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A B S T R A C T

Two set of lanthanides-based metal organic framework structures incorporating 2,6-naphthalenedicarboxylic
acids and 1,5 dihydroxy-2,6-naphthalenedicarboxylic have been successfully synthesized and fully character-
ized. Interestingly, when 1,5 dihydroxy-2,6-naphthalenedicarboxylic was employed as organic linker, the hy-
droxyl groups were not involved in the coordination to the lanthanide clusters and therefore hydroxyl-
functionalized lanthanides MOFs (AUBM-3) were obtained. The photophysical properties of both set of MOFs
were studied and their sensing properties for toxic elements Pb(II), Cr(III), As(III), Cd(II), and Hg(II) and for
paraquat were investigated. The hydroxyl-functionalized structures have shown to be promising luminescent
sensory materials with high selectivity and sensitivity to mercury.
1. Introduction

Metal organic frameworks (MOFs), are a novel class of crystalline
materials comprised of metal containing nodes, either a metal cation or
metal clusters, and organic linkers connected via coordination bonds
organized in a 3D network with uniform pore size [1,2]. MOFs have been
an active area of research for the past two decades due to their rich
chemistry and unique characteristics, including high surface area [3,4]
which may exceed 10,000m2/g, good mechanical and thermal stabilities
[5,6], along with their possibility of being post-modified to target special
applications [7]. MOFs offer great potential applications in several fields
including catalysis [8–10], gas storage [11], magnetism [12,13], sensing,
adsorption [14] and luminescence [15,16], production of metal nano-
particles [17], in addition to drug delivery [18], biomedical imaging
[19], antimicrobial activity [20], dye sensitized solar cells [21], storage,
encapsulation of dyes and polymer chains [22], also pH sensitive mole-
cules [23,24]. Among these applications, sensing is one that has not been
extensively investigated until recently. Consequently, available literature
on such applications have reported the use of MOFs as sensors for ex-
plosives [25], chemical vapors [26], ions and small organic molecules
[26]. Luminescent MOFs, particularly lanthanides MOFs (Ln-MOFs) can
be considered one of the promising group of materials designed for
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sensing. Ln-MOFs have distinctive luminescence properties, such as, high
color purity, long-lived emission, great luminescence quantum yield,
strident line emission and large stokes shift [27]. In addition to their
emissive property, Ln-MOFs are characterized by their tuned coordina-
tion geometry, stability and magnetic properties [28]. These features
qualify Ln-MOFs as efficient platform for sensing. For the development of
an efficient and successful MOF sensor, both a binding site and a strong
luminophore are required, thus, the importance of choosing a suitable
ligand. When designing Ln-MOF, the organic linker is important for the
structure, yet it can serve as antennae for the lanthanide ions [29].
Thereby, in agreement with the hard-soft acid base model, carboxylated
ligands are a good option in building Ln-MOFs since the lanthanide ions
are hard acceptors, thus, favoring the coordination with hard carboxylate
groups [30]. The luminescence of the lanthanides can be enhanced and
intensified upon choosing aromatic carboxylic groups, the latter being
fine luminescent chromophores. Therefore, to obtain an effective
Ln-MOF sensor, a promising approach is to select a conjugated aromatic
organic linker with Lewis base sites, where the luminescence can be
improved along with a potential metal ion binding site [19].

On the other hand, heavy metals are naturally occurring elements, and
exist in varying concentrations in all ecosystems. Their density is greater
than 5 g cm�3 [31]. Human activities (e.g. industrial processes, mining)
. Hmadeh).
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have drastically altered the biochemical cycles and balance of some heavy
metals [32]. In low quantities, some heavy metals as iron, manganese,
zinc and copper are nutritional necessities for a better life. On the other
hand, heavy metals such as Cd, Pb, Cr, and Hg are poisonous and carci-
nogenic, even with trace amounts. Among various heavy metal ions,
mercury is a very dangerous heavy metal that can induce many rigorous
health problems such as damage to the nervous system and brain, kidney
and the immune system [33]. Mercury exposure can provoke biochemical
damage to tissues and genes via various mechanisms. It can interfere with
the intracellular calcium homeostasis, alter membrane potential, disrupt
protein synthesis, induce mitochondrial damage and cause lipid peroxi-
dation [34]. With the mentioned risks that are related to mercury, a
sensitive and selective detection of mercury can be considered as a pri-
ority. To detect mercury, several analytical techniques such as atomic
absorption spectrometry [35], inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES) [36], gas chromatography-inductively
coupled plasma-mass spectrometry [37], and atomic fluorescence spec-
troscopy (AFS) [38] are applied, however, thesemethods are often limited
by the complex sample preparation, complicated devices and elevated
cost [39]. Thus, it is of an importance to develop a non-demanding, sen-
sitive and straightforward method for Hg2þ detection.

