated by sharp bands, correspond-
ing to excitation into higher metal-centered energy levels. A less
intense broad band with a maximum at approximately 260 nm
corresponds to a less efficient ligand-centered excitation.

As is shown in Fig. 6(c), 5 showed green emission dominated by
the expected sharp emission bands of the 5D4/

7FJ (J¼ 6, 5, 4, 3, 2,1,
0) transitions into the ground-state manifold of Tb(III). The exci-
tation spectrum, shown as the black trace, was obtained by moni-
toring the emission of the most intense peak at 544 nm,
corresponding to the hypersensitive 5D4/

7F5 transition which is
responsible for the intense green luminescence in solid state. This
spectrum displays a broad band with a maximum at 266 nm, cor-
responding to a ligand-based transition; again, the most intense
transitions are the sharp bands in the range of 275e390 nm, which
correspond to direct excitation into higher metal-centered levels.
Each emission band from 5D4/

7F6 to 5D4/
7F3 splits into two

peaks, suggesting a strong low-symmetry crystal field in 5.22

The mixed-lanthanide (Eu/Tb) complex 6 has interesting exci-
tation and emission spectra (Fig. 7). When the excitation was
monitored at the maximum of Eu(III) emission at 619 nm, an
excitation spectrum showing a combination of Eu(III) and Tb(III)
transitions was obtained (Fig. 7(a)). On the other hand, when the
excitation was monitored at the maximum Tb(III) emission at
544 nm, the excitation spectrum displayed features more closely
associated with the excitation of the Tb(III) complex (Fig. 7(a)). This
of 2 (a), 3 (b) and 5 (c) at room temperature.



Fig. 7. Excitation (a) and emission (b) spectra of the mixed-lanthanide complex 6.

Table 1
Emission lifetimes of the complexes 3, 5, and 6 measured in the solid state.

Complexes Transition t (ms)

3, Eu(III) 5D0 / 7F2 0.723 ± 0.009
5, Tb(III) 5D4 / 7F5 1.601 ± 0.058
6, Eu(III)/Tb(III)
(lex ¼ 369 nm)

5D0 / 7F2 0.866 ± 0.016
5D4 / 7F5 0.436 ± 0.013
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is an indication that the pathways for energy transfer go from an fef
excitation into higher-energy levels centered at Tb(III), followed by
both Tb(III) emission and energy migration to Eu(III) and subse-
quent Eu(III)-centered emission. This can be seen upon closer in-
spection of the emission spectra (Fig. 7(b)) obtained at different
excitation wavelengths. The top spectrum, which was obtained
with an excitation at 369 nm (5L8 ) 7F0 and 5L10 ) 7F6 transitions
of Eu(III) and Tb(III), respectively), showed emission bands origi-
nating from both Eu(III) and Tb(III). As the excitation is shifted to a
lower energy at 394 nm (5L6 ) 7F0 transition of Eu(III)), the Tb(III)-
based bands disappeared and only the Eu(III)-centered emission
bands are present. As the excitation wavelength is shifted to even
lower energy, the intensity of the Tb(III)-based bands decreases and
increasingly Eu(III)-centered emission is seen.

These results can also be appreciated visually as is shown in
Fig. 8: Excitation of complex 6 at 369 nm led to a yellow emission
(Fig. 8(a)), which is a combination of red and green, while an
excitation at 394 nm led to Eu(III)-centered red emission only
(Fig. 8(b)).
Fig. 8. Emission of complex 6 in the solid state under different excitation wavelengths.
(a) lex ¼ 369 nm; (b) lex ¼ 394 nm.
Emission lifetimes of the complexes, typical of any lanthanide
complexes, are summarized in Table 1. However, it is interesting to
note that the Tb(III)-centered lifetime of the mixed-lanthanide
Fig. 9. Emission spectra (lex ¼ 365 nm) of the mixed-lanthanide tartrates with sys-
tematically altered Eu(III)/Tb(III) ratio.
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complex 6 is shorter than that of 4, a consequence of the energy
transfer from Tb(III) to Eu(III). These results suggest that for the
mixed-lanthanide complex, excitation leads to energy transfer from
one lanthanide ion to the other, resulting in an enhancement of the
luminescence of that other ion instead of stimulating emissions
from each ion.16,21,55 The efficiency of energy transfer hET is 72.7%,
on the same order of magnitude as was reported for other mixed
lanthanide systems.56,57

Similar to the lanthanide iminodiacetates, the color of emission
can also be tuned by changing the ratio of different lanthanide ions
in the mixed-lanthanide tartrates. Upon excitation at 365 nm, a
series of gradually changing colors of emission between the intense
green emission of Tb(III) and the red emission of Eu(III) was
observed as the amount of Eu(III) in the reaction mixture increased
(Fig. 9). Excitation and emission spectra for 7, 9, and 11aee are
shown in Figs. S4-S10. It is interesting to note that only a small
amount of Eu(III) was needed for the mixed-lanthanide complex to
exhibit the 5D0 / 7F2 transition. Again, this observation is consis-
tent with the intra-MOF energy transfer from Tb(III) to
Eu(III).10,13,21e23 By making use of this unique mechanism of energy
transfer and the resulting luminescence properties, fluorescent
sensors58e65 and luminescent thermometers15,66,67 have been
developed.

4. Conclusions

Two series of lanthanide-containing complexes with three-
dimensional framework structures with iminodiacetate and
tartrate as respective ligands were synthesized and structurally
characterized. The photophysical properties of these complexes
were investigated. It was shown that both systems display red and
green luminescence for the Eu(III) and Tb(III) analogs, respectively.
Using lanthanide mixtures of Eu(III) and Tb(III), isostructural
mixed-lanthanide complexes were also obtained. Transfer of exci-
tation energy from Tb(III) to Eu(III) is evident from the emission
spectra of these bimetallic complexes. As such, the color of emis-
sion can be tuned by varying the relative amount of the component
lanthanide ions. Efforts to produce white light from one single
mixed-lanthanide complex containing multiple lanthanide ions are
underway.
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