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A 3D microporous compound Al(OH)(H,btec)-H,O (MIL-121) containing uncoordinated carbonyl

groups is chosen as a parent metal-organic framework (MOF). And because the uncoordinated carbonyl
groups in the channels could act as postsynthetic modification sites, a robust luminescent lanthanide-
based MOF can be constructed by encapsulating Eu®* cations into the pores of MIL-121. The intense
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luminescence of Eu®* incorporated MIL-121 products demonstrates that the framework with rigid,
permanently porous structure and non-coordinated carboxyl group is an efficient scaffold for hosting and
sensitizing Eu®" cations. More significantly, the robust Eu>’ @MIL-121 shows excellent selectivity, fast
detection time (< 5 min), and high sensitivity (detection limit, 0.1 uM) for Ag" ions in aqueous solution
through greatly enhancing of the Eu®*-luminescence. This is a rare example to detect Ag™ in aqueous

solutions based on a luminescent lanthanide MOFs.

Introduction

As heavy metal ions can cause severe risks for the environment
and human health, metal ion sensing and detection are significant in
life sciences, environmental science, medicine science and nuclear
industry.' Due to human activities, the Ag" content in the vicinities
of sewage outfalls, electroplating plants, mine waste sites, and silver-
iodide seeded areas has increased. Ag' can accumulate in the human
body through the food chain and drinking water. What’s more, silver
ions are known to bind with various metabolites, including amine,
imidazole, and carboxyl groups, and inactivate sulfhydryl enzymes,”
Therefore, the deficiency of Ag’ will result in a number of
pathological disorders, such as cell toxicity and organ failure. Thus,
it is of considerable importance for the environment and human
health to establish an Ag" detection method with high sensitivity and
high selectivity. At present, among the detection methods,
fluorometric methods have gained much attention due to their
distinct advantages, i.e. facilitated detection and manipulation and
high sensitivity.” Meanwhile, there is an urgent need to develop
fluorescent chemosensors that are capable of determining of silver
ions in various media.

Metal-organic frameworks (MOFs), a class of crystalline hybrid
inorganic-organic materials
molecules and metal ions, have shown a variety of potential

constructed from organic linker
applications, such as gas adsorption,* separations,’ catalysis,® and
sensing.” Particularly, among the diverse MOFs, those displaying
interesting luminescence properties are receiving increasing
attentions because they are useful for the development of sensing
technologies.® Of particular interest are lanthanide metal-organic

frameworks (Ln-MOFs) since their fascinating optical propertiesg,
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such as large Stokes’ shifts, high color purity, and relatively long
luminescence lifetimes, make them especially attractive for sensing
applications.'® In the past decade, studies on luminescent Ln-MOFs
for sensing metal ions or organic molecules have been developed
significantly. Such progress in the sensing application of Ln-MOFs
guides and inspires us to rationally design and synthesize Ln-MOFs
for host-guest recognition and to tune their functional properties.
However, rational design and preparation of the desired Ln-MOFs
still remain a great challenge,'' which is obviously because Ln*" ions
have higher coordination numbers and more variable nature of the
Ln coordination sphere, and the open lanthanide sites formed in situ
during activation/de-solvation tend to bind back with the
oxygen/nitrogen donors from the organic linker to form a condensed
structure. Nonetheless, the above problems did not deter researchers
from exploring the luminescent lanthanide-containing MOFs.
Recently, an alternative strategy to construct lanthanide-based MOFs
is by postsynthetic method (PSM)'> whose chemical modification
can be performed on the fabricated material rather than on the
molecule precursors. This provides a new choice for building
lanthanide MOFs. An increasing number of Ln-doped MOFs
constructed by PSM have been made in recent years. This is the case
for bio-MOF-1,"* Zn(II)-MOF,"* COMOC-4,"> MOF-COOH,'® Al-
MIL-53-COOH."” Stimulated by this, herein a lanthanide doped
MOFs was prepared by PSM and developed as the luminescent
Sensor.