In this study, 2,6-naphthalenedicarboxylic acid (NP) and 1,5
dihydroxy-2,6-naphthalenedicarboxylic (DNP) (Scheme 1) were selected
to react with lanthanides cations (La3þ and Ce3þ) to produce new lan-
thanides MOF structures. After varying many experimental conditions
such as reagent concentrations, solvent mixtures, temperature and pHs,
we succeeded in synthesizing four lanthanides MOFs using both linkers
(NP and DNP). Herein, the synthesis, structural investigations, thermal
stability, luminescent and sensing properties of the four MOFs namely
(AUBM-2 (Ce) and AUBM-2(La) for MOFs with NP and AUBM-3(Ce) and
AUBM-3(La) for MOFs with DNP, were examined and reported. The two
sets of MOFs (AUBM-2 and AUBM-3) exhibited different fluorescent
properties that were greatly dependent upon the linker properties. The
linker did not channel the energy to excite the lanthanide metals, thus,
the fluorescence emission spectra didn’t show the lanthanide metals
bands. Having an iso-structural nature that was evident in their photo-
physical properties, Ce and La based MOFs were chosen to study their
sensing behavior for different metal ions. Interestingly, AUBM-2 and
AUBM-3 interacted with heavy metals and an intensive quenching of the
AUBM-2 (Ce) luminescence in the presence of mercury was detected (Ksv
value about 2000 M�1). This high quenching effect was only evident in
the case of mercury, therefore, the Ce MOF can be considered as a sen-
sitive and selective detector for mercury ions.

2. Experimental section

2.1. Materials and methods

All reagents and solvents employed were commercially available
Scheme 1. Synthesis scheme
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from Sigma-Aldrich and SUGAI chemical industry and used without
further purification. The Infrared (IR) spectra were recorded on a FT-IR
spectrometer Thermo-Nicolet working in the transmittance mode, in
the 450-3950 cm�1 range. Thermogravimetric Analysis (TGA) was per-
formed with Netzsch TG 209 F1 Libra apparatus. Powder X-ray diffrac-
tion (PXRD) patterns were collected using a Bruker D8 advance X-ray
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) at 40 kV, 40mA
(1600W) using Cu Kα radiation (k¼ 1.5418 Å). The absorption spectra
were recorded at room temperature using JASCOV-570 UV–vis–NIR
spectrophotometer. The steady state fluorescence measurements were
recorded with resolution increment of 1 nm, slit 5 using a HORIBA Jobin
Yvon Fluorolog-3 and the fluorescence program. The excitation source
was 100W xenon lamp, and the detector used was an R-928 operating at
a voltage of 950 V. In order to regulate the temperature, a thermostat was
coupled with the sample holder.

2.2. Synthesis of AUBM-2 and AUBM-3

Two novel Lanthanide MOFs were solvo-thermally synthesized by
mixing 10 mg NP and 22 mg Ln(NO3)3⋅6H2O (Ln¼ La and Ce) in a mixed
solvent system DMF/H2O/ETOH (10:1:1) at 70 �C in a closed cap vial for
72 h, large crystals were obtained (yield 76% based on NP ligand).
Taking the DNP organic linker as a starting material along with the same
previously mentioned metal salts, additional two new lanthanide MOFs
were prepared in the same solvent mixture in an open cap at 50� for 3
days (yield 80% based on DNP ligand). The single crystals obtained were
insoluble in DMF and acetone. Elemental analysis: calculated (%):
[AUBM-2(Ce)]; C 46.67; H 3.39; Ce 24.20; N 3.63; O 22.10; [AUBM-
2(La)] C 46.77; H 3.40; La 24.04; N 3.64; O 22.15; found (%): [AUBM-
2(Ce)]; C 46.98; H 3.32; Ce 24.05; N 3.41; O 22.83; [AUBM-2(La)] C
47.47; H 3.42; La 24.36; N 3.78; O 23.42. FT-IR (KBr, ν¼ 3500-
500 cm_1): 3425(w), 1560(m), 1398(s), 1199(w), 1103(w), 800(m),
439(w). [AUBM-3(Ce)]; C 45.65; H 4.35; Ce 16.14; N 8.07; O 25.80;
[AUBM-2(La)]; C 44.26; H 3.10; La 21.33; N 4.30; O 27.02; found (%):
[AUBM-3(Ce)]; C 45.98; H 4.02; Ce 17.15; N 7.87; O 25.94; [AUBM-
3(La)] C 45.25; H 3.31; La 22.14; N 4.13; O 26.42. FT-IR (KBr,
ν¼ 3500-500 cm_1): 2939(w), 1597(m), 1413(s), 1272(s), 1191(m),
889(w), 793(s), 668(w), 432(w).

