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A ratiometric fluorescent probe based on a dual-
ligand lanthanide metal-organic framework (MOF)
for sensitive detection of aluminium and fluoride
ions in river and tap waterf
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In this study, a ratiometric fluorescent probe towards Al** and F~ using a lanthanide metal-organic frame-
work material, Eu-BDC-NH,/TDA, is employed, which is composed of a metal centre Eu®*, BDC-NH, and
a TDA dual ligand. This three-dimensional frame structure selectively detects A** and F~ with a low limit
of detection of 0.14 and 0.46 pM, respectively, accompanied by a naked-eye identification specificity in
the range of 0-1000 pM. The detection mechanism of Eu-BDC-NH,/TDA towards A" is due to the col-
lapse of the framework and coordination interaction between A** and the ligand, and that towards F~ is
due to a hydrogen-bond interaction, as evidenced by powder X-ray diffraction, Fourier-transform infrared
spectroscopy, X-ray photoelectron spectroscopy and N, adsorption—desorption analysis. Furthermore,
practical application of Eu-BDC-NH,/TDA is successful for the detection of AI** and F~ in river and tap
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1. Introduction

Metal ion pollution, which accompanied the development of
the modern industry,"” is detrimental to human health and
ecological balance. As the third most abundant essential metal
element in the Earth’s crust, AI’* and its compounds are exten-
sively used in daily human activities, including water treat-
ment, food processing and pharmaceuticals.>* Owing to such
widespread use, AI** exists widely in the environment and
surface water. However, excessive concentrations of AI** in the
human body are toxic and can lead to a wide range of diseases,
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such as neurotoxicity, breast cancer, liver damage, Parkinson’s
disease, and Alzheimer’s disease.”® The World Health
Organization (WHO) has set a maximum limit of 200 pg L™
for AI** concentration levels in drinking water.’

Similarly, anions also play an indispensable role in chemi-
cal and biological applications."® For example, F~ is important
for human and environmental health.'" In appropriate con-
centrations it can be used to treat osteoporosis.'”> However,
excessive levels of F~ in the human body can lead to a range of
negative health effects such as fluorosis, urolithiasis, neurode-
generative diseases, and even death.*™" Owing to its toxicity,
the WHO advises restricted levels of F~ in drinking water up to
1.50 mg L™".*°

Currently, the detection of AI’** and F~ is mostly accom-
plished through methods such as high-performance liquid
chromatography (HPLC), inductively coupled plasma optical
emission spectrometry, inductively coupled mass atomic emis-
sion spectrometry, atomic absorption spectroscopy, atomic
fluorescence spectroscopy (AFS), ion chromatography, Raman
spectroscopy, etc.'”"° The limitations of these methods
include expensive instrumentation, long hours for analysis,
complex sample preparation, and lack of selectivity,>***
making them inconvenient for widespread use. Thus, it is vital
to explore an accurate and efficient method for detecting them
in environmental systems, particularly in drinking water.

This journal is © the Partner Organisations 2023
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Compared with other analytical methodologies, fluorescent
chemosensors have been rapidly developed, owing to their high
sensitivity and selectivity, short response time, operational sim-
plicity, low cost, and real-time monitoring ability.>>*