In this context, as a MIL-53(Al) analogue, MIL-121
(aluminium pyromellitate or Al(OH)(H,btec)-H,O, Hybtec=
pyromellitic acid), which contains two extra free carboxylic acid
functions per ligand with interesting porosity,'® was chosen as a
parent framework. The reactive nature of the uncoordinated carbonyl
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groups as well as the high thermal and chemical stabilities of MIL-
121 makes it a good candidate to bind Ln*" cations. As a result, a
new class of lanthanide luminescent MOFs was generated by
encapsulating Eu®" into MIL-121 crystals. The high luminescence of
Eu*" incorporated MIL-121 products (Eu** @MIL-121) demonstrated
that the framework with rigid, permanently porous structure and
non-coordinated carboxyl was an efficient scaffold for hosting and
sensitizing Eu®" cations. More significantly, the Eu**@MIL-121 was
developed as highly selective and sensitive fluorescence probe
targeting Ag’ ions in aqueous solutions, which could be proved by
the fact that Eu’*@MIL-121 exhibits an impressive enhancing
phenomenon upon the typical Eu-luminescence in the case of Ag"
ions. Although considerable efforts have been devoted for the
development of fluorescent chemosensors specific for cations, there
are only a handful of reports on molecular probes for Ag™ ions and,
to the best of our knowledge, there are fewer reports about the Ag"
optical sensor based on the lanthanide luminescence MOFs.

Experimental section

Materials and instrumentation. The salts of LnCl;-6H,O were
prepared by dissolving the corresponding lanthanide oxide
compounds in excess hydrochloric acid (37 %) followed by
evaporation and crystallization. pyromellitic acid (98 %) was
purchased from Adamas and wused directly without further
purification. All the other starting materials and reagents were all
AR and used as purchased. The crystalline phases of the products
were determined by X-ray powder diffraction patterns (XRD) using
a Rigaku D/max-Rb diffractometer equipped with Cu anode. Fourier
transform infrared spectra (FTIR) were recorded with a Nexus 912
A0446 infrared spectrum radiometer within the wavenumber range
4000 — 400 cm™ using the KBr pressed technique. Excitation and
emission spectra of the solid samples were obtained on Edinburgh
FLS920 spectrophotometer. Thermogravimetric analysis (TG) was
measured using a Netzsch STA 449C system at a heating rate of 5 K
min” under the nitrogen protection. Luminescence lifetime
measurements were carried out on an Edinburgh FLS920
phosphorimeter using a 450 W xenon lamp as excitation source. The
outer absolute luminescent quantum efficiency was determined using
an integrating sphere (150 mm diameter, BaSO, coating) from an
Edinburgh FLS920 phosphorimeter. The quantum yield can be
defined as the integrated intensity of the luminescence signal divided
by the integrated intensity of the absorption signal. The absorption
intensity was calculated by subtracting the integrated intensity of the
light source with the sample in the integrating sphere from the
integrated intensity of the light source with a blank sample in the
integrating sphere.

Synthetic Procedures.

Typical synthesis of MIL-121. The compound MIL-121 was
prepared by hydrothermal reaction of AI(NO;);-9H,O (1.2 g, 3.2
mmol) and pyromellitic acid (noted Hybtec, 0.4 g, 1.6 mmol) in 5
mL of deionized water at 210 °C for 24 hrs. The starting pH value
was 1.41 and 0.26 at the end of the reaction. It resulted in a white
powdered product, which was filtered off, washed with deionized
water, and dried at 80 °C for 12 hrs in vacuum.'® To remove the
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organic species encapsulated within the pores of the open
framework, the samples were activated by Soxhlet extraction in
methanol for 24 h and then dried at 80 °C under vacuum overnight.
Eu’*@MIL-121 Preparation. Eu’*@MIL-121 was prepared by
stirring the mixture of 100 mg of MIL-121 and 2 mmol EuCl;-6H,0
in 10 mL ethanol at 60 °C for 48 hrs. The solid was then separated
from the mixed dispersion by centrifugation, and extensively washed
with ethanol to remove residual Eu’" cations on the surface.
Subsequently, the resulted white powder was dried under vacuum at
80 °C for 12 hrs.

