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A fluorescent nanoscale titanium-based metal-organic framework materials (MOF), Tig(p3-O)e(p2-OH)e(BT-
CA)2(DMF), (ZSTU-3) was synthesized, with blue fluorescence and delicate conjugated structures indicated its
potential as a fluorescence sensor. In this work, we reported a rare example of Ti-MOF for highly sensitive and
selective for fluorescence sensing of Fe*>' ion and nitro-aromatic compounds. The limit of detection (LOD) for
Fe®* ion reaches 70.7 nM and the K, value is 2.36 x 10° M1, which is among one of the highest LOD values
reported by MOFs as far as we known. For the detection of nitro-aromatic compounds, especially 2,4,6-trinitro-
phenol (PA), the LOD is calculated to be 15.90 pM, and the K, value is 4.253 x 10* M. In addition, we also
performed a rapid detection of Fe>* ion and nitro-aromatic compounds with fluorescent test paper by naked-eyes.
The results demonstrate the superiority of Ti-MOF for detecting Fe>* ion and nitro-aromatic compounds, which
may facilitate the detection application in environmental and biological systems.

1. Introduction

Metal-organic frameworks (MOFs), as a fascinating type of porous
conjugated multifunctional organic-inorganic hybrid materials [1], have
shown many potential applications, such as gas storage and separation
[2], catalysis [3], drug delivery [4] and fluorescence sensing [5]. In
recent years, it has been widely studied as a kind of luminescent material
based on the following advantages [6]: (1) high specific surface area
allows sufficient contact between the analytes and MOF, thereby
improving the detection sensitivity; (2) the specific functional sites can
be specifically identified through host-guest interactions; (3) highly
conjugated groups provide good luminescent performance.

Iron is widely distributed in everyday life and the industry, ranking
the fourth in the earth’s crust content. In addition, iron is also one of the
most indispensable elements in the human body [7]. Ferrous ion is an
important component of hemoglobin which transports oxygen, and other
iron is stored in the liver in the form of ferritin. Excessive or insufficient
amount of iron will cause human health problems [8]. On the other hand,
nitro-aromatic compounds are compounds in which one or more
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hydrogen atoms in the benzene ring are replaced by nitro (-NO,), which
are usually produced in petrochemical, fuel, paint, explosives and other
industries [9]. It is well-known that many nitro-aromatic compounds are
harmful substances in the environment, such as nitrobenzene (NB),
p-nitrophenol (PNP), 2,4,6-trinitrophenol (PA) and so on, these sub-
stances have attracted worldwide attention [10]. Therefore, for the sake
of human health and environmental safety, how to detect Fe>* ion and
nitro-aromatic compounds in a reliable and convenient way is becoming
ever more urgent [11]. To cope with this problem, efforts have been
made to detect trace amounts of Fe>* ion and nitro-aromatic compounds
with the help of the mass spectrometry (MS), ion mobility spectrometry
(IMS), etc., which are of high precision and accuracy but costly and
difficult to carry [12]. Therefore, it is crucial to develop an efficient,
portable and fast response detection method.

In recent years, the application of nanoscale MOFs and other tech-
nologies in detecting metal ions and nitro-aromatic compounds have
been rapidly grown [13], which have received widespread attention due
to its high detection sensitivity, strong selectivity and fast response time
[14]. Particularly, for the Ti(IV) and Zr(IV)-based MOFs, the strong
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metal-carboxylic acid bond formed between the high valent metal ions
and the organic ligand leads to strong structural rigidity and stability
[15]. Restricted by its challenging synthesis, however, only limited
Ti-MOFs have been reported and utilized so far [15d]. The pioneering
work by Emam group on composites materials based on highly stable
MOFs such as MIL-125-NH; and UiO-66-(COOH), have highlighted the
great potential of Ti(IV) and Zr(IV)-based MOFs in catalysis [16]. In
previous work, we explored the luminescent sensing properties by
NTU-9-NS [17] and ZSTU-1 [8e], and because of whose excellent
detection performance for Fe>" and nitro-aromatics, we are committed to
explore a novel high efficient Fe>! and nitro-aromatics fluorescence
sensor Ti-MOF, with electron-rich triphenylamine ligand, which may
lead to efficient electron transfer between MOF and analytes, and thus
efficient sensing performance.