Among the various fluorescent materials, lanthanide-based
metal-organic frameworks (Ln-MOFs) are considered a prom-
ising sensing material owing to their excellent fluorescence
performance, which is derived from f-f transitions through an
“antenna effect”. High colour purity, light emission in the
visible range, large Stokes shift, ultrahigh porosity, and
tunable structures increase their recognition abilities for
analytes.”>” For the MOF assay of analytes, the emission
signal from fluorescent probes is sufficient for the quantitative
analysis of the target analytes; however, it is still easily inter-
fered with by external factors during fluorescence intensity
measurements.”® A dual-emission strategy to construct ratio-
metric fluorescence sensors can solve the aforementioned pro-
blems. Double emission peaks create a self-calibration mecha-
nism that helps to reduce environmental interferences and
improve the low detection limit.>***° In addition, dual-emis-
sion sensors can also make differentiated colours visible to the
naked eye.*' A dual-ligand strategy is an effective approach to
achieve dual-emission and specific recognition of a Ln-MOF as
a ratiometric fluorescence sensor for targeted analysis. In the
dual-ligand Ln-MOF, one ligand sensitizes the Ln*" ion,
whereas the other maintains its own emission and performs
its own distinct emission. This configuration allows for selec-
tive ratiometric sensing and visible detection of the target.*?
Besides, the dualligand strategy can simplify the MOF syn-
thesis process to an extent. However, it often requires complex
steps, harsh conditions, and expensive raw materials to syn-
thesise a single-ligand framework with multiple different
ligand sites and specific configurations. In contrast, a dual/
multi-ligand strategy can introduce two/several different types
of simple organic ligands to meet the various coordination
requirements of metal ions and obtain MOFs with novel struc-
tures and excellent properties.>® However, the sensing ability
of dual-ligand ratiometric Ln-MOFs of AI>" and F~ has been
rarely studied.

Taking advantage of the excellent optical properties of ratio-
metric Ln-MOFs, herein, a new dual-emission Eu-MOF [Eu
(TDA)(BDC-NH,), 5(DMA)] (referred to as Eu-BDC-NH,/TDA)
has been synthesised, using 2-aminoterephthalic acid
(BDC-NH,) and 2,5-thiophenedicarboxylic acid (TDA) as the
dual ligands, and then structurally characterised. The MOF
exhibits good stability in ethanol, high sensitivity and selecti-
vity, good anti-interference ability, and a short response time
toward AI** and F~ upon tuning the emission ratio between
the ligand-based and Ln*" metal-based luminescence. Eu(TDA)
(BDC-NH,),.5(DMA) has the ability to detect AI** and F~ at very
low concentrations, with limits of detection as low as 0.14 and
0.46 pM, respectively. This makes it an extremely sensitive fluo-
rescent probe for AI** and F~ detection. Moreover, to the best
of our knowledge, this is the first example of a dual-ligand
ratiometric fluorescence Eu-MOF sensor for Al’* and F~
simultaneously.
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2. Experimental section
2.1. Synthesis of Eu-BDC-NH,/TDA

A mixture of Eu(NO);-6H,O (0.8921 g, 0.2 mmol), BDC-NH,
(0.0242 g, 0.14 mmol), TDA (0.0508 g, 0.28 mmol), 2 ml of
DMA, and 8 mL of H,O was stirred for 60 min and then trans-
ferred into a 25 mL Teflon-lined stainless steel vessel. After
maintaining the mixture at 110 °C for 72 h, the reaction
system was slowly cooled to room temperature at a rate of 5 °C
h™". The resulting brown transparent block-like crystals were
collected after being washed with DMA and deionised water
several times to rid them of excess metals and ligands. The
yield of the Eu-BDC-NH,/TDA crystal was 87%

2.2. Sensing experiment

An Eu-BDC-NH,/TDA suspension was prepared by dissolving
the powder in ethanol at a concentration of 0.2 mg mL™".
Then, 2700 pL of the Eu-BDC-NH,/TDA suspension and 300 pL
of different concentrations of AlI** or F~ solvents were added to
4 mL centrifuge tubes and transferred to quartz cuvettes after
3 min of uniform stirring. The suspensions were immediately
monitored for photoluminescence. Emissions between 380
and 660 nm were observed with 1 nm increments under exci-
tation at 361 nm. Finally, the fluorescence intensities of the
strong emission peaks at 430 and 621 nm were recorded. A
standard calibration curve was created by plotting the fluo-
rescence intensity ratios of I,3¢/Is»; at AP**/F~ concentrations in
the range of 0-5000 pM, which enables the quantitative
measurement of AI** or F~ in the samples.

In addition, selectivity tests of Eu-BDC-NH,/TDA were
carried out in the presence of the same dosage of interferential
metal ion solutions (M(NO;),, 0.01 M, M** = Ca®>", Cu®", Co*",
Zn**, Fe**, Fe**, Ni**, Cr**, K, Na*, NH,", Pb**, Hg*>" Ag") and
halogen anion solutions (K M, 0.01 M, M = CI", Br , I).
Furthermore, a 300 pL 0.01 M M(NO;),/K,M solution or H,O
was added to replace AI** and F~. Alongside the assay, an anti-
interference sensing experiment was conducted by introducing
various interfering substances while maintaining the same
dosage of AI** or F~.