3. Results and discussion

3.1. Description of crystal structures

Analysis of X-ray diffraction data: Single X ray diffraction data
collected from the single crystals obtained from the NP revealed that the
two AUBM-2 are isostructural frameworks, these MOFs crystallize in a
triclinic P-1 space group and cell parameters of (a¼ 12.524(6) Å
b¼ 12.570(6) Å c¼ 16.507(7) Å; α¼ 81.716(9) Å β¼ 76.618(8) Å
γ¼ 60.47(2) Å) with empirical formulas C45 H39 Ce2 N3 O16 and C45 H39
of AUBM-2 and AUBM-3.
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La2 N3 O16 for AUBM-2(Ce) and AUBM-3(La) respectively. Each metal
(Ce and La) is coordinated to 5 NP ligands and each of the ligands is
coordinated to 2 metal centers to form an extended porous framework.
The lanthanides cations are nine-coordinated to oxygen atoms to form a
distorted monocapped square antiprism. The two adjacents metal centers
are sharing one of the edges. In the coordination sphere, two of the 9
oxygens are from solvent molecules (DMF and water), the rest are five
monodentate carboxylate groups, one chelating carboxylate group and
one monodentate carboxylate group of NP ligand (Fig. 1). The M�O
bond lengths and O–M–O bond angles for the coordination spheres are
within the ranges of 2.381–2.659 Å and 68.35–147.6� respectively. (See
supporting information for more details Tables S1–S4). The structure
represent 1D pore channels with dimension of about 8� 10 Å2 which is
defined by the distances of the binuclear unit viewed along z axis.
Nevertheless, the solvent molecules coordinated to the lanthanides
centre limit the accessibility to these pores. Finally, it can be seen that
adjacents NP linkers represent π-π interactions with distances of around
3.6 Å (see Fig. 1).

To introduce new coordination units within the organic backbone and
to decrease the number of coordinating solvent on the metal clusters, the
DNP linker was employed for the MOF synthesis. This linker incorporates
OH groups in ortho positions that could potentially participate in the
coordination of the lanthanides and hence the chemical stability of the
framework would be enhanced. Crystals with different shapes and colors
were obtained for Ce and La. SXRD analysis of the two crystals showed 2
isostructural MOFs namely (AUBM-3) with the same topology but
different from (AUBM-2). Interestingly, the OH groups in DNP, were not
involved in the coordination of the Lanthanide cations. The obtained
MOFs crystallize in a triclinic P-1 space group and cell parameters of
(a¼ 12.4869(15) Å, b¼ 12.5950(15) Å c¼ 13.7583(17) Å,
α¼ 112.060(2) Å, β¼ 104.848(2) Å γ¼ 102.417(2) Å with empirical
formulas C66 H75 Ce2 N10 O28 and C24 H20 La N2 O11 for AUBM-3(Ce) and
AUBM-3(La) respectively. The cluster is composed of 2 cations that are
coordinated to 6 ligands to form the network. The lanthanides cations are
nine coordinated to O atoms to form monocapped square antiprisme that
are sharing one of the edges. 2 solvents molecules (DMF and water) are
also involved in the coordination spheres of the cations, the remaining
are from the DNP linkers. The M�O bond lengths and O–M–O bond
angles for the coordination spheres are within the ranges of 2.46–2.57 Å
and 51.168–145.6�. The structure of AUBM-3 represent an open frame-
work with pore aperture of about 12� 23 Å2 which represents M-M
distance across the diagonal of the pore along a direction (Fig. 1). Again,
Fig. 1. Crystal structures of AUBM-2(Ce) (A), coordination mode in the cluster of AU
3(Ce) (D), The coordination mode in AUBM-3 (E), space filling representation of AU
references to color in this figure legend, the reader is referred to the Web version o
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these MOFs were stable in DMF and acetone but not in aqueous solution.
Due to the low number of ligands coordinating to the metals, the thermal
stability of this set of MOFs (AUBM-3) was even lower than the AUBM-2
as evidenced by the TGA plots recorded for these two MOFs. The hy-
droxyl groups are free and not involved in the coordination of lanthanide
which leave them available to interact with guest molecules and ions (see
Fig. 1 and Fig. S1). In order to assess this porosity, the N2 isotherm was
performed on the activated for AUBM-2(Ce) and AUBM-3(Ce) and the
Brunauer�Emmett�Teller (BET) surface area was determined to be 82
m2/g and 190m2/g respectively (Fig. S2).

