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Three mixed europium–yttrium organic frameworks: Eu2�xYx(Mel)(H2O)6 (Mel¼mellitic acid or

benzene-1,2,3,4,5,6-hexacarboxylic acid, x¼0.38 1, 0.74 2, and 0.86 3) have been synthesized and

characterized. All the compounds contain a 3-D net with (4, 8)-flu topology. The study indicates that

the photoluminescence properties are effectively affected by the different ratios of europium and

yttrium ions, the quantum efficiency is increased and the Eu3þ lifetime becomes longer in these MOFs

than those of the Eu analog.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Metal-organic frameworks (MOFs) or porous coordination
polymers (PCPs) have been under intense investigations due to
diverse structural architectures and potential applications in gas
storage, separation, catalysis and molecular recognition [1–9].
Over the decade years, many MOFs based on lanthanide (Ln) ions
and aromatic polycarboxylates have been extensively studied
[3,9–24]. The luminescent Ln organic frameworks are demon-
strating a great potential as light sensors because they are
becoming a class of light-emitting materials with good perfor-
mance in single color light, high strength, high internal quantum
efficiency and high stability [9–24]. Presently, several works focus
on the doping Ln ions into nanoparticles to enhance their
fluorescent intensities, albeit a number of reports have been
reported regarding the incorporation of different Ln ions into
MOFs [25–28]. If Ln ions are doped in MOFs, the fluorescent
intensity will be improved and, consequently, the quantum
efficiency will also be increased due to the elimination or
decrease of concentration quenching effect. Zhang et al. reported
nanoscale Eu1�xTbx-MOFs as luminescent thin films with strong
luminescent properties and efficient Tb3þ-to-Eu3þ energy trans-
ferability [29]. Williams et al. investigated the quantifying
enhanced photoluminescence from just 0.1% doping of Eu into
ll rights reserved.

a.pt (F.-N. Shi).
Tb carboxylate coordination polymers [30]. It is noticed that, in
these mixed Ln MOFs, the Ln ions are all luminescent ions
[11,29–31]. The luminescent properties of Ln MOFs can also be
modified via introducing an inert Ln ion (ca. yttrium) into
luminescent ions frameworks [13,32,33]. Mellitic acid (Mel), an
organic ligand with six carboxylate groups, is able to form porous
MOFs with high thermal stabilities and up to now, a series of
MOFs based on Mel and metal ions have been synthesized
[34–39]. In this work, Mel ligand that contains no hydrogen atom
in its aromatic ring was chosen due to no hydrogen thermal
vibration, which is clearly advantage for the Ln luminescence. In
order to investigate luminescence properties upon incorporation
of inert Ln ions into Mel-based MOFs, here we report a series of
mixed europium–yttrium organic frameworks: Eu2�xYx(-
Mel)(H2O)6 (x¼0.38 1, 0.74 2, and 0.86 3). In addition, we also
synthesized the analogs with singular Eu3þ or Y3þ:
Eu2(Mel)(H2O)6 4 and Y2(Mel)(H2O)6 5 to allow the comparison
of the luminescence properties with 1, 2, and 3.
2. Experimental section

2.1. Materials and general methods

Chemicals were readily available from commercial sources and
were used as received without further purifications: Ln(III) nitrate
hydrates (Ln(NO3)3 � xH2O, Ln¼Eu and Y; Z99.9%, Sigma-
Aldrich); Mel (C12H6O12, ^97%, Aldrich).
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SEM was performed using a Hitachi Su-70 and energy dispersive
analysis of X-rays spectroscopy (EDS) was carried out on a Bruker
QUANTAX 400 instruments working at 15 kV. Samples were pre-
pared by deposition on aluminum sample holders by carbon coating.
FTIR spectra were collected from KBr pellets (Aldrich, 99%þ , FTIR
grade) with a Mattson 7000 FTIR spectrometer. Thermogravimetric
analyses were carried out in air using a Shimadzu TGA-50, with a
heating rate of 5 1C/min and a flow rate of 20 cm3/min. Conventional
powder X-ray diffraction data for the materials were collected at
ambient temperature with an X’Pert MPD Philips diffractometer
(CuKa1,2 X-radiation, l1¼1.540598 Å and l2¼1.544426 Å),
equipped with an X’Celerator detector and a flatplate sample holder
in a Bragg–Brentano para-focusing optics configuration (40 kV,
50 mA). Intensity data were collected by the step counting method
(step 0.021), in continuous mode, in the ca. 5%2y%501 range.