The sensitivity towards AI** and F~ in the actual water
samples was tested using river or tap water replacing deionised
water. The river water used was taken from the Jilin section of
the Songhua River and filtered, and the tap water was taken
from the Key Laboratory of Fine Chemicals of Jilin Province.

3. Results and discussion
3.1. Characterization of the structure

A Cambridge Crystallographic Data Centre (CCDC) number
22195531 was assigned to Eu-BDC-NH,/TDA by the Cambridge
Crystal Database and the details are provided in the ESI
(Tables S1-S3t). X-ray single crystal diffraction analysis shows
that Eu-BDC-NH,/TDA crystallised in the triclinic crystal
system and the P1(2) space group; the asymmetric unit of Eu-
BDC-NH,/TDA is composed of one Eu*" ion, one TDA ligand,
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Fig. 1 Crystal structure of Eu-BDC-NH,/TDA. (A) The asymmetrical unit
of Eu-BDC-NH,/TDA. (B) The coordination environment of the Eu() ion.
(C) 1D chain formed by the clusters. (D) The 3D frameworks of Eu-
BDC-NH,/TDA.

one half of the BDC-NH, ligand and one coordinated DMA
molecule (Fig. 1A). There was one crystallographically indepen-
dent Eu** ion coordinated by four carboxyl oxygen atoms (O1,
02, 03, and O7) from four TDA ligands, three oxygen atoms
(04, 04, and O5) from 1.5 BDC-NH, ligands, and one oxygen
atom (06) from a coordinated DMA molecule, forming a dis-
torted square antiprism coordination geometry (Fig. 1B). The
bond lengths of Eu-O that link to TDA range from 2.286(9) to
2.381(5) A, those of Eu-O that link to BDC-NH, range from
2.389(7) to 2.878(6) A, and those of Eu-O that link to a DMA
molecule are 2.372(5) A. Two Eu®" ion centres are bridged by
two carboxylate groups of two TDA ligands and one carboxylate
group of BDC-NH, to generate a secondary building unit
(SBU), and the Eu--Eu distance is 4.047(4) A. Each
Eu2 metallic cluster is connected by the carboxylate groups to
form a one-dimensional (1D) chain structure along the b-axis
(Fig. 1C). These 1D chains are then linked by TDA ligands,
together forming a two-dimensional (2D) network along the ab
plane. The 2D network is further interlinked by BDC-NH,
ligands to construct a 3D framework (Fig. 1D).

Then, the phase purity of Eu-BDC-NH,/TDA was ascertained
by powder X-ray diffraction analysis (PXRD). As shown in
Fig. 2A, the diffraction peaks of the as-synthesised MOF
matched the simulated peaks from the single crystal analysis,
displaying excellent phase purity and the crystalline nature of
Eu-BDC-NH,/TDA. In addition, the Fourier-transform infrared
(FT-IR) spectra in the characteristic absorption peak of
BDC-NH,, TDA, and the as-synthesised Eu-BDC-NH,/TDA after
dehydration in the range of 4000-400 cm™' are listed in
Fig. 2B for comparison. Evidently, Eu-BDC-NH,/TDA and the
ligands all have a strong broad peak at 3423 cm™', which is
attributed to the overlap of the stretching vibration of -OH
and the stretching vibration of -NH,.>**> After synthesis of the
Eu-BDC-NH,/TDA MOF, the asymmetric stretching peaks of
C=0 from the carboxyl group at 1663 cm ' in TDA and
1690 cm™' in BDC-NH, were significantly blueshifted to
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Fig. 2 (A) PXRD patterns of Eu-BDC-NH,/TDA, Al@Eu-BDC-NH,/TDA
and FQEu-BDC-NH,/TDA. (B) FT-IR spectra of TDA, BDC-NH, and Eu-
BDC-NH,/TDA.