3.2. Powder X-ray diffraction and thermal gravimetric analyses

To verify the phase purity of the newly synthesized MOFs, the powder
X-ray diffraction (PXRD) patterns were recorded and compared to the
simulated patterns. As shown in Fig. S3 the diffraction peaks of the as-
synthesized AUBM-2 and AUBM-3 are in agreement with the simulated
data confirming the phase purity of the MOFs.

Thermal gravimetric analyses (TGA) of both series of lanthanide
MOFs were carried between 30 and 1000 �C. The thermal profiles cor-
responding to AUBM-3(Ce) and AUBM-3(La) were analogous due to the
isostructural character. A weight loss of 10%was obtained in the range of
77–140 �C corresponding to the loss of DMF molecules. The major mass
loss of 30% occurred at 200 �C and is attributed to the decomposition of
the organic framework and the discharge of the organic linker. The
remaining residues are mainly the corresponding metal oxides. Similarly,
the weight loss of AUBM-2 of both Ce and La-MOF was alike as a result of
the isostructural nature. Compared to AUBM-3 MOFs this set showed a
better thermal stability with the major weight loss (35%) corresponding
to the burning of the framework occurred at 552 �C. Between 111 and
200 �C there is a 20% weight loss that is linked to the loss of the coor-
dinated DMF molecules. The final residues are that of respective metal
oxides Fig. S4.

3.3. FTIR spectral analysis

The FTIR spectrum of the synthesized AUBM-2 is shown in Fig. S5A.
The spectrum indicates an up-field shift in the carbonyl stretches 1682 to
1682, 1659, 1650 and 1661 cm─1 for AUBM-2(La) and AUBM-2(Ce).
Regarding AUBM-3, the two C––O groups for the ligand displays an up-
field shifts from 1599 and 1656 to 1596 and 1653 cm�1 respectively
for AUBM-3(La). Similar up-field shifts were observed for AUBM-3(Ce).
BM-2 (B), space filling representation of AUBM-2 (C). Crystal structure of AUBM-
BM-3 (F). Where Ce: yellow, O: red, N: blue, C: grey. (For interpretation of the
f this article.)
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The characteristic broad band of the hydroxyl group within the solids
were detected between 3200 and 3550 cm�1 designating the retention of
the free OH groups as shown in Fig. S5B.
3.4. Photophysical properties

Luminescence in MOFs is usually dependent on the building compo-
nents: the organic linker mainly conjugated one, metal ions or cluster and
in few cases a result of adsorbed guest molecules that include to the
emission. Organic linkers characterized by a rigid molecular backbone
along with aromatic parts or extended π systems are commonly used in
building MOFs. Luminescence generated mainly by the π electrons of the
organic linker can be either linker based fluorescence or ligand-to-ligand
charge transfer (LLCT) [28]. The photophysical properties of the linker
are affected by the later arrangement in the framework thus resulting in
different photoemission compared to that of the free form. In lanthanide
MOFs, metal centered luminescence is dominant when an efficient
intersystem crossing occurs between the organic linker and the metal.
Linkers that allow the delivery of the excitation energy from their triplet
excited states to the emissive states of the lanthanides result in the metal
sensitization and the characteristic emission of the lanthanide metal is
observed [28]. The photophysical properties of the synthesized MOFs
and their linkers were investigated using UV–visible and fluorescence
spectroscopy.

3.4.1. UV–vis spectroscopic measurements
The MOF crystals were washed and sonicated with DMF to have a

homogeneous suspension and absorbance spectra were measured at
room temperature. The isostructural property of AUBM-3was reflected in
the UV absorbance. In Fig. S6B, the absorbance spectrum of the organic
linker shows an absorbance maximum at 346 nm in addition to another
absorption peak at 296 nm. This is similar to one expects for NP linker.
However, AUBM-2 shows an absorption maximum at 294 nm and a
relatively weak absorption band at 420 nm. The changes in the absorp-
tion spectrum of the linker can be linked to the coordination between the
organic linker and the metal ion in the framework. As for the DNP linker,
the maximum absorbance is observed at 370 nm, with two other minor
peaks similar to that of the NP linker at 314 and 297 nm. This red shift in
the absorption spectrum of the DNP linker is a result of the presence of
the hydroxyl groups which may further boost the conjugation in the
parent ligand molecule and possibly form hydrogen bond with solvent
molecules. The absorption spectra of AUBM-3 were similar with two
maxima recorded at 399 nm and 300 nm along with shoulder bands at
370–380 nm Fig. S6A. This further shift in the absorption spectra is
induced by the linker interaction in the organic framework. A deeper
study of the absorption spectra of the linkers along with the MOFs where
Fig. 2. Fluorescence spectra of the AUBM-3(Ce) excited at 300 nm (A) and 3
[Pb2þ]¼ 0.014 μM, and (3) [Pb2þ]¼ 0.189 μM. Inset (A) and (B) fluorescence spectr
(2) [Pb2þ]¼ 0.009 μM.
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the metal ions was cerium or lanthanum was performed. The UV–visible
spectra were measured at different concentrations of the latter species
Fig. S7 (A and B). Furthermore, it is clear from the figures that there was
no change in the shape of the spectrum of both MOFs and the linkers at
varying concentrations.

