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A europium(III) metal-organic framework as
ratiometric turn-on luminescent sensor for Al3+ ions
Xinhui Zhou1*, Jiahui Cheng1, Liang Li1, Qiang Chen1, Yujian You1, Hongping Xiao2 and
Wei Huang1,3*

In recent years, luminescent metal–organic frameworks
(MOFs) as a new type of sensing material are receiving
enormous attention for their superior performance in
chemical sensors and biosensors [1–2]. Taking account of
the excellent optical properties such as large Stokes shifts
and high color purity of lanthanide MOFs (LnMOFs), a
great deal of important investigations on LnMOFs have
been carried out. And then, their promising abilities in
detecting temperature, metal ions, oxygen, explosives and
polychlorizated benzenes with high sensitivity and se-
lectivity have also been exploited successfully [3–22].
Ratiometric luminescent sensors can provide a self-cali-
brated analyte concentration readout, which is unaffected
by fluctuations of sensor concentration and/or instru-
mental parameters. However, it is noticed that a majority
of related reports are limited to the detection of analyte
using single emission, although ratiometric sensors based
on dual-emission are more reliable and accurate than the
sensors based on single emission. For ratiometric sensors,
not only are two significantly different emissions neces-
sary, but two emissions need distinctive response to the
analyte. From this point of view, LnMOFs with ligand
and Ln3+ emissions are very attractive, because organic
ligands and Ln3+ ions as the luminescent centers possess
completely different physical and chemical properties and
they would produce different interactions with analytes.
Thus, LnMOFs have been extensively applied to construct
ratiometric sensors recently [3,22].
Aluminium exists in soil, containers and structural

materials, which may release Al3+ due to the corrosion
and/or dissolvation, inducing the increasing risk of Al3+

absorption by the human body [23–27]. However, ex-
cessive Al3+ in human body may cause damage to nucleic
acids and proteins or the central nervous system [28–30].
Thus, it is important to detect Al3+ with high selectivity
and sensitivity, both in the environment and organisms
[31,32]. As far as we are concerned, few LnMOFs display
high selectivity and sensitivity for Al3+ [33–35]. It is noted
that Al3+ may replace the Ln3+ in the framework or in-
teract with the ligands [36]. As a consequence, both li-
gand and Ln3+ emissions may be interfered by Al3+ ions.
These facts impel us to realize LnMOFs ratiometric sen-
sors for Al3+ by the judicious choice of the organic ligand.
Recently, a few works reported different fluorescence
response behavior to Al3+ ions for the emissions of the
ligand and Tb3+ ion [37,38]. In these cases, the Tb3+

emission decreases gradually, whereas the ligand emission
shows a strong enhancement as the addition of Al3+ ions.
Inspired by these cases, we aimed to synthesize LnMOFs
as ratiometric luminescent sensors to detect Al3+ ions.
In this work, three Ln-MOFs, (Me2NH2)[Ln2L2(NO3)2-

(μ3-OH)(H2O)]·2H2O·2DMA, [Ln=Eu(1), Gd(2) and Tb
(3), DMA=dimethylacetamide], were obtained based on a
robust ligand, 9-methyl-9-hydroxy-fluorene-2,7-di-
carboxylic acid (H2L), which can effectively transfer en-
ergy to Eu3+ by antenna effect. All frameworks are
isostructural, and the topology analysis of frameworks
shows a uninodal 8-connected body centered cubic (bcu)
network. The luminescence investigations reveal that 1 is
a LnMOF ratiometric sensor for Al3+ with high sensitivity
and selectivity.
Compounds 1–3 were synthesized in the mixed sol-
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vents under solvothermal conditions. Due to the poor
crystal qualities, X-ray single-crystal diffraction data for 2
were not obtained. However, powder X-ray diffraction
(PXRD) data, thermogravimetric analysis (TG) and in-
frared spectroscopy (IR) confirm that 2 is isostructural
with 1 and 3 (Figs S1–S3). They are stable in air but
unstable in water, and their stabilities in dimethyl-
formamide (DMF), ethyl acetate (EA), ethyl alcohol
(EtOH), N-methyl pyrrolidone (NMP) are also verified by
PXRD of 1 dipped in these solvents for 24 h. As shown in
Fig. S2, the presence of H2O molecules and –CH3 is
confirmed by the characteristic bands of O–H
(3,680–3,000 cm−1) and C–H (2,900–3,000 cm−1) vibra-
tions, respectively. Since no strong absorption peaks
ranging from 1,690 to 1,730 cm−1 for −COOH are ob-
served, and the characteristic sharp bands of carboxylate
groups appear with the maxima at 1,544 and 1,381 cm−1

for 1, 1,550 and 1,384 cm−1 for 2, 1,553 and 1,381 cm−1 for
3, all carboxyl groups for H2L ligands in complexes 1–3
should be deprotonated.
Since 1–3 are isostructural, 1 is selected as the re-

presentative example to describe the structure in detail.
The asymmetric unit of 1 includes a L2− ligand, half a
coordinated H2O, a free H2O, half a μ3–OH−, a co-
ordinated NO3