In this work, a Ti-MOF Tig(ji3-0)g(ji2-OH)6(BTCA)2(DMF),, (ZSTU-3;
H3BTCA = 4/,4” 4"’ -nitrilotris([1,1’-biphenyl]-4-carboxylicacid)) with
electron-rich triphenylamine ligand was synthesized and explored for the
sensing properties. ZSTU-3 exhibits high sensitivity and selectivity for
Fe3* ion and nitro-aromatic compounds, and the detection limit for Fe3*
reached to nanomolar level, which is rarely reported.

2. Experimental section
2.1. Materials and general methods

All the chemicals were commercially purchased without further pu-
rification. Power X-ray diffraction (PXRD) patterns were recorded on a
Bruker D8 Advanced diffractometer with Cu Ko radiation (A = 1.542 10\) at
a scan rate of 5°/min and a scan range of 3 °~ 60°. UV-Vis absorption
spectra were obtained on Hitachi U-3900 spectrometer. Fluorescence
measurements were obtained from a F-4600 fluorescence spectrometer.
The PL lifetime was taken on Fluorolog HORIBA JOBIN YVON. The im-
ages of Field Emission Scanning Electron Microscopy (FE-SEM) were
recorded on Vltra55, Carl Zeiss. The images of Transmission Electron
Microscopy were recorded on JEM-2100.

2.2. Synthesis

2.2.1. Synthesis of ZSTU-3

The ZSTU-3 was synthesized by hydrothermal method according to
the reference [18]. 4/,4”,4" -nitrilotris([1,1’-biphenyl]-4-carbox-
ylicacid) (H3BTCA) (400 mg, 0.66 mmol) was dissolved in DMF 5 mL in a
25 mL Teflon-lined stainless-steel autoclave. Treated with ultrasound for
1 h, the clear solution was obtained. During the stirring, titanium iso-
propoxide (0.16 mL, 0.5 mmol) was added dropwise, and the mixture
was a yellow slurry, which then was heated to 180 °C for 30 h. After
cooling to room temperature, the mixture was washed with DMF and
methanol several times respectively, finally the yellow powder was
obtained.

2.3. Metal ions sensing

A series of metal salts solutions (10™* M, metal salts were KNOs,
AgNO3, Ca(NO3)2, Mg(NO3)2, Zn(NO3)2, Co(NO3)2, Ni(NO3)2, Cu(NO3)>,
Fe(NO3)3 respectively) were selected as analytes in fluorescence sensing
experiments. Powder of ZSTU-3 (10 mg) in 100 mL H,0 were sonicated
to obtain an aqueous suspension of ZSTU-3. The PL spectra was analyzed
by adding 50 pL 10~* M metal salts solutions (Ag*, K+, Cu®*, Ca®*, Co>™,
Zn?*, Ni%*, Mg?*, Fe®") to 2 mL of ZSTU-3 aqueous solution.

2.4. Small molecule sensing

A series of organic small molecule analytes (1 0~ M for H,0, meth-
anol, acetone, aniline, methylbenzene, DMF, phenol, nitrobenzene, 2,4-
DNT, 2,6-DNT, PNP and for 1.22% PA, the concentration of PA was
5.32 x 1072 M) were selected as analytes in fluorescence sensing
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experiments. Powder of ZSTU-3 (10 mg) in 100 mL EtOH were sonicated
to obtain an ethanol suspension of ZSTU-3. The PL spectra was measured
by adding 50 pL ethanol solution of 10~ M organic small molecule (H0,
methanol, acetone, aniline, methylbenzene, DMF, phenol, nitrobenzene,
2,4-DNT, 2,6-DNT, PNP and 1.22% PA, whose concentration of 1.22% PA
is 5.32 x 1072 M) to 2 mL of ZSTU-3 ethanol solution.