3.4.2. Fluorescence spectroscopic study
The washed MOFs and the dissolved linkers were excited at several

wavelengths and the fluorescence spectra were measured at various
concentrations in DMF at 298 K. As presented in Figs. S8A and S9A, at
first the DNP linker alone was excited at three different wavelengths,
such as at 300, 370 and 400 nm at various concentrations. When excited
at 370 and 400 nm, there is a significant red shift in the emission spectra
from 436 nm to 500 nm along with a change in the shape of the emission
spectra upon increasing the concentration of the linker. When excited at
300 nm, at higher concentration there is less red shift than the previously
noted with the emission maximum shifting from 436 to 460 nm. This
change at higher concentration is most likely caused by the formation of
dimmers or aggregates of the linkers. A similar outcome is also found for
theNP linker with a red shift from 377 nm to 400 nmwhen excited at 300
nm given in Fig. S8. Those changes that are also observed when excited at
370 nm and 400 nm are a result of the aggregation free linker molecules
at higher concentration.

The MOF crystals were diluted in DMF and the fluorescence spectra
were measured at three different excitation wavelengths with varying
concentrations of theMOFs in DMF. As shown in Figs. S8C and S9C, when
excited at 300 nm, AUBM-3(Ce) gave a maximum fluorescence intensity
centered at 436 nm, with another emission peak at 358 nm. Upon an
excitation at 370 nm and 400 nm, AUBM-3(Ce) showed close emission
spectra with the maximum emission occurring in both excitation condi-
tions around 438 nm. Similar results were obtained for AUBM-3(La)
Figs. S8D and S9D thus, it can be concluded that the lanthanide metal
doesn’t affect the emission properties, at least the photophysical
behavior of the MOFs. However, when compared to the free linker, at
high concentrations the new species emitting at higher concentrations is
no longer evident when the linker is incorporated within the framework.
Thus, the interaction between the metal and the linker hinders the
interaction between the organic linker themselves. Moreover, when
excited at 300 nm, the linker does not show a peak at 358 nm thus this
outcome in the MOFs is an impact of the new arrangements and in-
teractions the organic linker undergoes within the MOF. The fluores-
cence spectrum of AUBM-2(Ce) exhibited a maximum emission at 375
nm when excited at 300 nm (Figs. S8 and S9). When excited at 370 nm,
this emission shifted to 415 nm. This suggests that there are two chro-
mophores, which absorb and emit in two different wavelength regions.
One of them primarily absorbs ~290–300 nm and emits at ~350–370 nm
70 nm (B) in the presence of lead ions, where (1) [Pb2þ]¼ 0.00 μM, (2)
a of AUBM-3(Ce) at 300 nm, 370 nm respectively Where (1) [Pb2þ]¼ 0.00 μM,
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whereas the other species absorbs at ~360–400 nm and emits at
~400–450 nm. However, there is also possibility of energy transfer such
as FRET from species one to two, which influence the fluorescence
spectral behavior [40].

3.5. Metal sensing

To study the ability of the synthesized lanthanides MOFs (AUBM-2
and AUBM-3) to detect and sense heavy metal ions, the MOFs were
suspended in DMF and the heavy metal ion solution prepared in DMF
were added in increasing concentrations to the MOF sample. The sensing
potentials of the lanthanide’s MOFs were tested with five ions (e.g. lead,
cadmium, arsenic, mercury and chromium). From each set, samples were
excited at two different wavelengths, 300 and 370 nm aiming to target
two different fluorescent species present in MOFs. The outcome did not
differ when the metal (La or Ce) was changed, thus, the interaction and
sensing using cerium will only be reported and discussed here.

