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A novel bimetallic MOF (i.e., FexAl; x-MIL) with fluorescence quenching in the probe, was constructed to detect
H,S based on a “turn-on” effect in an aqueous system. Interestingly, a trace amount of Al** replaced by Fe** in the
parent MOF Al-MIL-53-NH> causes significant fluorescence quenching in the bimetallic MOF, which is attributed
to the strong ligand to metal charge transfer between unpaired electrons in Fe>* and n-conjugated BDC-NH, li-
gands. After H,S treatment, a fluorescence augmentation was observed, with a good linear relationship between
H,S concentration (0-38.46 uM) and fluorescence intensity, indicating that Feg gsAlp 9s-MIL could be used for
quantitative HyS detection. Particularly, Fe>" in the bimetallic MOF seized by S?~ facilitated the partial degra-
dation and subsequent release of BDC-NH; ligands, which were determined to be real fluorophores that
contributed to the fluorescence enhancement. This study offers new insights into the luminescent bimetallic MOF
design and would expand its application in chemical sensing.

1. Introduction

Hydrogen sulfide (H»S) is one of the most important signaling mol-
ecules as it is closely related to physiological and pathological processes
in biological systems [1-4]. Over the past decades, many research efforts
have been dedicated to the development of chemical sensors towards HyS
at a cellular level because of their potential applications in diagnosing
many complex diseases such as acute pancreatitis [3], Parkinson’s dis-
ease [5], diabetes [6], Alzheimer’s disease [7], and periodontal disease
[8].

Fluorescence-based sensing technique is a promising analytical
method for H,S detection due to its high sensitivity, desirable selectivity,
short response time, and readily visible imaging [9-14]. In particular, a
fluorescence-based “turn-on” strategy is preferred to avoid false re-
sponses and unexpected signal-to-noise ratios (S/N), considering the
detection usually occurs in a dark background [15]. The typical reactions
based on the fluorescence “turn-on” effect can be categorized as follows:
(1) nitro/azide reduction [16]; (2) coordination of HoS with auxochromic
groups [17]; and (3) transitional metals (e.g., Cu®** and Ag™) replacement
[18].

Up to the present time, various luminescent probes have been
developed for H)S detection. Among these probes, metal-organic
frameworks (MOFs), a class of porous crystalline polymers built from
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metal ions/clusters and organic ligands, have gained considerable
attention because of their versatile and tunable optical properties
[19-23]. To realize the “turn-on” effect, ligand functionalization of
luminescent MOFs is a widely used approach. The brief description of the
“turn-on” process is as follows. First, before HyS detection, the MOFs
should be in the “turn-off’ mode, which can be achieved by adding
organic ligands containing azide or nitro groups. These strong
electron-withdrawing groups can trap the most absorbed exciting energy
and cause a quickly running internal singlet-triplet conversion, thus
limiting the fluorescence emission [24-26]. Once treated by HsS, these
azide and nitro groups will be reduced to electron-donating amine
groups, leading to less internal energy dissipation, and therefore, a
fluorescence enhancement is observed. Another interesting approach is
to introduce specific transitional metal ions (e.g., Cu®>* and Ag") that
have high affinity with $2~ to the lanthanide-based (e.g., Eu and Tb)
MOFs through a “one-pot” wet chemistry route or post-modification [15,
27,28]. Likewise, the fluorescence “turn-on” effect would also show up
after silver/copper sulfide precipitation. However, most reported probes
based on the above methods showed undesirable performance towards
H,S detection at a lower concentration (0-100 pM), which is mainly
caused by the incomplete quenching in materials before HyS treatment
and insignificant resulting fluorophores released after being exposed to
H,S.
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Recently, bimetallic MOFs have emerged as an option to create
multiple functionalities by mixing two different metal ions as nodes in
their framework [29,30]. Since the fluorescent properties of MOFs are
determined by the energy transfer between metal ions and ligands, the
secondary incorporated metal ions in the parent MOF would provide
more versatilities during the sensing process, making bimetallic MOFs a
great platform for chemical detection. Some lanthanide-based MOFs
discussed above were reported to contain different transitional metal
ions (e.g., Cu?t and Ag™) in the material [15,27,28], which makes them
appear like “bimetallic MOFs”. Nevertheless, these doped metal ions
were simply bonded to ligands without replacing the original metal
nodes in the framework, which makes the quenching effects in parent
MOFs less effective. Therefore, complicated post-modification and a
relatively large amount of quenching materials are often needed to keep
MOFs from emitting fluorescence. Furthermore, the high expense of
lanthanide elements or rare-earth elements also restricts their further
development and practical application. Given bimetallic MOFs contain-
ing the secondary substitutional metal ions as constructing nodes were
rarely reported for HS detection, an efficient fluorescence quencher in
parent MOF but with the ability to induce the “turn-on” effect is in urgent
demand.