1597 cm™" in Eu-BDC-NH,/TDA, likely because of the coordi-

nation between the carboxylate groups and the Eu®* ions.*®?”
Furthermore, a broad band of approximately 3000 cm™" dis-
appeared from Eu-BDC-NH,/TDA, demonstrating that the car-
boxyl group of TDA and BDC-NH, were deprotonated to form
Eu-BDC-NH,/TDA successfully.*®

3.2. Stability of Eu-BDC-NH,/TDA

Probe materials must possess stability to satisfy practical appli-
cations. Ethanol immersion experiments were carried out for
seven days. As shown in Fig. S1A,T the fluorescence intensity
of the Eu-BDC-NH,/TDA suspension (0.2 mg mL™") exhibited
negligible change after seven days, and the rate of character-
istic emissions of BDC-NH, and Eu®’, at 430 and 617 nm
respectively, showed slight changes (Fig. S1Bft), proving that
the structural framework maintains good fluorescence stability
in ethanol solution.

Furthermore, thermal gravimetric analysis (TGA) of the Eu-
BDC-NH,/TDA crystal was performed to evaluate the thermal
stability and the corresponding spectra were recorded at room
temperature to 800 °C (Fig. S2At). The TGA curve of Eu-
BDC-NH,/TDA showed that it remained stable until 235 °C,
whereafter two weight-loss steps were detected. The rate of the
first clear weight-loss step was from 235 °C to 335 °C, which
corresponds to the loss of DMA molecules with a weight-loss
of 18.01% (calculated: 18.06%). The second weight-loss step
started at approximately 430 °C, where the collapse of the
MOF skeleton, with the loss of BDC-NH, and TDA ligands, was
observed. This demonstrated the excellent thermal stability of
the Eu-BDC-NH,/TDA framework.

Overall, the immersion and thermal stability experiments
indicate that Eu-BDC-NH,/TDA maintains good thermal and
fluorescence stability in the testing environment, making it a
promising material for the practical application of sensors.

3.3. Luminescence emission properties of Eu-BDC-NH,/TDA

To select the optimal medium to achieve the best detection
effect, the fluorescence spectra of Eu-BDC-NH,/TDA dissolved
in different organic solvents were investigated. A fully milled
sample of 0.6 mg of Eu-BDC-NH,/TDA was dispersed in
different organic solvents, each 3 mL, including isopropanol
(IPA), N,N-dimethylformamide (DMF), methanol (MeOH),