3.5.1. Interaction of lead ions with AUBM-2(Ce) and AUBM-3(Ce)
Fig. S10A and 2A show fluorescence spectra of AUBM-2(Ce) and

AUBM-3(Ce) respectively, with increasing concentrations of lead ion
upon exciting at 300 nm. For the AUBM-2(Ce), with increasing concen-
trations of the Pb2þ ion, there is an increase in the fluorescence intensity
at 374 nm, whereas in case of AUBM-3(Ce) addition of 5 μL of the Pb ion
stock (8.3 μM) red shifted the emission maximum from 436 nm (in the
Fig. 3. Fluorescence spectra of the AUBM-3(Ce) excited at 300 nm (A) and
(2) [Cr3þ]¼ 0.215 μM.

Fig. 4. Fluorescence spectra of the AUBM-2(Ce) excited at 300 nm (A) and
(2) [As3þ]¼ 0.123 μM.

5

absence of Pb2þ) to 452 nm with seven folds decrease in the fluorescence
intensity Fig. 2A. As it can be seen in the inset of Fig. 2A, this quenching
was monitored gradually by using a 5 times diluted stock solution of Pb
ions. Further increase in Pb2þ concentration increased the fluorescence
intensity centered at 452 nm. Nevertheless, the overall fluorescence in-
tensity at 452 nm was still less than that in the absence of Pb2þ ion. This
observation could be due to the fact that binding of Pb2þ ion with hy-
droxyl group of the linker forms a completely new complex with an
emission peak at 452 nm and the population of this complex increased
with increase in concentration of Pb2þ ion in solution, thus, boosting
fluorescence intensity at 452 nm. This indicates that at low concentration
of Pb2þ ion (below 0.014 μM), a quenching of the fluorescence peak at
452 was observed, however, at higher Pb2þ concentrations, an
enhancement of the MOF fluorescence centered at the same peak was
obtained.

A minor emission peak at 365 nm is also relevant at 300 nm excitation
for AUBM-3(Ce), which was quenched with lead concentration. The
quenching rate was calculated from the Stern Volmer plot with a Ksv
value of 747M�1 Fig. S11. This quenching was absent in the AUBM-
2(Ce). When excited at 370 nm, as shown in Fig. S10B, the fluores-
cence of AUBM-2(Ce) at 436 nm decreased with increasing concentration
of lead ions. Similarly, for AUBM-3(Ce), the increase in the lead con-
centrations quenched the fluorescence emission at 451 nm along with a
red shift in the emission maximum, which was identical to that obtained
at 300 nm excitation. Similar data were obtained for the AUBM-3(La)
370 nm , (B) in the presence of chromium, where (1) [Cr3þ]¼ 0.00 μM,

370 nm (B) in the presence of arsenic ions, where (1) [As3þ]¼ 0.00 μM,
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when excited at 300 nm, with a higher Ksv value 908M�1. Thus, the best
approach to estimate the presence of lead would be to monitor the
emission at 365 nm for the AUBM-3(Ce) excited at 300 nm.

3.5.2. Interaction of chromium ions with AUBM-2(Ce) and AUBM-3(Ce)
As shown in Fig. S12 (A and B), interaction between AUBM-2(Ce)

with increasing concentration of chromium ion resulted in an enhance-
ment in fluorescence intensity while exciting at 300 nm or 370 nm.
However, the emission maximum was affected to a small extent in the
presence of the chromium ions and the emission was more sensitive to
the chromium ions at 300 nm excitation than that induced when excited
Fig. 5. Fluorescence spectra of the AUBM-2(Ce)excited at 300 nm (A) and 370 nm (B
3(Ce)under same condition upon exciting at 300 nm (C) and 370 nm (D). Stern-
[Hg2þ]¼ 0.00 μM, (2) [Hg2þ]¼ 0.136 μM.
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at 370 nm. In the case of AUBM-3(Ce) (see Fig. 3), enhancement of
fluorescence intensity was also observed with increasing concentrations
of the chromium ions except that a 30 nm red shift in the emission
maximum (from 437 to 467) was observed. Similar, results were ob-
tained at 370 nm. This indicates chromium may not specifically bind the
hydroxyl group of the ligand rather it gets buried/adsorbed on the MOFs
which influence the fluorescence properties of MOFs.