The photoluminescence spectra were recorded at RT with a
modular double grating excitation spectrofluorimeter with a
TRIAX 320 emission monochromator (Fluorolog-3, Horiba Scien-
tific) coupled to a R928 Hamamatsu photomultiplier, using a front
face acquisition mode. The excitation source was a 450 W Xe arc
lamp. The emission spectra were corrected for detection and
optical spectral response of the spectrofluorimeter and the
excitation spectra were corrected for the spectral distribution of
the lamp intensity using a photodiode reference detector. The
emission decay curves were measured with the setup described
for the luminescence spectra using a pulsed Xe–Hg lamp (6 ms
pulse at half width and 20–30 ms tail).
2.2. Syntheses

2.2.1. Eu1.62Y0.38(Mel)(H2O)6 1
A mixture of Mel (0.342 g, 1.00 mmol), Eu(NO3)3�6H2O (0.357 g,

0.80 mmol) and Y(NO3)3�6H2O (0.076 g, 0.20 mmol) was stirred in
distilled water (15 ml) at room temperature (RT) for 30 min, then
sealed in a Teflon-lined stainless steel autoclave (40 ml) and heated
at 150 1C for 1 day under autogenous pressure. After cooling to RT,
the colorless crystals were washed three times with distilled water
(3�10 ml) and air dried at ambient temperature.
2.2.2. Eu1.26Y0.74(Mel)(H2O)6 2
The synthesis procedure is similar to compound 1, only

Eu(NO3)3�6H2O (0.313 g, 0.70 mmol) and Y(NO3)3�6H2O (0.115 g,
0.30 mmol) substituted the previous amounts of Ln compounds.
Table 1
Crystallographic data and structural refinements for 1–5.

1 2

Empirical formula C6H6O9Eu0.81Y0.19 C6H6O9Eu0.63Y0.37

Formula weight 361.93 351.05

Crystal system Orthorhombic Orthorhombic

Space group Pnnm Pnnm

a (Å) 13.3917(16) 13.3666(14)

b (Å) 6.6018(9) 6.5878(6)

c (Å) 10.1228(12) 10.0968(14)

Volume (Å3) 894.95(19) 889.09(17)

Z 4 4

Dcalc (g cm�3) 2.686 2.623

R(int) 0.0537 0.0476

m (mm�1) 6.952 6.912

F (0 0 0) 690 673

Data/restraints/parameters 1040/4/84 835/4/54

GOF on F2 1.046 1.079

R1[I42s(I)]a 0.0296 0.0237

wR2[I42s(I)]a 0.0588 0.0492

Larg. diff. peak & hole, e/Å�3 0.836 and �1.725 0.472 and �0.655
2.2.3. Eu1.14Y0.86(Mel)(H2O)6 3
The synthesis procedure is similar to compound 1, only

Eu(NO3)3 �6H2O (0.268 g, 0.60 mmol) and Y(NO3)3 �6H2O (0.153 g,
0.40 mmol) substituted the previous amounts of Ln compounds.