This journal is © the Partner Organisations 2023
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ethanol (EtOH), benzene (PhH), acetylacetone (AC), acetonitrile
(CH;3CN), ethyl ether (Et,0), N,N-dimethylacetamide (DMA),
ethylene glycol (EG) and H,O. The fluorescence spectra are
shown in Fig. S2B.{ Notably, H,O displays a remarkably strong
emission peak at 430 nm and shows blue fluorescence under
UV light, which is disadvantageous for the establishment of
ratiometric fluorescent sensors. On the other hand, IPA; DMF,
MeOH and EtOH presented stronger emission peaks at
621 nm and a smaller ratio of I,30/ls,; compared to the other
organic molecules. In light of these test results, fluorescence
detection was performed in an ethanol solvent. Furthermore,
response time is also a key aspect of a luminescent probe. As
Fig. S3 and S41 show, when AI>* and F~ are added into the Eu-
BDC-NH,/TDA solution, the emission spectrum can reach a
transient steady state and the ratio of I,30/ls5; reached a
maximum at about 3 min, presenting a quick response time.
The fluorescence spectra of isolated BDC-NH,, TDA, Eu-
BDC-NH,/TDA and Eu-BDC-NH,/TDA in a solid state were
recorded at room temperature (Fig. 3A). It is observed that
BDC-NH, possesses a green-yellow fluorescence emission at
566 nm (dex = 361 nm), which is attributed to the n-n* or n-n*
transitions of BDC-NH,.>* Upon the formation of Eu-
BDC-NH,/TDA, the green-yellow fluorescence of BDC-NH,
decreases, indicating that there exists an energy transfer from
BDC-NH, to the Eu-MOF.?° Eu-BDC-NH,/TDA and Eu-TDA
showed the characteristic emission peaks of Eu®* at 594, 621,
655, and 705 nm corresponding to the °Dy — “F; (J = 1, 2, 3, 4)
transitions,*" respectively. However, TDA is non-fluorescence,
which indicates that TDA can sensitize the fluorescent prop-
erty of Eu®* ions efficiently. Additionally, this was verified by
Reinhold’s empirical rule; if the energy gap AE (1nn*-3nn*) of
the ligand is >5000 cm™, there is an effective intersystem
crossing process.*>** The singlet-state (1nn*) level is
39841 cm™! for H,TDA*” and 21 786 cm™* for BDC-NH,.** The
triplet-state energy (3nn*) levels of H,TDA and BDC-NH, are
29069 cm™! and 17214 cm™. The AE values of H,TDA and
BDC-NH, between S1 and T1 are 18 055 cm ™" and 11 855 cm ™,
respectively. These two ligands absorb light leading to an
effective intersystem crossing process. However, to avoid the
dominance of the energy back-transfer process and achieve
effective sensitization, ideally, the triplet-state energy needs to
be at least 3000 cm™" above the excited state of Ln*".** As a
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Fig. 3 (A) Solid-state fluorescence spectra of the BDC-NH, ligand, TDA
ligand, Eu-TDA and Eu-BDC-NH,/TDA. (B) Simplified Jablonski diagram
of the energy transformation in Eu-BDC-NH,/TDA.
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result, the energy difference between the lowest triplet state of
H,TDA and the energy level of Eu** ions (°D,) is 4636 cm™*
and that of BDC-NH, is 62 cm™'. Therefore, BDC-NH, is not
efficient for sensitizing the fluorescence of Eu®*, whereas
H,TDA is suitable owing to an “antenna effect”. The simplified
Jablonski diagram of the energy transformation in Eu-
BDC-NH,/TDA is shown in Fig. 3B.

3.4. Ratiometric fluorescent detection of Eu-BDC-NH,/TDA
towards AI** and F~

The detection sensitivity of Eu-BDC-NH,/TDA as a sensor for
APP*/F™ is an important criterion. To evaluate the relationship
between the changes in the luminescence intensities of Eu-
BDC-NH,/TDA and concentrations of AI**/F~, corresponding
experiments were performed by gradually adding AI** or F~
with different concentration gradients (0-5000 pM) into well-
dispersed ethanol suspensions of Eu-BDC-NH,/TDA, and the
intensities of 430 and 621 nm transition were monitored. The
fluorescence spectra at different concentrations of AI** are
shown in Fig. 4A, and the luminescence intensity variations at
430 and 621 nm are listed in Fig. 4B. Those of F~ are listed in
Fig. 5A and B. As the concentrations of AI** and F~ increased,
the fluorescence intensity at 621 nm decreased gradually,
while the fluorescence at 430 nm recovered and exhibited blue-
shift simultaneously, resulting in the rise of the I,3/Is,; value.
As shown in Fig. 4C and 5C, the I 30/Is,; value increases line-
arly as the AI>* or F~ concentration increases and a good linear
relationship (Y = 2.31919 + 0.19573X (R* = 0.99021), Y =
—0.35952 + 0.1025X (R* = 0.99751) is obtained between 0 and
1000 pM. Furthermore, the limits of detection (LODs) (30/k) of
AI** and F~ were calculated to be 0.14 and 0.46 pM, far lower
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Fig. 4 (A) Fluorescence emission spectra of Eu-BDC-NH,/TDA in the
presence of different concentrations of Al**. (B) Relationship between
the luminescence intensities of 433 and 621 nm and the Al** concen-
tration in Eu-BDC-NH,/TDA. (C) Change of the I430/ls21 Upon an
increase in the A3* concentration, inset: linear relationship between the
I430/l621 and concentration of Al** in the range of 0-1000 pM. (D) CIE
chromaticity diagram of Eu-BDC-NH,/TDA in the presence of different
concentrations of Al** from 0 to 1000 uM.
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Fig. 5 (A) Fluorescence emission spectra of Eu-BDC-NH,/TDA in the
presence of different concentrations of F~. (B) Relationship between the
luminescence intensities of 433 and 621 nm and the F~ concentration in
Eu-BDC-NH,/TDA. (C) Change of the I430/ls21 upon the increase of the
F~ concentration, inset: linear relationship between the /430//621 and the
concentration of F~ in the range of 0-1000 pM. (D) CIE chromaticity
diagram of Eu-BDC-NH,/TDA in the presence of different concen-
trations of F~ from 0 to 1000 pM.