Luminescence-sensing experiment. 3 mg of Eu@MIL-121 were
simply immersed in the aqueous solutions of M(NO,), (10 mol-L™,
3 mL) at room temperature (M*" = Na*, K', Mg®’, Ca®", AI*", Cr’",
Mn2+, Fe3+, C02+, Ni2+, Cu2+, Ag+, Zn2+, Cd2+, Hg2+, Pb2+).7a,103 The
mixtures were then sonicated for 30 min to form the metal ion-
incorporated suspension for luminescent measurements.

Results and discussion

Characterization of Eu**@MIL-121
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Figure 1 PXRD of MIL-121 (black line) and Eu**@MIL-121 (blue line).

The compound MIL-121 was solvothermally synthesized by
mixing aluminum nitrate, pyromellitic acid, and H,O. The powder
XRD pattern of the resulted product (Figure 1) agrees well with the
literature value.'® The MIL-121 is a three-dimensional (3D)
framework containing one-dimensional (1D) channels delimited by
infinite trans-connected aluminum-centered octahedral AlO4(OH),
linked through the pyromellitate ligand. Here only two carboxylate
arms of the pyromellitate play the role of linker while the two others
remain non-bonded in their protonated form. The non-coordinated —
COOH groups points toward the channels to get them an open form
configuration. The free -COOH can be found in the IR spectrum of
MIL-121 (Figure S1). The bands at 3015, 2659, and 2528 cm™' are
assigned to the vco-y modes of free —-COOH functions. In the range
of 1600 — 1800 cm™, we can differentiate the non-bonded —COOH
groups and those connected to aluminum. The peak at 1600 cm’
corresponds to the stretching vibration of carboxylate coordinated to
the cation, whereas the vibrations at 1737 and 1716 cm’ are
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assigned to non-coordinated functions.'® This structure was
postfunctionalized with a solution of europium (II) chloride in
ethanol. The Eu>* @MIL-121 could be formed by the coordination
interactions between the free -COOH of MIL-121 and the Eu*" ions.
As shown in Figure S2, the absorption band of MIL-121 shows a
significant red-shift (~13 nm) after binding to Eu’" ions. This
indicates the formation of coordination bonds between the Eu®" ions
and free -COOH of MIL-121."5 After encapsulating Eu*" cations
into MIL-121, the material retains its crystallinity well as evidenced
by the powder XRD pattern (Figure 1), and the same XRD pattern of
Eu*’@MIL-121 with that of MIL-121 also implies that the Eu’*" ions
are located in the channels of MIL-121 rather than on its skeleton.

The as-prepared Eu’’@MIL-121 was also monitored by TG
analysis and N, adsorption-desorption. The TG curve of the MIL-
121 in Figure 2a exhibits two events. The first one is the elimination
of trapped solvent in the pores (~1.5 wt %). The MIL-121 material is
thermally stable up to 400 °C, above which the total decomposition
of the organic ligand (calc.68.6 %) occurs in two steps. The first
weight loss of 10 wt % between 400 and 430 °C is due to the
departure of two CO, molecules from the non-coordinating -COOH
groups (calc. 8 %). The second step between 430-560 °C is
indicative of the decomposition of the ligand (obs. 53 wt %; calc. 60
%). As for Eu*'@MIL-121, the incorporation of Eu®" cations does
not influence the thermostability of the framework. The TGA data
demonstrates Eu** @MIL-121 is thermally stable to 400 °C, implying
the good thermal stability of Eu**@MIL-121. The MIL-121 particles
maintain their microporosity after guest removal, as demonstrated by
N, sorption isotherm (Figure 2b) showing the BET surface areas of
173 m* g'. The value, which is in reasonable agreement with the
result reported by Christophe Volkringer et al,'® is much lower than
the ones determined for the parent compound MIL-53 (BET: 1140
m’ g)."” The decrease of the BET surface area could be attributed to
the steric hindrance of the free non-coordinated carboxyl groups
within the channels, which reduce the access of N, molecules. After
incorporating Eu®" cations, the Eu’*@MIL-121 shows a reduced
BET surface area of 102 m* g™
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Figure 2 Thermal gravimetric analysis (a) and N, adsorption-desorption
isotherms (b) of MIL-121 and Eu*'@MIL-121.