2.3. Crystallographic data collection and structure

Complete single-crystal data of 1–5 were collected at 150(2) K
on a Bruker X8 Kappa APEX II charge-coupled device (CCD) area-
detector diffractometer (MoKa graphite monochromated radia-
tion, l¼0.7107 Å) controlled by the APEX2 software package [40]
and equipped with an Oxford Cryosystems Series 700 cryostream
monitored remotely by using the software interface Cryopad [41].
Images were processed using the software package SAINTþ [42].
Absorption corrections were applied by the multiscan semiempi-
rical method implemented in SADABS [43]. The structure was
solved by direct method using SHELXS-97 [44,45] and refined
using SHELXL-97 [44]. All non-hydrogen atoms were successfully
refined with anisotropic displacement parameters. The quantity
of Eu and Y atoms in the structures of 1–3 was well treated with
substitutional disorder by using EXYZ, EADP and PART instruc-
tions. Hydrogen atoms bound to carbon were located at their
idealized positions by employing the HFIX 43 instruction in
SHELXL-97 and included in subsequent refinement cycles in
riding motion approximation with isotropic thermal displace-
ment parameters (Uiso) fixed at 1.2Ueq of the carbon atom to
which they were attached. The hydrogen atoms associated with
water molecules were visible in the last difference Fourier maps
synthesis. These atoms have been included in the final structural
models with the O–H distances restrained to 0.85(1) Å, in order to
ensure a chemically reasonable geometry for these moieties, and
with Uiso fixed at 1.2Ueq of the parent oxygen atoms. The detailed
crystallographic data and structural refinement parameters have
been summarized in Table 1.
3. Results and discussion

3.1. SEM and PXRD

All the compounds were prepared by hydrothermal synthesis.
The scanning electron microscopy (SEM) image (Fig. 1) shows an
almost homogeneous size distribution of the particles and similar
crystal habits in all compounds. The EDS analysis showed that the
3 4 5

C6H6O9Eu0.57Y0.43 C6H6O9Eu C6H6O9Y

347.27 374.07 351.05

Orthorhombic Orthorhombic Orthorhombic

Pnnm Pnnm Pnnm

13.3827(8) 13.3963(6) 13.3270(10)

6.5921(4) 6.6071(3) 6.5394(4)

10.1230(10) 10.1307(4) 10.0679(6)

893.05(12) Å3 896.68(7) 877.42(10)

4 4 4

2.583 2.771 2.354

0.0266 0.0498 0.0143

6.852 mm�1 7.033 6.686

667 708 612

1424/4/97 1441/3/82 1006/3/82

1.086 1.033 1.108

0.0195 0.0285 0.0211

0.0381 0.0486 0.0512

0.553 and �0.694 1.156 and �1.355 0.476 and �0.523
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compositions of Eu:Y¼9:1 for (1), Eu:Y¼7:3 for (2) and Eu:Y¼6:4
for (3) were roughly in agreement with the molecular formula of
(1), (2) and (3) that were derived from the single crystal structural
Fig. 1. SEM image of 1.

Fig. 2. XRD patterns of 1, 2, and 3.

Fig. 3. (a) The coordination environment of Ln and (b) the coordination environment o

(For interpretation of the references to color in this figure legend, the reader is referre
data. The powder XRD patterns obtained for the as-synthesized
compounds are shown in Fig. 2 and reveal that the materials are
crystalline, pure and crystallize in the same structure as indicated
by the single crystal data. All 2y peaks are consistent with the
corresponding simulated ones.

3.2. Structure

Single-crystal X-ray diffraction analysis reveals that 1, 2 and 3
are isostructural crystallizing in orthorhombic space group Pnnm,
structurally identical to the single Ln analogs, which were
published elsewhere [37–39], thus, only the structure of 1 is
described here.

In compound 1, each Ln ion is coordinated by nine oxygen
atoms from carboxyl groups and water molecules. All Mel groups
are deprotonted and coordinated to eight Ln ions via two different
coordination modes of carboxyl groups: one is bridging bidentate
carboxyl groups and the other displays chelating bidentate
coordination mode (Fig. 3). The Ln–O bond lengths range from
2.308(6) to 2.568(4) Å, which are longer than the Y–O bond
lengths (2.277(2) to 2.550(2) Å) and shorter than the Eu–O bond
lengths (2.324(4) to 2.577(3) Å), which indicate the incorporation
of Eu3þ and Y3þ ions in compound 1.