Herein, we report a novel bimetallic MOF, i.e., FeyAl; x-MIL for HyS
detection in an aqueous system. Within this bimetallic MOF, two cost-
effective and earth-abundant transitional metals (Fe>* and AI*") were
used as constructing nodes, while 2-aminobenzene-1,4-dicarboxylic acid
(BDC-NH,) was applied as a bridging ligand. In addition to Fe3*, other
trivalent metal ions, such as Cr®", V®*, and Ru®" also have similar
quenching effects since they have similar electron configurations with
Fe>' where d orbitals are not fully filled. The partially filled d orbitals act
as energy acceptors to receive the feedback electrons from the linkers,
leading to a fluorescence quenching in the system [34,35]. However,
these metal ions are generally expensive and not environmentally
friendly, hence they were not studied in the present study.

In this study, the parent MOF, Al-MIL-53-NH,, is the support matrix as
it produces strong blue fluorescence with the existence of -NHy group
[31]. Fe?t is a strong fluorescence quencher used in many luminescent
MOF probes due to its partially filled d orbitals that can be served as the
energy acceptor in the system [32,33]. Because of the partial Fe sub-
station with Al ions in the Al-MIL-53-NH; framework, a strong ligand to
metal charge transfer (LMCT) was generated between Fe®" ions and
BDC-NHj; ligands, which made the quenching effect extremely efficient
within the bimetallic MOF. When Feq g5Alg.95-MIL was exposed to HyS
(0-38.46 pM), a “turn-on” effect was observed and a good linear rela-
tionship was also obtained between fluorescence intensity and HyS
concentration, indicating the bimetallic MOF could be used for selective
and quantitative HyS detection. To unravel the mechanism of fluores-
cence enhancement, systematic characterizations and analyses were
conducted on both remained undissolved particles and supernatants. The
results showed that during the H,S sensing process, Fe>* in the bimetallic
MOF was “pulled out” and seized by S2~ to form FeyS3, which was sub-
sequently converted to FeS and S. Then the FeS would be further oxidized
toFe3* and SO3~ in the presence of air. Additionally, the Feg g5Alg 95-MIL
was proved to be partially decomposed after HyS treatment, and the
released BDC-NH, ligands were determined to be real fluorophores that
contributed to the fluorescence enhancement. We believe that the
outcome of this work could shed light on the rational design of
fluorescence-based bimetallic MOFs for chemical sensing.

2. Experimental section
2.1. Chemicals

Aluminum chloride hexahydrate (AlCl3-6H30, 99%), Ion chloride
hexahydrate (FeCl3-6H20, 99%), and 2-amino-1,4-dicarboxylic acid

(CgH7;NO4, BDC-NH,, 99%) were purchased from Sigma-Aldrich.
Acetone (C3HgO, 99.5%), N, N-dimethylformamide (HCON(CHs)o,
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DMF) were obtained from VWR Corporation. Ethanol (CoHsOH, 190
proof) was purchased from Gold Shield. Deionized (DI) water was used to
prepare solutions. All chemicals were used without further purification.

2.2. Material synthesis

Al-MIL-53-NHj. Al-MIL-53-NH; was synthesized based on a previous
report [36]. A mixture of AlCl3-6H,0 (1.45 g), NH,-BDC (1.1 g) and 50
ml DI water was heated using a 100 ml Teflon lined steel autoclave at
150 °C for 5 h. The obtained precipitates were washed with DMF three
times and subsequently activated. The activation was conducted by
immersing as-synthesized crude materials in 60 ml DMF at 155 °C for 12
h. The above activation procedure was repeated a second time. Finally,
the pale-yellow particles were dried at 155 °C in the air for 24 h.