Luminescence properties of Eu**@MIL-121

The room-temperature solid-state photoluminescent emission
spectra of the MIL-121 and Eu*"@MIL-121 are shown in Figure S3
and Figure 3, respectively. The MIL-121 displays weak
luminescence with a wide band centered around 340 (360) nm when
excited by 305 (315) nm. After post-synthetic functionalization of
Eu®’, the ligand-centered (LC) emissions are significantly
suppressed. Instead, a series of sharp peaks characteristic of Eu*"
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luminescence appear at 579, 592, 614, 650, and 695 nm,
corresponding to the *Dy—’F, (J = 0—4) transitions, respectively.
The 614 nm emission has maximum intensity, demonstrating that the
incorporated Eu’" ions occupy sites without an inversion center and
have low crystal field symmetry.?® This is further confirmed by the
presence of 579 nm emission, because this peak only occurs when
Eu®" symmetry is low." The diminished LC emission in Eu** @MIL-
121 and the strong red luminescence under UV-light irradiation
(inset of Figure 3) indicate that antenna effect occurs, that is, energy
migration takes place upon ligand absorption, followed by
intersystem crossing S;—T; and antenna T;—f transfer, and then
generating f—f emissions of Eu®" ion. Moreover, Eu**@MIL-121
exhibits reasonable long lifetimes (0.31ms) and quantum yields (6
%), which are attributed to the effective energy transfer from the
ligand to the Eu**. From the above results, we can conclude that
MIL-121 can serve as an efficient scaffold for hosting and
sensitizing the luminescence of Eu*".
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. Aem:614nm . kexz315 nm
=) D>'F
<
2
é}
(D]
g
(]
=
g
(]
(=4
200 300 400 500 600 700
Wavelength / nm

Figure 3 Excitation and emission spectra of Eu*" @MIL-121. The inset is the
corresponding luminescence pictures under UV-light irradiation of 254 nm.

The luminescence properties of Eu’’@MIL-121 in aqueous
solution have also been investigated in Figure S4. Compared to the
solid-state PL spectra of Eu''@MIL-121, the ligand-centered
emission of Eu’’@MIL-121 in aqueous solution cannot be
suppressed by the luminescence of Eu®" because of the quenching
effect of water molecules. However, the Eu>*@MIL-121 in aqueous
solution exhibits excellent fluorescence stability at room
temperature. The luminescence intensity of Eu’’@MIL-121
suspension has no obvious change for at least 10 days’ storage
(Figure S5), implying that Eu’*@MIL-121 possesses great potential
as a fluorescence material for sensing in aqueous solution.
Sensing of Ag" cations