The structural feature of ligands and coordination modes of
metal ion/clusters are two essential factors for investigating the
topology of MOFs. In compound 1, Mel anions act as 8-connected
nodes to connect eight Ln ions. Each Ln ion can be considered as
4-connected nodes linked by four 8-coordinated Mel ions to form
a (4, 8)-flu net (Fig. 4).

3.3. Thermal properties

TGA curves for compounds 1–3 in Fig. 5 displays similar
thermal behaviors, thus only 1 is depicted in detail. Compound
1 shows three steps of weight losses (Fig. 5). The first weight loss
of 4.72% is in agreement with the calculated value of the removal
of a coordinated water molecule (4.98%) from 140 1C to 160 1C.
The second step corresponds to the complete loss of the other two
coordinated water molecules from 185 1C to 216 1C (observed
value: 14.24%; calculated value: 14.94%). Above 400 1C, Mel
species start to be decomposed, and the final residue of 46.47%
is consistent with Eu and Y oxides (calculated: 45.30%).

3.4. Photoluminescence studies

1, 2 and 3 show the similar excitation profiles. Fig. 6 is the
excitation spectrum of 3 measured at RT while monitoring the
f Mel. Pink ball: Lanthanide atom; red ball: Oxygen atom; gray ball: Carbon atom.

d to the web version of this article.)



Fig. 4. (a) 3D network of 1 and (b) the topology structure of 1. Pink ball: Lanthanide atom; red ball: Oxygen atom; gray ball: Carbon atom. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. TGA curves of 1, 2, and 3.

Fig. 6. Excitation spectrum of 3.

Fig. 7. Emission spectra of 3 excited at 250 nm (solid line), 300 nm (broken line)

and 360 nm (dotted line), respectively. Inset: the enlarged part for the wavelength

range between 510 and 570 nm.
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Eu3þ emissions at 614 nm. The excitation spectrum exhibits a
broad band between 240 and 360 nm with a maximum intensity
at around 250 nm attributed to electronic transitions from the
ground state level (p) S0 to the excited level (pn) S1 of the organic
ligand Mel. The sharp peaks observed in the 360–590 nm range
result from the intra f–f transitions of the Eu3þ ions, which are
characteristic of absorption lines of Eu3þ ions and their transition
assignments are also indicated in the spectrum. Compared to the
ligand absorption, the Eu3þ f–f transitions display the weak
intensities, indicating that a sensitization of Eu3þ luminescence
is mainly through an indirect energy transfer process from
organic ligand to Eu3þ ions.

The emission spectra of 3 were investigated under different
excitation wavelengths. All the spectra are composed of strong
emission lines ascribed to transitions from 5D0-

7FJ (J¼0–4), with
the 5D0-

7F2 emission as the dominant band. In addition, the
samples also show very weak emissions from 5D1-

7FJ (J¼0–2)
(Fig. 7, inset). No emission arising from the ligand triplet levels
could be detected, suggesting an efficient energy transfer from the
ligand Mel to Eu3þ ions.

Fig. 8 displays the emission features for 1, 2 and 3 excited at
250 nm. All the spectra show the similar emission bands. The
5D0-

7F2 transition is a typical electric dipole transition and
strongly varies with the local symmetry of Eu3þ ions, while the
5D0-

7F1 transition corresponds to a parity-allowed magnetic
dipole transition, which is practically independent of the host
material. Therefore, the intensity ratio of 5D0-

7F2 to 5D0-
7F1 (R)

is sensitive to the symmetry around Eu3þ ions and gives valuable



Fig. 8. Emission spectra for 1, 2, 3 and 4 excited at 250 nm.

Table 2
Experimental (kexp) and calculated radiative (kr) and nonradiative (knr)

5D0 decay

rates (m s�1), decay time (t, ms), quantum efficiency (q) and number of water

molecules coordinated to Eu3þ ions (nw).