3.5.3. Interaction of arsenic and cadmium ions with AUBM-2(Ce) and
AUBM-3(Ce)

AUBM-2(Ce) and AUBM-3(Ce) were excited at 300 nm and 370 nm in
) in the presence of mercury ions in addition to the spectra obtained for AUBM-
volmer Plots for AUBM-3(Ce) in the presence of mercury ions (E), where (1)



Fig. 6. Influence of fluorescence change of different MOFs in the presence of
various metal ions during optical sensing. The concentrations of metal ions were
fixed at 8.33 mM. F0 and F are the fluorescence intensity in the absence and
presence of metal ion, respectively.
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the presence of increasing concentrations of metal ions (arsenic and
cadmium). As shown in Fig. 4 and S13, the increase in the concentration
of the arsenic ion resulted in mild enhancement in the fluorescence
emission without any changes or shifts in the spectrum as in the case of
the previously discussed metals. Similar results were also obtained with
cadmium (Fig. S14). Indeed, the strongest enhancement after the addi-
tion of Cd ions to a total concentration of 830 μM by a factor of 21 was
observed for AUBM-2(Ce) when excited at 370 nm compared to a 1.5-
fold of enhancement when excited at 300 nm. The fluorescence was
enhanced by 3 times when AUBM-3(Ce) was excited at 300 nm and about
2-fold increase in the emission when AUBM-3(Ce) was excited at 370 nm
(Fig. S14).

3.5.4. Interaction of mercury ions with AUBM-2(Ce) and AUBM-3(Ce)
The interaction between the cerium-based MOFs and the mercury

metal ions was the most interesting data among the five heavy metals.
When excited at 300 nm in the presence of increasing concentrations of
Hg ions, the emission intensity of the AUBM-2(Ce) at 375 nm was
enhanced. However, when excited at 370 nm under the same conditions,
the Hg ions induced a quenching effect with a gradual red shift in the
emission spectra (~30 nm red shift) with increasing concentrations of
mercury. In the case of AUBM-3(Ce), the fluorescence emission after
excitation at 300 nm was quenched with a small red shift of the emission
maximum at higher concentration of mercury ions (Fig. 5). The corre-
sponding Ksv value obtained from the Stern-volmer plot was remarkable,
~1899.6M─1. Contrary to its behavior in the presence of lead, the
emission intensity at 364 nmwas enhanced. When excited at 370 nm, the
maximum emission at 436 nm was quenched in addition to a red shift of
14 nm in the emission maximum. The Ksv value was estimated as
1192.6M─1 less than that was found when exciting at 300 nm. This
quenching is linked to the hydroxyl groups of the DNP. As shown from
the single XRD data, the OH groups are not involved in the coordination
the lanthanide clusters of AUBM-3 thus providing an interaction site with
metals. The recyclability of AUBM-3(Ce) was investigated by washing the
resulting MOF with acetone several times. Interestingly, the recovered
MOF crystals were efficiently used to detect and sense mercury ions with
no obvious change in the fluorescence spectrum (Fig. S15). Also, the
regeneration of the crystals doesn’t affect the crystallinity of the MOF
structure as evidenced in the PXRD pattern (Fig. S16).

Based on the reported experimental data, the newly fluorescent syn-
thesizedMOFs showed interaction with heavymetals however, it showed
selective quenching for Hg at 436 nm after excitation at 300 nm and
selective quenching in the case of the lead metal ions in the 365 nm
emission after excitation at 300 nm. Similarly, the fluorescence of AUBM-
3(Ce) at 370 nm excitation was quenched only in the case of mercury
ions. The quenching effect induced by the mercury metals was appre-
ciable with Ksv values of 1899.6 and 1192.6M-1 after exciting at 300 nm
and 370 nm respectively, a table of comparison of different luminescent
MOFs for detecting Hg(II) is given in the SI (Table S5). And shows that
the detection limit of Hg and the calculated Ksv are within the range of
the best reported MOF structures. Thus, we can say that the AUBM-3(Ce)
can be used as a selective sensor for mercury among 5 common heavy
metals. The selectivity towards metal ions of four different kinds of MOFs
under investigation is summarized in Fig. 6.

Two different trends were observed during luminescent titrations. As
found in the UV–visible absorption and fluorescence spectra, both the
MOFs (AUBM-2 and AUBM-3) have two absorbing/emitting species
depending on the excitation wavelengths (300 or 370 nm). In literature
where MOFs were employed in metal sensing applications [41], several
explanations regarding their luminescence behavior (quenching or
enhancement) have been investigated such as: (i) the ion exchange be-
tween the guest ions and the metal ions of the MOF clusters [42,43], (ii)
the resonance energy transfer [44], (iii) the collapse of the framework
upon addition of the metal ions [45] and (iv) the weak interactions be-
tween guest metal ions and the functional group within the organic
linkers of the MOFs [46]. In order to understand the mechanism behind
7