FexAl; x-MIL (x = 0.05, 0.1, and 0.2). In a typical procedure, mix-
tures of AlCl3-6H50, FeCls3-6H50, and NH»-BDC with different ratios
were suspended in 50 ml DI water and then heated using a 100 ml Teflon
lined steel autoclave at 150 °C for 5 h. Detailed precursor compositions
are listed in Table 1. The obtained particles were washed with DMF three
times and subsequently activated. The as-synthesized materials were
kept in 60 ml DMF at 155 °C for 12 h. The above activation procedure
was repeated a second time. Finally, the orange particles were dried at
155 °C in the air for 24 h. In this study, the activated bimetallic MOFs are
labeled as FeyAl; x<-MIL with the Fe/Al molar ratios indicated by the
precursors’ molar ratio in the subscript. It should be noted that this value
does not represent the actual Fe/Al molar ratio in the final product. The
precise experimental Fe/Al ratios were determined by EDX (energy-
dispersive X-ray spectroscopy), which are discussed in the next section.

Fe-MIL-53-NH,. Fe-MIL-53-NH; was synthesized according to a
previous study [37]. A mixture of FeCl3-6H>0 (1.35 g), NH,-BDC (0.9 g)
and 50 ml DI water was placed in the 100 ml Teflon-sealed steel auto-
clave and heated in an oven at 150 °C for 48 h. The precipitates were
washed with DI water, DMF, and acetone, respectively. Then the
as-synthesized crude materials were activated in 15 ml ethanol at 150 °C
for 48 h. The above activation procedure was repeated a second time. The
resulting dark brown solids were recovered by centrifuge and dried in air
at 150 °C.

2.3. Materials characterization

The structure of as-synthesized materials was analyzed by powder X-
ray diffraction (PXRD) using a PANalytical X’Pert Pro MPD diffractom-
eter. Element mapping was conducted using an SEM (scanning electron
microscope, Su-70, Hitachi) equipped with energy-dispersive X-ray
spectroscopy (EDX). Vibration analysis of functional groups was carried
out with a Fourier transform infrared (FT-IR) spectrometer (Nicolet iS50,
Thermo Scientific). The optical absorption spectra were obtained from
the UV-Vis measurements using an Evolution UV-220 spectrophotom-
eter. Fluorescence properties of the samples were characterized by a
fluorescence spectrometer (PTI QuantaMaster-400). The quantum yields
(QY) were determined as the integrated intensity of the luminescence
signal divided by that of absorption. The absorption integrated intensity
was measured by subtracting the luminescence signal from the blank
reference sample in an integrating sphere. X-ray photoelectron

Table 1
Precursor compositions for FeyAl; -MIL
Samples DI FeCl3-6H,0 AlCl3-6H,0 Fe:Al BDC-
(ml) ® (€] Mole NH, (g)
Ratio
Feg 05Alg.95- 50 0.081 1.37 0.05:0.95 1.1
MIL
Fep1Alg.o- 50 0.162 1.30 0.1:0.9 1.1
MIL
Feg 2Alp g- 50 0.324 1.16 0.2:0.8 1.1
MIL
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spectroscopy (XPS, Thermo Scientific ESCALAB 250) was used to inves-
tigate the chemical state of the elements on the surface of the samples.

2.4. H3S fluorescence sensing measurements

NaHS was used as the H,S source and dissolved in DI water to form a
transparent solution [1]. In this study, “HsS treated” or “H,S treatment”
means that the samples are suspended in NaHS solution with a specific
concentration. In a typical experiment, 0.7 mg bimetallic MOF was sus-
pended in a cuvette containing 3 ml DI water. A varying volume (0-140
pL) of NaHS (1.0 mM) solution was then added into the above MOF
suspension and the spectrum was taken within 90 s. The corresponding
supernatant and suspended undissolved particles were separated by
centrifugation at 12000 rpm for 5 min. Another fluorescence measure-
ment of the re-collected particles that were resuspended into 3.0 ml DI
water was conducted for comparison. For the fluorescence measure-
ments, the excitation wavelength was fixed at 330 nm and the emission
spectra were recorded in the range from 380 nm to 580 nm. Both the
emission and excitation slits were set to be 2 nm.