To examine the potential of Eu*'@MIL-121 for sensing of
metal ions, the as-synthesized samples were immersed in the
aqueous solutions containing different metal ions (Na*, K*, Mg*",
Ca*, AI*, cr’f, Mn*, F**, Co®', Ni*", ,Cu**, Ag’, Zn**, Cd*,
Hg?*, Pb*") to form the metal ion incorporated MOF suspension for
luminescent studies. As shown in Figure 4, various metal ions
display markedly different effects on the luminescence of Eu®" ions.
For example, the luminescence intensity at 614 nm is decreased
when Zn*', Hg*", Mn*", Pb*", Ni**, Co*, AI*", Cu*’, Cr*", or Fe**
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Figure 4 (a) Suspension-state PL spectra and (b) the relative intensities of
Dy—"F, at 614 nm for Eu’+@MIL-121 dispersed in aqueous solutions
containing different metal ions (10 mM) when excited at 315 nm. The inset in
Figure (b) is the corresponding photographs under UV-light irradiation at 254
nm.
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Figure 5 Fluorescence lifetime of Eu*" @MIL-121 in the absence (black)
and presence (red) of Ag”in aqueous solution.
are involved, and Cu?*, Cr’", or Fe* can almost quench the
luminescence of Eu®". In contrast, the interaction with Ag'
drastically enhanced the luminescence intensity, with a maximum of
more than 5.0 times as much as that of the original one. The rest of
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the metal ions (K*, Ca®*, Na*, Cd*", Mg?") tested did not cause any
significant change to the intensity of the luminescence. As a result,
only the sample immersed in aqueous solution containing Ag"
provided direct information of visibly red luminescent color with
naked eyes when irradiated under UV light of 254 nm, as shown in
the inset of Figure 4b. These results indicate that Eu*'@MIL-121
can selectively sense Ag" ions through fluorescence enhancement,
which was quite rare in the previous reports on luminescent MOFs.
In addition, the enhancement effect of Ag” on the luminescence of
Eu*’@MIL-121 was evaluated by the fluorescence decay time of
Eu*’. Figure 5 shows that the emission lifetimes of Eu*" @MIL-121
significantly increase from 0.21 ms to 0.98 ms in the presence of
Ag". This observation is in good agreement with the results of PL
spectra. The influence of other metal ions on the lifetime of Eu®* was
also determined. The lifetime data shown in Table S1 also agree with
the responses of luminescence of Eu*’@MIL-121 towards various
metal cations.
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Figure 6 (a) Variation of fluorescence intensity of Eu**@MIL-121 at 614 nm
with immersion time in Ag’ solution, As=315nm; The inset is the
corresponding change of emission intensity when treated with Ag" for 5 min.
(b) Linear relationship of fluorescence intensity at 614 nm as a function of
interaction time.

To investigate the time-response characteristic of the
Eu*’@MIL-121 sensor toward Ag’, the fluorescence intensity of

Eu”@MIL-121 at 614 nm (A, = 315 nm) was measured as a

This journal is © The Royal Society of Chemistry 2012
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function of immersion time in aqueous solution of 10 mM Ag".
Figure 6 shows the time-response PL spectra (a) and curves (b)
within 4h, respectively. As depicted in Figure 6 (a) and (b), with the
interaction time between Ag" and Eu**@MIL-121 increasing, the PL
intensity of the sample was continuously enhanced. When the
immersing time is 24 hrs, the luminescence intensity reached a
constant value (Figure S6). From the inset of Figure 6a, we can see
that when the Eu’*@MIL-121 was treated with Ag" solution for 5
min, the highest peak at 614 nm was increased to more than 2.0
times as intense as the corresponding band of the original one. This
indicates Ag'-induced fluorescence enhancement reaction is fast.
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Figure 7 Fluorescence intensity of Eu**@MIL-121 at 612 nm as a function
of Ag' concentration in aqueous solution (A=315nm). Insert: linear
relationship of Eu**@MIL-121 enhanced by Ag" aqueous solution.

For better understanding the response of fluorescence of
Eu’’@MIL-121 to Ag’, concentration-dependent luminescence
measurements were also carried out. The Eu**@MIL-121 solid
samples were immersed in different concentrations of Ag" for 24 h,
and then their luminescence spectra were recorded. As demonstrated
in Figure 7, the emission intensity of Eu’’@MIL-121 suspension
enhanced accordingly with the increase of Ag” concentration from 0
to 100 uM. In other words, the fluorescence response of Eu* @MIL-
121 toward Ag" was linear when measured in the range 0 — 100 uM
of Ag" (inset of Figure 7). From these data, we have estimated the
detection limit of Eu** @MIL-121 to be 0.1 pM. This detection limit
met a 50 pg L' (about 0.46 pM) standard of U.S. Environmental
Protection Agency (EPA) for a maximum allowable level of Ag" in
drinking water.”!