−, a free DMA, half a free Me2NH2
+ and

two crystallographically unique Eu3+ ions, of which Eu1
lies on the mirror plane parallel with ab crystal plane and
Eu2 on the twofold axis parallel with c axis (Fig. 1a). Eu1
and Eu2 are coordinated by oxygen atoms with tricapped
and bicapped trigonal prismatic coordination geometry,
respectively. Four Eu3+ ions, two μ3–OH− and four car-
boxylate oxygens form face-sharing defective cubes-like
Eu4O6 metal-oxygen cluster. Each L2− ligand bridges two
Eu4O6 clusters and each Eu4O6 cluster is coordinated by
eight L2− ligands (Fig. 1b). The resulting three-dimen-
sional framework possesses rhombic channels extended
along the [010] direction with 14×20 Å2 diagonally di-
mensions in which H2O, NO3

−, Me2NH2
+ and DMA locate

as guests and counterions (Fig. 1c, d). The solvent ac-
cessible space for 1 without these guests and counterions
is 4,319 Å3 per unit cell or 65% of the total volume, cal-
culated using the PLATON routine [39]. The 3D frame-
work can be rationalized by the TOPOS 4.0 program [40]
as a uninodal 8-connected bcu topological network with a
Schläfli symbol of 424.64 by considering the Eu4O6 clusters
as 8-connected nodes and L2− ligands as linkers, respec-
tively.
Powder 1–3 were heated up to 800°C in N2 atmosphere

at a heating rate of 10°C min−1. The TG curves show that
1–3 undergo similar weight loss processes (Fig. S3). In the

temperature range of 20–110°C, the weight losses of 1–3
are 3.9%, 2.3% and 2.2%, respectively, corresponding to
the departure of all water molecules for 1 and two lattice
water molecules for 2 and 3 (calc. 4.2%, 2.8%, 2.8%). The
weight loss of 16.5%, 19.1% and 18.3% in the range of
110–245°C for 1–3 is attributed to the departure of two
DMA, a Me2NH2

+ for 1, two DMA, a Me2NH2
+ and a

coordinated water molecule for 2 and 3 (calc. 17.2%,
18.5%, 18.3%). Further heating leads to the decomposi-
tion of ligand molecules. The PXRD patterns of 1–3 are
shown in Fig. S1. The experimental XRD patterns of the
synthesized 1–3 are in good agreement with the simu-
lated, showing the good phase purity.
The photoluminescence spectra of 1–3 in solid state are

shown in Fig. S4a. Upon excitation at 335 nm, the
emission spectrum of 1 reveals a weak emission band
with intensity maximum at 362 nm (S1→S0 transition),
and characteristic emission peaks of Eu3+ at 596 (5D0→7F1

transition) and 620 nm (5D0→
7F2 transition). The decay

curve of the 5D0→
7F2 transition of 1 was best fitted by a

second order exponential function with lifetimes τ1 =
302.54 μs (α1 = 3.95%) and τ2 = 771.67 μs (α2 = 96.05%)
(Fig. S4b). Quantum yield of 1 is 40.6%. 2 exhibits a
ligand-based emission centered at 368 nm. The triplet
state energy (T1) and the singlet state energy (S1) of ligand
are estimated as 20,533 cm−1 and 25,974 cm−1 from the
77 K phosphorescence spectrum (Fig. S5) and the ab-
sorption spectrum (Fig. S6) of 2. 3 exhibits a strong li-
gand-based emission band centered at 365 nm and weak
characteristic emission peaks of Tb3+ ions at 494 and
550 nm. The blue-shift of ligand-centered emission ob-

Figure 1 (a) View of the asymmetric unit of 1 with the thermal ellip-
soids drawn at the 50% probability level. (b) View of Eu4O6 metal-
oxygen cluster. View of crystal structure of 1 along the b-axis (c) and c-
axis (d). All hydrogen atoms, Me2NH2