2.5. The fluorescent photograph of test paper

The experimental filter paper was used as the carrier to prepare the
ZSTU-3 fluorescence sensor. The preparation steps are as follows: the
experimental filter paper was cut into a square of 1.5 x 1.5 cm?, then
soaked in ZSTU-3 ethanol solution (10 mg/20 mL) for several hours and
dried at 60 °C. Fe*>" ions and nitro-aromatic compounds were dispersed
in aqueous samples (the concentration of 0.122% PA was 5.32 x 1073 M,
and the concentrations of other analytes were consistent with the above
headings 2.3 and 2.4), then dropped on the test paper with pipettes.

3. Results and discussion

The Ti-MOF materials, ZSTU-3, was prepared by hydrothermal
method according to previously reported reference [18]. The reaction of
titanium isopropoxide [Ti(i-OPr)4] with the ligand H3BTCA in DMF,
which forms a new porous Ti-MOF ZSTU-3. The diffraction peaks of the
experimental sample were identical to the simulation data, indicating
that the synthesized product is a pure phase (Fig. 1). In the ZSTU-3, six Ti
atoms are participated in a six-connected Tig(p3-0)6(COO)g subunit
(Fig. 2a), then the Tig clusters are connected via pp-OH groups to form an
infinite one-dimensional [Tig(p3-O)e(p2-OH)6(COO)6l, SBU along the
c-axis. In the ZSTU-3, the diameter of the elliptical pores along the c-axis
is 1.37 x 0.71 nm, confirming its porous structure (Fig. 2b). The
morphology of ZSTU-3 was observed with transmission electron micro-
scope (TEM) and scanning electron microscope (SEM). Characterization
results shown that the sample were nanoparticles with the size of about
50 nm (Fig. 2c and d).

Before the photoluminescence (PL) spectra experiment of ZSTU-3
material, we tested the fluorescence intensity of the ligand H3BTCA in the
solid state. As shown in Fig. S1, the emission peak of the MOF is similar
with that of the ligand, which indicated that the fluorescence perfor-
mance of ZSTU-3 can be attributed to the fluorescence emission of the
ligand H3BTCA. According to previous research [18], ZSTU-3 material
exhibited excellent water stability. When dispersed in aqueous and
ethanol solution, the emission peaks exhibited slight shift which reached
520 nm and 500 nm, respectively (Fig. S2a and b). In addition, the
excellent water stability may be related to the strong coordination bond
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Fig. 1. The experimental and simulated powder XRD patterns of ZSTU-3.
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Fig. 2. The structure of (a) along ab plane, (b) 3D porous structure material, (c) The SEM image of ZSTU-3, (d) The TEM image of ZSTU-3. Color scheme of (a): carbon,
black; nitrogen, blue; oxygen, red; metal (Ti), green. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

between the high valence of Ti(IV) and the ligand with multiple conju-
gated structures.

Interestingly, addition of small amount of different metal ions
(approximately 2.44 x 10~® mol/L) into the ZSTU-3 aqueous solution
(10 mg ZSTU-3 dispersed in 100 mL H,0) produced different degrees of
fluorescence quenching (Fig. 3a). Particularly, the adding of Fe®' ion
appeared an obvious fluorescence quenching of ZSTU-3 aqueous solu-
tion; while other metal ions almost had no significant effect on the
luminescence intensity. Surprisingly, unlike ZSTU-1, the quenching
effect of Cu>™ on the fluorescence intensity of ZSTU-3 aqueous solution
is not obvious as expected, which inspired us to carry out sensing
selectivity experiment of ZSTU-3 aqueous solution. The fluorescence
intensity of the ZSTU-3 aqueous solution can be obviously quenched by
adding only 2.44 x 107® M of Fe3*, while the fluorescence intensity of
the ZSTU-3 aqueous solution can be almost completely quenched by
adding only 4.76 x 107% M of Fe>* (Fig. 3b). Interestingly, the blue-
shift of fluorescence emission peak occurred at the same time of the
fluorescence intensity quenching, which is speculated to be the for-
mation of new metal-organic complexes. Stern-Volmer equation can be
used to quantitatively explain the quenching efficiency of Fe>* ions.
The relationship between (Ip/I-1) and Fe>* ion concentration can be
explained by the Stern-Volmer equation (Ip/I-1) = 1 + K, [Q], where Iy
and I are the fluorescence intensity of ZSTU-3 and the fluorescence
intensity of ZSTU-3 after adding Fe>* ion, respectively, [Q] represents
the concentration of Fe* ion. The Ky, curve of Fe*>" was linear in the
low concentration range, and the Kg, value was 2.36 x 10° M!
(Fig. 3c). The limit of detection for Fe3* ion was calculated to be 70.7

nM (Fig. S3), which is one of the highest values reported for MOF-based
Fe®* ion fluorescence sensors (Table S1).