In order to make a further understanding of the phenomenon
that Ag'-enhanced the luminescence of Eu®’, the powder XRD was
employed to study on the structural data of the Eu**@MIL-121 and
Ag/Eu** @MIL-121 (Figure 8). The powder XRD patterns of the
Ag'/Ei’’@MIL-121 are similar to that of Eu’’@MIL-121,
suggesting that the basic frameworks remain unchanged in the
compounds, namely, the presence of Ag" did not affect the structure
of Eu**@MIL-121. It is well-known that the luminescent intensity of
the Ln" relies on the efficiency of the energy transfer from the
ligand to Ln*" center.”” If there is efficient intramolecular energy
transfer, Ln®" can be excited more effectively, producing an
enhanced fluorescence of lanthanides. It has been reported that the
energy transfer process is more effective with the addition of certain

This journal is © The Royal Society of Chemistry 2012
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transition metal ions.”> Herein, we attribute the enhancement of
luminescent intensity of Eu’'@MIL-121 to that Ag" cause more
efficient energy transfer from ligands to Eu®" ions, as depicted in
Scheme 1. This is consistent with the results of suspension-state PL
spectra of Eu’’@MIL-121 in the absence and presence of Ag'.
Figure S7 shows their excitation spectra monitored by emission
wavelength at 614 nm, both of them show the similar broad band

! A

Relative Intensity / a.u.

Eu’ @MIL-121

8 12 16 20 24 28 32 36 40
2 Theta/°

Figure 8 PXRD patterns of the Eu**@MIL-121 after immersing in aqueous
solution with Ag" ions.
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Figure 9 The excitation spectra of Eu’ @MIL-121 in the absence (black) and
presence of Ag (red) in aqueous solution. The insert is the corresponding
photographs under UV-light irradiation at 254 nm.

centered at 315 nm which can be ascribed to the m—n* electron
transitions of the ligands. When excited at 315 nm, the PL emission
spectrum (Figure 9a) of the Eu*'@MIL-121 suspension features in
observation of two kinds of luminescence. One is the characteristic
Eu®" sharp emissions and the other is the broad ligand-centered
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emission (370 nm). The absence of the typical intra-configurational
transitions of Eu" in the excitation spectra and the characteristic
emissions of Eu®" in the emission spectra corroborate an energy
transfer from the organic ligand to the metal ions, but the intense LC
emission in the emission spectra indicates that the energy transfer
may not of good efficiency (the intensity ratio Igyei4y/ILigand OF the
SDy—F, line at 614 nm to that of LC emission at 365 nm is 1.4). By
contrast, the basically diminished LC emission and the enhanced
Eu**-luminescence of Eu>* @MIL-121 in the presence of Ag™ (Figure
9b) indicate the energy transfer is more effective (Igy14y/ILigand = 12)-
As a result, with the addition of Ag’, the fluorescence color of
Eu’’@MIL-121 suspension changed from colorless to intense red
under a 254 nm UV lamp (inset in Figure 9 ), which can be easily
distinguished by the naked eyes.

Scheme 1 Illustration of the fluorescence enhancement of Eu”" @MIL-121 by
Ag'.

As luminescent probes, the Eu’’@MIL-121 not only have
highly selective and sensitive characteristics but also possesses a
stable and robust structure (its frameworks still keeps unchanged in
aqueous solution containing various mental ions, shown in Figure
S8). It is helpful to extend the potential application of Ln-MOFs to
the environment areas.

Conclusions

In summary, a new class of lanthanide luminescent MOFs was
generated by postsynthetic modification of encapsulating Eu*" into
the pores of MIL-121. The framework with rigid, permanently
porous structure and non-coordinated carboxyl could serve as an
efficient scaffold for hosting and sensitizing Eu’" cations,
demonstrated by the strong luminescence with addition of reasonable
lifetimes and quantum yields of Eu*’@MIL-121 products. More
significantly, the Eu*" @MIL-121 was performs as a rare example of
highly selective and sensitive fluorescence probe for Ag” ions in
aqueous solutions, which could be proved by the fact that
Eu’’@MIL-121 exhibits an impressive enhancing phenomenon upon
the typical Eu-luminescence in the case of Ag' ions. As a sensing
material for Ag", Eu**@MIL-121 has features including simple
preparation procedure, robust rigid structure, excellent selectivity,
fast detection time (< 5 min), and high sensitivity with a detection

6 | J. Name., 2012, 00, 1-3

limit of 0.1 pM. Although Ag'-induced luminescence enhancement
of Eu"'@MIL-121 was shown, the principle of Ag’-enhanced
fluorescence might be used to improve the fluorescence of other
LnMOFs. The related studies are currently under way.
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