+, uncoordinated water and DMA
molecules are omitted for clarity.
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served for 1–3, compared to that of H2L itself [13]
(412 nm), may be attributed to the torsion of ligand when
coordinating to the metal ion.
The excellent luminescence property of 1 promoted us

to develop its ability as luminescent sensing material.
Detection of various metal ions (Cd2+, Co2+, Cu2+, Pb2+,
Zn2+, Al3+ and Cr3+) was performed by collecting the
change in fluorescence spectra of 1 suspension in DMF
(3 mg per 3 mL) before and after addition of the metal
ions with the concentration of 1×10−4 mol L−1. The lu-
minescent spectra are shown in Fig. 2. The results reveal
that most metal ions do not show obvious change on
luminescence intensity for both the ligand-centered
emission and Eu3+ ion emission. However, among the
metal ions studied, the influence of Cr3+ and Al3+ ions on
the emissions of 1 are highly pronounced, particularly for
Al3+ ions, suggesting that 1 possesses a good luminescent
sensing selectivity for Al3+ ions. The Al3+ ion increases
dramatically the ligand-centered emission intensity by

approximately 880% simultaneously with a subtle change
in Eu3+ ion emission intensity.
To have a better understanding of the luminescence

response of 1 to Al3+ ions, photoluminescence titration
experiments were further conducted. As the concentra-
tions of Al3+ increase from 0.2×10−4 to 1×10−4 mol L−1, the
ligand-centered emission intensities progressively in-
crease whereas the Eu3+ ion emission keeps almost con-
stant (Fig. 3a). The intensity of emission at 620 nm is
seven times higher than that at 362 nm without the pre-
sence of Al3+ ions. However, when the concentration of
the Al3+ ions reaches 1×10−4 mol L−1, the intensity of
emission at 362 nm is 1.6 times bigger than that at
620 nm. Ratiometric luminescent sensors based on dual-
emission provide a self-calibrated data readout, and are
more reliable and accurate than those based on a single
emission intensity. In this work, the intensity ratio of
emissions at 362 and 620 nm changes with the Al3+ ion
concentration, which encourage us to check whether or
not 1 can be used as ratiometric luminescent sensor for
the detection of Al3+ ions. So we carefully examined the
photoluminescence titration experimental data and tried
to find the law of relationship between the emission in-
tensity ratio of S1→S0 (IL) to

5D0 → 7F2 transition (IEu) and
Al3+ ion concentration. As shown in Fig. 3b, the Al3+ ion

Figure 2 (a) Upon excitation at 335 nm, the photoluminescence spectra
of 1 treated with different metal ions (1×10−4 mol L−1) in DMF and (b)
the corresponding emission intensities of 5D0→

7F2 transition (IEu,
620 nm) and S1→ S0 (IL, 362 nm) of 1.

Figure 3 IL(362 nm) and IEu(620 nm) (a), and the intensity ratio of IL to
IEu (b) of 1 treated in different concentrations of Al3+ in DMF.
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concentration can be linearly related to IL/IEu by the
equation IL/IEu = k[Al3+]–0.36 (k=18,502 L mol−1, R2 =
0.98), from 0.2×10−4 to 1×10−4 mol L−1. The limit of de-
tection of 1 for Al3+ ions is calculated as 1.30×10−6 mol
L−1, indicating that 1 is an excellent candidate of the ra-
tiometric luminescent Al3+ ion sensor. In addition, we
have investigated the recyclability of sensing performance
of 1. Unfortunately, this material shows a poor recycl-
ability for sensing performance (Fig. S7).
The high selectivity of 1 for Al3+ sensing was further

confirmed by competitive experiments, which was con-
ducted by adding a interferential metal ion
(1×10−4 mol L−1) into the 1 suspension containing
1×10−4 mol L−1 Al3+ in DMF. As shown in Fig. 4, the
ligand-based emission exhibits similar degree of en-
hancement with a subtle change in Eu3+ ion emission
intensity before and after introduction of Cd2+, Co2+, Cu2+,
Pb2+ or Zn2+, suggesting that these metal ions in solution
would not influence the detection for Al3+. However, for
Cr3+ ions, a smaller enhancement in the ligand-based
emission was observed, revealing that the detection for
Al3+ can be interfered by Cr3+ because Cr3+ and Al3+

possess +3 charge while other metal ions possess +2
charge and the radius of Cr3+ (0.0615 nm) is closer to that
of Al3+ (0.0535 nm) relative to that of other metal ions
(>0.065 nm).
According to previous reports, the enhancement effect

on ligand-based fluorescence of MOFs by Al3+ or Cr3+

may be attributed to the following factors: (a) cation-
exchange between Ln3+ of framework and Al3+ or Cr3+ and
(b) interaction between ligand and Al3+ or Cr3+. Several