than that of the WHO standard for drinking water. This
implies that Eu-BDC-NH,/TDA can be considered an effective
material for monitoring AI** and F~ concentrations in drinking
water.

Additionally, the response of BDC-NH, to AlI** and F~ with
different concentrations was tested. The results showed that
the BDC-NH, emissions at 430 nm intensified gradually as the
AP’" and F~ concentrations increased, displaying a strong
linear relationship (Fig. S5 and S61). Compared with Eu-
BDC-NH,/TDA, only a single blue emission of BDC-NH, was
observed in both CIE chromaticity coordinates and obser-
vation with the naked eye (Fig. S7A and S7Bf). For this ratio-
metric probe, the emission colour changed from red to blue
obviously as the AI’* or F~ concentration increased under illu-
mination with UV light (254 nm) when observed through the
naked eye (Fig. 4A and 5A inset). As illustrated in Fig. 4D and
5D, the CIE chromaticity coordinates further confirmed that
the fluorescent colour of Eu-BDC-NH,/TDA exhibits an obvious
colour transition from red to blue induced by AI’**/F~ ions,
thereby providing a convenient visual analysis towards AI**
and F~ ions.

High selectivity and anti-interference ability can be
regarded as indispensable features in evaluating the perform-
ance of fluorescent probes. Consequently, we investigated the
emission spectra of Eu-BDC-NH,/TDA in ethanol solution with
the addition of different metal cations and halogenide anions,
including Ca**, Cu®*, Co**, Zn>", Fe**, Fe’*, Ni**, Ccr**, K*, Na“,
NH,", Pb**, Hg*", Ag®, CI", Br, and I". All the fluorescence
measurements were performed under the same conditions. As
shown in Fig. 6A, B, S8A, and S8C,f the experimental results
demonstrate that all the selected ions exhibit negligible
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changes in the fluorescence spectrum and ratio of I3/
Ieos excepted AI*" and F~.

Concurrently, anti-interferential experiments were carried
out in the presence of the same concentration of metal cations
as interferences. As shown in Fig. 6C, D, S8B, and S8C,t the
fluorescence that occurred in the presence of AI**/F~ is
unaffected by the coexisting interferences, suggesting that Eu-
BDC-NH,/TDA has excellent specificity and anti-interference
abilities for AI** and F~ detection in complex practical
samples.

3.5. A possible response mechanism of Eu-BDC-NH,/TDA
towards AP** and F~ ions

To further investigate the fluorescence variation mechanism,
PXRD, FT-IR and X-ray photoelectron spectroscopy (XPS) of Eu-
BDC-NH,/TDA were carried out before and after testing Al**
(AI@Eu-BDC-NH,/TDA) and F~ (F@Eu-BDC-NH,/TDA). First,
comparing the PXRD pattern of AI@Eu-BDC-NH,/TDA to that
of Eu-BDC-NH,/TDA (Fig. 2A), a significant pattern difference
was observed. The characteristic peaks of 5-15° disappeared in
the original crystal, which implied a possible change attribu-
ted to the collapse of the crystal structure.® As a result of the
collapse, BDC-NH, was released, emitting blue fluorescence at
430 nm, which is consistent with the free BDC-NH, mole-
cules.”” Additionally, XPS analyses for Eu-BDC-NH,/TDA and
Al@Eu-BDC-NH,/TDA were also performed to further assess
the mechanisms. As seen in Fig. 7A and B, the characteristic
peak of Al was visible at 75.08 eV in the XPS spectra of AI@Eu-
BDC-NH,/TDA, indicating that Al** ions combined within Eu-
BDC-NH,/TDA. Furthermore, the N, adsorption-desorption
isotherms of Eu-BDC-NH,/TDA and AlI@Eu-BDC-NH,/TDA
were obtained at 77 K (Fig. S9At). The isotherm behaviour of
both materials displays a classical Type I shape, indicating
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Fig. 7 (A) XPS spectra for Eu-BDC-NH,/TDA and Al@Eu-BDC-NH,/
TDA. (B) XPS spectra for Al2p in Al@Eu-BDC-NH,/TDA. (C) XPS spectra
for N1s in Eu-BDC-NH,/TDA and Al@Eu-BDC-NH,/TDA. (D) XPS spectra
for O1s in Eu-BDC-NH,/TDA and Al@Eu-BDC-NH,/TDA.