3. Results and discussion
3.1. Materials characterization

A “one-pot” hydrothermal method was utilized for the synthesis of
bimetallic MOFs, where the substitution of Fe atoms in the Al-MIL-53-
NH,; framework was achieved by adjusting the mole ratio of Fe to Al from
0.05 to 0.2 in the precursor. As shown in Fig. 1a-e, with increasing Fe/Al
ratios, the color of FexAl; x-MIL gradually turned from yellow to the dark
brown, indicating the successful substitution of Fe>* with partial AI**
inside the framework. The element composition within Feg gs5Aly.95-MIL
was also confirmed by EDX analysis. The results showed that altering the
Fe/Al ratio from 0.05 to 0.2 led to the Fe/Al ratio in products changing
from 0.048 to 0.181 (Table S1), which indicates that the percentage of Fe
in FexAlj x-MIL can be tuned by simply changing the starting Fe con-
centration in the precursor. Moreover, elemental mapping of Feg s5Alg.o5-
MIL (Fig. 1f-i) confirms the uniform distribution of Fe within the Al-MIL-

(d)" = (e)

..

~ -
Fe, Al,-MIL  Fe-MIL-53-NH,

Fig. 1. Digital images of Al-MIL-53-NH, (a), Fe,Al; 4-MIL (x = 0.05, 0.1, and
0.2) (b-d), and Fe-MIL-53-NH, (e); SEM image (f) and elemental mapping (g-i)
of Feg 0s5Alp o5-MIL (f). Scale bars: 10 pm.
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53-NH; matrix.

In addition to the investigations on the morphology and chemical
composition, structure analysis was conducted by PXRD. As shown in
Fig. 2a, all the FexAl; x-MIL (x = 0.05, 0.1, and 0.2) and Al-MIL-53-NHj,
exhibited the same PXRD patterns, indicating these as-synthesized
bimetallic MOFs maintained a structure similar to that of Al-MIL-53-
NH,. Specifically, the framework of FeyAl; x-MIL is built from AlOg
octahedra connected via trans-bridging OH ions and carboxylate moi-
eties from BDC-NHj, linkers but with different amounts of Fe substitution
of Al in pure parent Al-MIL-53-NH,, as shown in Fig. 2b [38,39]. It should
be noted that no phases of Fe-MIL-53-NHy were observed in the PXRD
patterns of FeyAl; x-MIL, which demonstrated that the as-prepared
bimetallic MOFs are indeed MOFs with different metallic nodes rather
than a mixture of monometallic MOFs [40]. Furthermore, we conducted
a high-resolution PXRD scan for peak (110) from 12.0° to 12.8° (Fig. 2c).
Interestingly, the position of peak (110) shifts from 12.46° to a lower
angle of 12.29° with increased Fe concentration in the products (Fig. 2d).
This can be explained based on the well-known Bragg’s law:

o nk
~ 2sinf

where d is the interplanar spacing of (110); n is the positive integer (1);
is the X-ray wavelength (A= 1.5406 A); 6 is the Bragg angle. A smaller
Bragg angle of FeyAl; x-MIL corresponds to a larger (110) interplanar
spacing (Fig. 2d), namely, the lattice of framework expands with more Fe
substitution of Al in the Al-MIL-53-NH, matrix. This phenomenon is
likely caused by the replacement of the larger atomic radii of Fe (156 pm)
with Al (118 pm) [41].

Further evidence of Fe substitution within the Al-MIL-53-NH; matrix
was studied using an XPS. Herein, we select Feg gsAlg.95-MIL as a repre-
sentative bimetallic MOF. To analyze the effects on the coordination
environment caused by Fe substitution, high-resolution XPS spectra of Fe
2p and O 1s were obtained, as shown in Fig. 3. Clearly, no Fe signal was
captured in Al-MIL-53-NH, while apparent Fe>* peaks (Fe 2ps,, at 724.9
eV and Fe 2p;,, at 711.3 eV) were observed in FeggsAlg.g5-MIL,
demonstrating successful substitution of Fe in AI-MIL-53-NH,, [40]
Fig. 3b shows the high-resolution XPS spectra of O 1s for both
Al-MIL-53-NH; and Feq gsAlg.95-MIL. The peaks at 531.4 eV, 532.2 eV,
and 532.7 eV for both samples are attributed to the Al-O, O—-C=0, and
C-O bonds, respectively [42,43]. In particular, the peak at 530.1 eV in
the orange shadow was observed in Feg g5Alg.o5-MIL (Fig. 3b), which was
ascribed to the existence of a newly constructed Fe-O bond [44]. Such
well-founded evidence of Fe in the O 1s spectrum of Feg ¢sAlj 95-MIL once
again suggests that Fe ions have been successfully incorporated into the
framework, which is well consistent with the results shown in Fig. 1.