Al3+ sensors of MOF materials based on the former have
been reported. The first example was described in 2013 by
Sun et al. [30], who used compound [H2N(CH3)2]
[Eu(H2O)2(BTMIPA)]⋅2H2O (H4BTMIPA = 5,5'-methy-
lenebis(2,4,6-trimethylisophthalic acid)) to detect the
Al3+. The authors observed that ligand emission increased
and the compounds dissolved gradually leading to the
clear solution due to Al3+ substituting Ln3+ in the fra-
mework when Al3+ concentration was greater than
0.001 mol L−1 and the framework of the compound col-
lapsed completely when the Al3+ concentration reached
0.01 mol L−1. However, we found that 1 suspension in
DMF containing Al3+ kept turbid and strong character-
istic red light emission of Eu3+ ions after 1 dipped in DMF
containing 1×10−4 mol L−1 and 1×10−5 mol L−1 Al3+ for
12 h, respectively, as shown in Fig. S8, which indicate that
cation-exchange do not contribute to ligand-based
fluorescence enhancement in this work. So, we speculated
that the interactions between ligand and Al3+ or Cr3+ lead
to the ligand-based fluorescence enhancement, and the
luminescence spectra of the H2L (9-methyl-9-hydroxy-
fluorene-2,7-dicarboxylic acid) and H2MFDC (9,9'-di-
methyl-fluorene-2,7-dicarboxylic acid) solutions in DMF
before and after addition of Al3+ or Cr3+ (1×10−4 mol L−1)
were investigated. The H2L and H2MFDC are two very
similar ligands with a marginal difference, a methyl and a
hydroxy on 9-position for H2L, two methyl on 9-position
for H2MFDC. As shown in Figs S9 and S10, when Al3+ or
Cr3+ was added to the solution, the emission intensity of
H2L increases while the intensity of H2MFDC remains
unchanged. It is a very powerful suggestion that the in-
teractions between the hydroxyl on the 9-position of H2L
and Al3+ or Cr3+ are the essential factor for ligand-based
fluorescence enhancement. Furthermore, the enhance-
ment effect is more pronounced for the LnMOF 1 than
free H2L, illustrating that the coordination between Eu3+

and H2L plays the important role in signal amplification.
Based on the above results, we proposed that the hydroxyl
on the 9-position of ligand in the 1 interacts with Al3+ or
Cr3+ to reduce the vibration of O–H, which effectively
inhibits nonradiative S1 transition and results in the li-
gand emission enhancement.
In summary, we have obtained three isostructural

LnMOFs (Eu(1), Gd(2), Tb(3)) based on 9-methyl-9-hy-
droxy-fluorene-2,7-dicarboxylic acid (H2L). In 1–3, the
face-sharing defective cubes-like Eu4O6 metal-oxygen
clusters as 8-connected nodes construct the body cen-
tered cubic topological network with a Schläfli symbol of
424.64. The unique luminescence feature gives 1 the ability
to detect the Al3+ ions by the ratiometric luminescent

Figure 4 The IL(362 nm) and IEu(620 nm) of 1 treated in mixed metal
ions.
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approach with slope of 18,502 mol L−1. We have also
demonstrated that interactions between the –OH on the
9-position of ligand and Al3+ ions contribute to the sen-
sing behavior. Our future work will be continually fo-
cused on the development and optimization of
ratiometric luminescent sensors for other toxic metal
ions.
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基于含铕金属-有机框架的比率turn-on型铝离子发光传感器
周馨慧1*, 程嘉荟1, 李亮1, 陈强1, 游宇健1, 肖洪平2, 黄维1,3*

摘要 本文制备了三种同构镧系金属有机框架材料(Me2NH2)[Ln2L2(NO3)2(μ3-OH)(H2O)]·2H2O·2DMA, (Ln = Eu(1), Gd(2), Tb(3), H2L = 9-
甲基-9-羟基-2,7-芴二羧酸, DMA = 二甲基乙酰胺). 研究结果显示它们具有三维阴离子型框架结构, 该结构可简化为含有单一的8连接型
节点的体心立方(bcu)型拓扑结构. 化合物1表现出基于配体的荧光发射峰以及铕离子的特征荧光发射峰. 荧光实验表明在DMF溶液中
Al3+会明显增强配体的荧光强度 , 而对Eu3+的荧光强度影响却很小 , 这使得1成为了优秀的比率式发光Al3+传感器 . 在Al3+浓度处于
0.02–0.1 mmol L−1范围内时, 配体与Eu3+荧光强度的比值与Al3+浓度成正比(斜率为18502 mol−1 L). 本文证实了配体9位的羟基与Al3+之间
的相互作用是引起配体荧光增强的主要原因.

SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .LETTER

May 2018 | Vol. 61 No.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 757© Science China Press and Springer-Verlag GmbH Germany 2018

https://doi.org/10.1039/c3cc46613b
https://doi.org/10.1002/chem.201501162
https://doi.org/10.1039/C6RA20359K
https://doi.org/10.1107/S0021889802022112
https://doi.org/10.1039/B910671E
http://www.ccdc.cam.ac.uk/data_request/cif

	A europium(III) metal-organic framework as ratiometric turn-on luminescent sensor for Al<sup>3+</sup> ions 