the spectral changes observed throughout the sensing studies in the
present case, several experiments were performed. The PXRD patterns of
theMOFs after sensing were recorded and showed that the crystallinity of
the frameworks was not affected (Fig. S16), which exclude the collapse of
the framework upon addition of the cations. Furthermore, no Pb, As, Cd
or Hg was observed in the SEM-EDX analysis performed on the MOFs
crystals after sensing (Fig. S17). Finally, UV–vis absorption spectra for
the metal ions and AUBM-3(Ce) were recorded, a spectral overlap be-
tween the absorption spectrum of Hg2þ solution and the absorption peaks
of AUBM-3(Ce) was observed (Fig. S20) while other metal ion solutions
do not. This overlapping suggests that the fluorescence quenching by
Hg2þ ion may be attributed to the absorption competition at the excita-
tion wavelength (300 and 370 nm) between Hg2þ solution and
AUBM-3(Ce). Moreover, as shown from the single XRD data, the OH
groups are not involved in the coordination of the lanthanide clusters of
AUBM-3 which provides an interaction site for the metal ions during
sensing. A significant red shift (30 nm) was observed by increasing Hg2þ

concentration for AUBM-2(Ce) at 370 nm, which may be caused by the
solvatochromism effect [47] suggesting a more polar environment for the
chromophore in the presence of Hg2þ. This can be possible only when
some exposed free carboxylate units from the organic linkers resulted
from the defects in the crystals (a very common phenomenon in MOFs
structures) or free OH group could be involved in the weak interactions
with the studied cations. Such adsorption enhances the fluorescence of
the MOFs, as observed for AUBM-2(Ce) at 300 nm and other metal ions.

3.6. Paraquat sensing

Paraquat (Methyl viologen, MV) is a poisonous bipyridinium com-
pound used as contact herbicide. Paraquat binds strongly to soil particles
and tends to remain strongly bound for a long time in an inactive state,
although it can also desorb again and become biologically active. Half-
life in soil can be up to 20 years. Therefore, developing a sensing tech-
nique for such compound is particularly interesting. Since our AUBM-2
and AUBM-3 incorporate Naphthalene based linkers which are known
to be electron rich species, we believe that these MOFs could interact
with electron acceptor units such as viologen. Indeed, charge transfer
(CT)_ complexes have been reported based on the interaction between
DNP or NP units and MV2þ [48].Interestingly, the fluorescence of
AUBM-2(La) and AUBM-2(Ce) were completely quenched (see Fig. 7)



Fig. 7. Fluorescence spectra of the AUBM-2(La) (A) and AUBM-2(Ce) (B) excited at 300 nm, where (1) [MV2þ]¼ 0.0 mg/mL and (2) [MV2þ]¼ 50 mg/mL at ambient
temperature.
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upon addition of MV2þ with Ksv values 21M�1 and 9M�1 respectively.
Especially, AUBM-2 (La) fluorescence was remarkably quenched as
shown in Fig. 7A. It can be noted that initially till 80mM of MV2þ, the
quenching rate for F0/F of AUBM-3(La) vs. [MV2þ] was linear as given in
inset of Fig. S18 and it obeys Stern-Volmer equation with a Ksv value
~21M�1. However, as the concentration increased, the trend showed an
upward curvature. Since AUBM-2(La) can form charge transfer complex
with MV2þ, it is expected that initially the quenching rate follows a
dynamic quenching mechanism till ~20mM and afterwards at higher
concertation of MV2þboth static and dynamic quenching mechanisms
are operative giving an upward curvature in the Stern-Volmer plot. It was
found that this quenching trend of AUBM-2(La) by MV2þcontinued till
up to 50 mg/mL, thus, it can be useful for the determination of MV2þin
environmental samples.

4. Conclusion

Four highly luminescent lanthanides-based metal-organic frame-
works were successfully synthesized using solvothermal processes. All
the four lanthanides-based MOFs were thoroughly characterized using
single crystal and powder X-ray diffraction, TGA, IR, UV–Vis, fluores-
cence studies. The luminescent properties of the all four MOFs were
explored and their ability for heavy metal sensing such as Pb (II), Cr (III),
As (III), Cd (II) and Hg (II) and paraquat were tested in solution. Among
the tested MOFs, cerium-based MOF (AUBM-3(Ce) was found to be
highly selective for mercury sensing in solution. Highly selective and
stable luminescent lanthanides design and synthesis using our current
knowledge for selective detective of heavy metal in aqueous solution is
underway in our laboratory.

The structural information of AUBM-2(La), AUBM-2(Ce), AUBM-
3(La) and AUBM-3(Ce) are available free of charge from the Cam-
bridge Crystallographic Data Centre under the reference numbers: CCDC
1,841,240, CCDC 1,841,235, CCDC 1,841,198 and CCDC 1,841,199,
respectively.
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