3.2. Optical properties and H3S sensing

To elucidate the behavior of Fe ions within the bimetallic MOF, the
optical responses of BDC-NHj, Al-MIL-53-NHj, Feg ¢sAlg 95-MIL, and Fe-
MIL-53-NH, were examined by UV-vis spectroscopy. As displayed in
Fig. 4a, the MOFs (e.g., AI-MIL-53-NHj, Feg 05Alg.95-MIL, and Fe-MIL-53-
NHy) share similar absorption spectra with the bridging linker BDC-NH,
within the UV region, where one intense peak at 280 nm is ascribed to the
7 — n" electronic transitions of the aromatic ring and the other peak in
the range of 300-420 nm is originated from the introducing NH, groups
from BDC-NH, [45,46]. For Fe-MIL-53-NH,, the wide band over the
entire visible region is due to the spin-allowed d-d transition of Fe3t
(6A1g—> 6A1g + 4Eg(G)) [47,48], which is also observed in bimetallic MOF
Feg.05Alp.05-MIL. In general, the Al-MIL-53-NH; has no absorption in the
visible region, while Fe-MIL-53-NH, shows strong visible light absorp-
tion. The UV-vis spectra of Feg osAlg.95-MIL showed features of both
components, and the absorption in the visible region becomes stronger
with increasing Fe contents in the bimetallic MOF (Fig. S1), which
further supports the successful incorporation of Fe in the bimetallic MOF.
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Fig. 2. (a) PXRD patterns of Al-MIL-53-NH,, FeyAl; ,-MIL, and Fe-MIL-53-NH,; (b) FeAl; x-MIL with a ball and stick representation of a site-isolated Fe within the
MIL-53-NH, octahedra [AlOg] chain; (c) High-resolution PXRD scan at (110) peak of Al-MIL-53-NH, and Fe,Al; 4+-MIL; (d) d;10 spacings and incorporated Fe con-

centrations in products versus Fe concentration in precursors.
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Fig. 3. Fe 2p (a) and O 1s (b) XPS spectra of AI-MIL-53-NH; and
Feg.05Alo.95-MIL.

Not surprisingly, this increased light absorbance in the visible region
with increasing Fe concentration in the FeyAl; x-MIL, is also reflected by
color variation changing from light yellow to dark brown. (Fig. 1a-e)
The variation of fluorescence due to the presence of Fe in the bime-
tallic MOF was investigated by a PL spectrometer. As shown in Fig. 4, the
parent MOF Al-MIL-53-NH; demonstrated a characteristic blue emission
with a maximum peak at 449 nm under the excitation at 330 nm.
Detailed excitation and emission spectra are shown in Fig. S2. For the

parent MOF Al-MIL-53-NH,, the luminescence in the framework is
centered on the linker BDC-NH, since both BDC-NH; and Al-MIL-53-NH,
have similar emission spectra under UV light irradiation (Fig. S3). Within
the bimetallic MOF Fe osAlp.g5-MIL, these fluorescence emitting —-NH,
groups were confirmed intact by FT-IR characterization (Fig. S4). How-
ever, the fluorescence intensities of FeyAl; x»-MIL were reduced signifi-
cantly, as shown in Fig. 4b. As a transition metal, Al ions within the MOF
would induce ligand to metal charge transfer, which is not favorable for
the fluorescence generation. Yet, Al-MIL-53-NH; with a quantum yield of
14.7% is still observed as compared to Feg gsAlg.95-MIL (QY undetect-
able). This quenching effect brought upon by the Fe incorporation can be
explained as follows. For the light absorption (I) process, both Al-MIL-53-
NH; and Feg gsAlj 95-MIL have nearly the same absorbance values as that
of BDC-NH> under irradiation, as shown in Fig. 4a, which demonstrates
that the absorption process in the MOF occurs on the linker. In addition,
the band gaps (E,) for AI-MIL-53-NH; and Feg ¢5Alg.95-MIL were deter-
mined to be 2.77 eV and 2.67 eV (Fig. 5), respectively, further indicating
that the partial replacement of Al ions with Fe in MOF has negligible
effects on the absorption process. As shown in Fig. 5¢, in the emission
process (II), the spin-allowed transition between the excited singlet state
(S1) to the ground singlet state (Sp) is responsible for the fluorescence
emission. Since Fe ions contain unpaired electrons within the matrix of
the Al-MIL-53-NHp, the electrons from the photon-excited organic linker
BDC-NH;, will be transferred into the partially filled d-orbitals of Fe ions.
With such strong LMCT competence with linker-based (BDC-NHy)
emission, the fluorescence of as-synthesized Fe,Al; x-MIL bimetallic MOF
would decrease and even be quenched. Given that increasing incorpo-
rated Fe concentration (x = 0.1 and 0.2) does not contribute to further
fluorescence quenching (Fig. 4 and Fig. S5), we selected Feg gsAlg.95-MIL
as a representative probe for the following H»S sensing characterization.