that they are microporous materials. The Brunauer-Emmett-
Teller (BET) specific surface areas of Eu-BDC-NH,/TDA and
Al@Eu-BDC-NH,/TDA are 2056.05 and 1490.47 m”> g™, respect-
ively. The pore size distributions of Eu-BDC-NH,/TDA are
mainly situated at 0.63 nm, whereas those of AI@Eu-BDC-NH,/
TDA are at 0.84, 0.86 and 0.88 nm. After the treatment with
AI’" ions, the pore structure changed, the specific surface area
of the MOF decreased, the pore size distribution widened, and
multiple micropores appeared, which infer an MOF frame
structure collapse.*®

In addition to the frame collapse, another possible mecha-
nism is a coordinating interaction according to the FT-IR spec-
trum of Eu-BDC-NH,/TDA and AI@Eu-BDC-NH,/TDA. As
shown in Fig. S10,7 the FT-IR spectra of AI@Eu-BDC-NH,/TDA
present a new absorption band at 596 cm™". This is ascribed to
the stretching vibration of AlI-O,*° peaking at 1560 cm™',
which belongs to the asymmetric stretching of -COO that
decreased significantly, possibly explaining the coordination
between AI** and -C00.>***

Furthermore, XPS spectra can also prove the presence of
coordination interaction between the MOF and the analyte.
According to the peak positions of N1s and O1s orbitals in Eu-
BDC-NH,/TDA and AI@Eu-BDC-NH,/TDA, the N1s peak in the
N1s XPS spectrum of Eu-BDC-NH,/TDA only showed one peak
at 400.23 eV, whereas the Al@Eu-BDC-NH,/TDA spectrum
showed two peaks at 407.53 and 400.38 eV. The new peak at
407.53 €V can be assigned to N-Al, demonstrating the coordi-
nation of AI** to the N atom from BDC-NH,.>* Another N1s
peak shifted from 400.23 to 400.38 eV (Fig. 7C), and the O1s
peak changed from 531.48 to 532.68 eV (Fig. 7D). This suggests
a decrease in electron density around the N and O atoms, indi-
cating that there may exist coordination interactions between
Al and N, as well as Al and O from the ligand.?”**°* According
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to these findings, Eu-BDC-NH,/TDA plays a leading role in the
collapse of frame and coordination interaction during AI**
sensing.