Compound t (ms) kexp (m s�1) kr (m s�1) knr (m s�1) q (%) nw/70.1

1 0.304 3.289 0.576 2.713 17.5 2.7

2 0.317 3.155 0.591 2.564 18.7 2.5

3 0.327 3.058 0.590 2.468 19.3 2.4

4 0.304 3.289 0.558 2.731 17.0 2.7
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information about environment change [46]. When the R value is
higher, the Eu3þ ion occupies a site of lower symmetry without
inversion center (more asymmetric local environment). In order
to investigate the effect of Y3þ ions on the local symmetry of
Eu3þ ions, the spectral deconvolutions were carried out. For the
MOFs, with Eu: 4 and Eu/Y MOFs: 1, 2 and 3, the R values are 8.5,
8.7, 8.9 and 8.9, respectively. This indicates that when more Y3þ

ions were mixed, a more asymmetric environment occupied by
Eu3þ ions.

The luminescence decay curves of Eu3þ related to the
5D0-

7F2 emission were measured. All the decay curves for both
Eu and Eu/Y MOFs are mono-exponential, confirming that all the
Eu3þ ions lie in the same average environment. The luminescence
lifetimes were listed in Table 2.

In order to further discuss luminescence features, the quantum
efficiency (q) and the number of water molecules (nw) coordi-
nated to the Eu3þ ions were calculated according to the litera-
tures [47,48], and the results are also reported in Table 2.

From Table 2, it can be clearly seen that when more Y3þ ions
were incorporated, the Eu3þ ions lifetime increases, from
0.304 ms to 0.327 ms; the quantum efficiency also increases. For
Eu MOFs 4, a similar q value as the one reported in the literature
[39] was obtained, while for samples with Eu/Y MOFs 1, 2, and 3,
the q values also augment by increasing the Y contents, e.g. 17.0%,
17.5%, 18.7% and 19.3% for 4, 1, 2, and 3, respectively. The lower
numbers of water molecules in the Eu/Y MOFs reflect the altera-
tions of Eu3þ ions first coordination shell, which is in agreement
with the results obtained from the R values. Meanwhile, the
decrease of knr together with the increase of kr in Eu/Y MOFs
results in an increase of q values, suggesting that there is a more
efficient intramolecular energy transfer process in Eu/Y MOFs
than in Eu MOFs. This phenomenon can be explained by a
concentration dilution model [30]. For Eu compound 4, self-
quenching of the luminescence often occurs, while in mixed Eu/
Y compounds 1, 2 and 3, Y3þ ions reduce the concentration self-
quenching effect of Eu3þ ions to some extent and subsequently
luminescence efficiency is increased.
4. Conclusion

Singular Eu or Y and three mixed europium–yttrium MOFs
with different Eu/Y ratios as metal centers were prepared by
hydrothermal synthesis. Compared with europium MOFs, the
mixed europium–yttrium organic frameworks have identical
crystal structure, as shown by single-crystal X-ray diffraction
and PXRD analyses. In the mixed europium–yttrium MOFs, the
photoluminescence studies indicate that the Eu3þ ions have
longer lifetime and higher quantum efficiency than those in Eu
MOFs. The PL quantum yields of the mixed europium–yttrium
MOFs increase around 3–14% due to the decrease of the concen-
tration self-quenching effect of Eu3þ ions. It can be speculated
that the Eu quantum efficiency can be further increased, if the Eu/
Y ratio is optimized. The obtained results indicate that the
luminescent properties can be effectively enhanced through
adding inert Ln ion to the luminescent MOFs. This work also
opens a new route to improving luminescence properties of other
Ln MOFs materials.
Appendix. Supplementary material

Complete crystallographic data for the structure reported in
this paper have been deposited in the CIF format with the
Cambridge Crystallographic Data Center as supplementary pub-
lication no. CCDC 830906, 830905, 830904, 834876 and 830907.
Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (44) 1223336-
033; e-mail: deposit@ccdc.cam.ac.uk).
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