The performance of FeggsAlpgs-MIL towards HyS detection in an
aqueous system was investigated by the addition of different volumes of
NaHS solution (1.0 mM) in a 3.0 ml Feg o5Alg 95-MIL suspension. The
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Al-MIL-53-NH,, and Feg gs5Alg 95-MIL suspensions under UV light (A = 330 nm).

fluorescence intensity of Feg gsAlg 95-MIL suspension was immediately
enhanced after the addition of 20 pL NaHS (1.0 mM); the intensity sta-
bilized within 90 s (Fig. 6a), which is faster than most previously re-
ported HyS probes [24,26,49]. Additionally, the effect of pH on the
Feg.05Alp.95-MIL towards HyS was studied and the fluorescence intensity
remained unchanged when the pH ranged from 3 to 9 (Fig. S6). As
depicted in Fig. 6b,c, a very strong linear relationship (R? = 0.9988) was
obtained between the fluorescence intensity of Feg g5Alg.95-MIL and HsS
concentrations (0-38.46 pM). The limit of detection (LOD = 36/S) was
also determined to be 4.69 uM (Table S2). The above results indicate that
the Fe o5Alp.95-MIL can be used for the quantitative H,S detection in an

aqueous system.

The selective sensing of Fep gs5Alg.95-MIL on HyS in water has been
validated as well by observation of parallel relations using a variety of
common interfering substances. As shown in Fig. 6d, the HyS analyte
showed a significant “turn-on” response, while no additional effects were
observed with all selected interferents. Since the Feg gsAly.o5-MIL is
already in the “turn-off’ mode, typical strong fluorescence quenchers
such as transition metal ions (CuCl,, FeCls, AlCl3, Co(NOs);) and
oxidative anions (NaF, KyCry07) exhibited negligible effects on the
fluorescence intensity of the Feg gsAlg.95-MIL sample, as shown in Fig. 6d.
It should be noted that no obvious fluorescence changes were observed
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Fig. 6. (a) Fluorescence intensity of Feg osAlg o5-MIL towards addition of 20 pL NaHS (1.0 mM) after 0-90 s; (b) fluorescence spectra of Feg gsAlg 9s-MIL with the
increasing concentrations of NaHS (0-38.46 uM) (c) Linear relationship (0-38.46 pM) of the emission intensity of Fey 0sAlg 95-MIL enhanced by H,S; (d) Fluorescence

intensity of Fep gsAlp 9s-MIL at 449 nm toward various analytes (1 mM).

for some more electrically neutral interferents (NaCl, CaCly, MgCly) and
reducing interferents (KI) since the Fe3* within the Feg gsAlg o5-MIL is an
oxidative agent. All the results discussed above indicate that the as-
synthesized bimetallic MOF Feg gsAlp 95-MIL can be used to serve as an
excellent sensor for quantitative HyS detection in complex aqueous
systems.