The mechanism for detecting F~ differs from that for
detecting AI*". As exhibited in Fig. 2A, the PXRD pattern of
F@Eu-BDC-NH,/TDA is almost identical to that of Eu-
BDC-NH,/TDA, which demonstrates that structural reorganis-
ation or collapse is not a sensing mechanism. Moreover, in the
water response experiment for Eu-BDC-NH,/TDA that was con-
ducted to explain the reaction mechanism between the MOF
and F~ (Fig. S117), the blue fluorescence at 430 nm increased
and the red fluorescence at 621 nm decreased as the content
of water/ethanol in the MOF solution gradually increased. It is
speculated that the BDC-NH, in Eu-BDC-NH,/TDA is proto-
nated by water to form BDC-NH>*** and then interacts with F~
to form an N-H---F hydrogen bond structure, so as to shorten
the distance between the MOF and F~ and realise an efficient
energy transfer.’® This is also demonstrated by the XPS of Eu-
BDC-NH,/TDA and F@Eu-BDC-NH,/TDA. The formation of the
N-H---F hydrogen bond shortened the distance between N and
F, thus affecting the electron cloud density around N, resulting
in the shift of the N1s peak from 400.20 to 400.15 eV
(Fig. S12Bt). Additionally, the O1s peak in the O1s XPS spec-
trum of Eu-BDC-NH,/TDA and F@Eu-BDC-NH,/TDA did not
shift, indicating that F~ did not coordinate with O
(Fig. S12Cf). Fig. S10Af shows the FT-IR spectra of Eu-
BDC-NH,/TDA and F@Eu-BDC-NH,/TDA and the detailed
enlargement is shown in Fig. S10B.f The peaks at
3437.97 em™! and 1560.61 cm™', which are attributed to the
stretching and bending vibrations of -NH, in Eu-BDC-NH,/
TDA, are red shifted to 3442.92 cm™ and 1568.83 cm™ in
F@Eu-BDC-NH,/TDA, confirming the presence of the N-H::-F
hydrogen bond.* Finally, the channels of the MOF structure
were studied. As observed in Fig. S13,f the four neighbouring
Eu’" ions along the a direction form a rhombic shape window
(size: 4.9301 x 13.8147 A?). The MOF channel is partially occu-
pied by free DMA molecules, resulting in the pore window
being separated and significantly reduced. The aperture is an
irregular shape and the insertable virtual spherical atom has a
diameter of 3.74 A. The diameters of F~, CI™, Br™, and I are
about 2.72 A, 3.62 A, 3.90 A, and 4.32 A" respectively. It is
likely that the smaller diameter of F~ allows it to enter the
pore of Eu-BDC-NH,/TDA and form hydrogen bonds with the
amino groups in the pores. In contrast, the diameters of Cl,
Br~, and I" are greater than or close to the size of the channel,
which makes them difficult or unable to diffuse into the
channel of the MOF. This may explain why Eu-BDC-NH,/TDA
has unique F~ sensing capabilities.

3.6. Sensing AI*" and F~ ions in real water samples

To estimate the practical application of Eu-BDC-NH,/TDA, we
analysed different concentrations of AI** or F~ in tap and river
water using the proposed ratiometric method. The recovery
tests were carried out six times and the experimental results
are shown in Table 1; the recoveries were in the range of
97.85-105.05%, and the relative standard deviation (RSD) is
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Table 1 Determination of Al** and F~ in real water samples using the
standard addition method

Added Found Recovery RSD %
Samples (M) (M) % N=6
Tap water + AI** 100 98.29 98.29 2.6
200 207.76 103.88 2.4
500 512.76 102.55 1.2
Songhua river + AI** 100 101.54 101.54 3.2
200 208.10 104.05 2.5
500 525.28 105.05 2.4
Tap water + F~ 100 97.85 97.85 3.3
200 209.42 104.71 2.7
500 509.7 101.94 1.8
Songhua river + F~ 100 98.36 98.36 3.1
200 206.82 103.41 2.3
500 518.15 103.63 1.5

less than 3.3%, which displays acceptable precision and satis-
factory reproducibility, indicating that Eu-BDC-NH,/TDA is a
feasible and reliable probe for measuring AI** and F~ for prac-
tical application.

4. Conclusions

In summary, a dual-emission MOF fluorescent probe, Eu-
BDC-NH,/TDA, was rationally designed and successfully syn-
thesised using a simple solvothermal method. This ratiometric
probe showed exceptional sensitivity, high selectivity, low LOD,
excellent anti-interference characteristics as well as direct
visual observation toward AI*" and F~ in an ethanol medium.
The study on the sensor mechanism implied that the fluo-
rescence changes of Eu-BDC-NH,/TDA towards AI** could be
due to a framework collapse and coordination interaction. The
mechanism of Eu-BDC-NH,/TDA towards F~ could be due to a
hydrogen-bond interaction. Moreover, this probe also showed
satisfactory repeatability and recovery rates when applied to
river and tap water samples. Given these merits, we believe
that the Eu-BDC-NH,/TDA fluorescent probe exhibits enor-
mous potential for monitoring AI** and F~ with practical
applications.
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