3.3. “Turn-on” effect exploration

The “turn-on” effect on Feg g5Aly.95-MIL towards H,S treatment in an
aqueous system was investigated by the analysis of both particles
retained in the suspension and supernatant extracts. Detailed experi-
mental information was described in our previous report [50]. The
crystallinity of the remaining HyS-treated Fe os5Alg 95-MIL particles was
initially determined by PXRD. As shown in Fig. 7a, the structure of HsS
treated Feg gsAlg.95-MIL was almost completely maintained except for
several extra minor peaks and peak ratio variations, which are probably
caused by local defects due to the interaction between HsS and bimetallic
MOF. An almost identical FT-IR spectrum of HS treated Feg ¢s5Alg.95-MIL
was also obtained, indicating that the surface chemistry of the MOF did
not alter during the detection (Fig. S7). To identify the reaction site of
H,S during the sensing process, high resolution S 2p scanning by an XPS
spectrometer was conducted. As shown in Fig. 7b, no S information was
captured for HyS treated Feg osAlg 95-MIL particles, while two S related
peaks located at 162.2 eV and 167.7 eV were observed from the super-
natant extracts; these peaks are likely attributed to Fe-S-O and precipi-
tated sulfide (S), respectively [51]. Additionally, for HyS treated
Feg.05Alp.05-MIL particles, Fe can be hardly observed in the XPS spectrum
(Fig. S8) compared to the pristine FeggsAlggs-MIL (Fig. 3a), which
demonstrated that Fe has been “pulled out” from the framework by HsS.
Moreover, -NH; groups observed in the FT-IR spectrum (Fig. S9) of su-
pernatant extracts further confirmed that the BDC-NH; linker was
released during the partial decomposition of bimetallic MOF during H,S

detection. Considering the loss of Fe in H,S treated Feg ¢sAlg 95-MIL and
the existence of the released BDC-NH, linker in the supernatant, the
possible reaction process and mechanism could be proposed as follows.
During the H,S sensing process, Fe3* in Feg gsAlg.95-MIL is seized by HaS
rapidly due to the ultrahigh affinity between S~ and Fe3* (ultra-small
solubility product constant of FeSs, 1.4 x 10%8). The rapid interaction
between S2~ and Fe>* could also be reflected by the prompt fluorescence
deduction within the first 15 s after the addition of NaHS (Fig. 6a).
However, the direct reaction product Fe;Ss is not stable and could
convert to FeS and S immediately; FeS would further be oxidized to Fe>*
(Fex(SO4)3) in the presence of air (Fig. 7b). Since Fe nodes were lost
through the breakage of the Fe-O bond in the Feg gsAlj 95-MIL frame-
work, the linker was released into the solution (Fig. 7c). Furthermore, PL
spectra of both supernatant and resuspended particles were measured
again under the same light irradiation. It was found that the supernatant
containing the released BDC-NH;, linkers had the highest fluorescence
intensity, while the HsS treated particles showed negligible contribution
to fluorescence enhancement. This is caused by the fact that undissolved
H,S treated Feg gsAlg 95-MIL could absorb and scatter the incident exci-
tation light, thus decrease the fluorescence intensity. Therefore, it can be
concluded that the released BDC-NH; ligands were real fluorophores that
contributed to the fluorescence enhancement.

4. Conclusion

With the assistance of a simple “one-pot” hydrothermal method, a
series of bimetallic MOFs, AlyFe;.«-MIL (x = 0.05, 0.1, and 0.2) have been
synthesized for HyS detection in an aqueous system. Detailed in-
vestigations were conducted on bimetallic MOFs including their crys-
talline structures, optical properties, and HaS performance. The results
showed that only a small amount of secondary Fe>* ions could result in a
complete fluorescence quenching in the bimetallic MOF, which could be
attributable to the strong LMCT between Fe>* and BDG-NH,. The
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Fig. 7. (a) PXRD patterns of Feg gsAlg 95-MIL before and after H,S treatment; (b) S 2p spectra of retained HoS-treated Feg gsAl 95-MIL particles and supernatant extract;
(c) Scheme of BDC-NH, released during H,S treatment; and (d) PL spectra of supernatant, suspension, and particle re-dispersed in water.

response of Feg gsAlg.o5-MIL towards H,S was also tested in an aqueous
system. A fluorescence enhancement was observed and a very strong
linear relationship was achieved between fluorescence intensity and HaS
concentrations (0-38.46 pM), indicating that Fe ¢sAlg 95-MIL could be a
good candidate for selective and H,S quantitative detection. Based on the
analysis of the HyS treated bimetallic MOF particles and supernatant, a
possible mechanism was explored. During the HjS sensing process, the
secondary Fe>" ions were “pulled out” by $?~ from the framework with a
concomitant of partial decomposition of bimetallic MOF. The released
BDC-NH, ligands from the structure were identified to be the real fluo-
rophores responsible for the fluorescence enhancement. Overall, partial
substitution of Al ions in Al-MIL-53-NH, with secondary Fe>* ions was
proved to be an effective method to design a luminescent MOF probe for
HoS detection. We believe this strategy would expand the usage of
bimetallic MOFs for chemical sensing applications.
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