In addition, we further investigated the sensing performance of ZSTU-
3 in ethanol solution for organic small molecules. As shown in Fig. 4a, the
addition of different small molecules into the ZSTU-3 ethanol solution
will produce different degrees of fluorescence quenching, the concen-
tration of small molecules is 2.44 x 10> mol/L whereas the concen-
tration of PA is 1.30 x 10~ mol/L. It is worth noting that the ZSTU-3
material has different fluorescence quenching effects towards different
nitro-aromatic molecules. The ZSTU-3 ethanol solution was almost
completely quenched after adding 9.09 x 10~% M p-nitrophenol (PNP),
while the fluorescence quenching effect of 2,4-dinitrotoluene (2,4-DNT)
and 2,6-dinitrotoluene (2,6-DNT) was slightly less effective. The fluo-
rescence intensity of the ZSTU-3 ethanol solution was only quenched by
about a quarter after adding nitrobenzene (NB) with the same concen-
tration (Fig. S4). Interestingly, the fluorescence intensity of ZSTU-3
ethanol solution was also almost completely quenched after adding only
484 x 10°* M 2,4,6-trinitrophenol (PA) (Fig. 4b). The order of the
quenching effect of different nitro-aromatic molecules is PA > PNP>2,4-
DNT=2,6-DNT > NB. This order is in accordance with the trend of
electron-withdrawing groups [19]. The above results show that among
nitro-aromatic molecules, PA exhibits the most significant fluorescence
quenching effect on ZSTU-3 ethanol solution. ZSTU-3 ethanol solution
has a linear correlation with PA concentration in the low concentration
range. Similarly, the quenching efficiency of PA can also be quantita-
tively explained by using the Stern-Volmer equation, and the K, value
was 4.253 x 10* M1 (Fig. 4c). The limit of detection for PA was
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Fig. 3. (a) Fluorescence intensity of 5 x 10~° mol different metal ions added to ZSTU-3 aqueous solution at 520 nm emission, (b) The ZSTU-3 PL spectra with
different amounts of Fe3" ion, (c) The SV curve of Fe>*, inset: the quenching fluorescence upon addition of 2 pM Fe®*, (d) Photograph of fluorescence response after 5

L, 10~* M of Fe** ion was added to test paper under 365 nm UV light.

calculated to be 15.90 uM (Fig. S5), which are better than some previous
report (Table S2).

PXRD was carried out to examine the structural stability upon addi-
tion of different analytes. As shown in Fig. S6, PXRD was examined with
ZSTU-3 materials soaked in Fe3*, NB, 2,4-DNT, 2,6-DNT, PNP and PA for
24 h, respectively. The results show that the XRD patterns of ZSTU-3
powders soaked in different analytes solutions remained the same,
exhibiting the structural stability of ZSTU-3 materials. As shown in
Fig. S7, patterns of the FT-IR of ZSTU-3 before and after addition of
different analytes were identical, which indicates no new chemical bond
is formed. The fluorescence lifetime of ZSTU-3 before and after the
addition of the analytes were almost the same, indicating that there was
no coordination bond between ZSTU-3 and the analytes (Fig. S8,
Table S3 and S4).

In order to investigate the fluorescence quenching mechanism of
ZSTU-3 materials after adding Fe>" ions and nitro-aromatic compounds,
the UV absorption spectra of different metal ions/nitro-aromatic com-
pounds and ZSTU-3 and the emission spectra of ZSTU-3 was tested. As
shown in Fig. S10, in the range of 300-400 nm, the UV-Vis absorption
spectra of Fe>* jons in aqueous solution and PA in ethanol solution
shown stronger UV-Vis absorption and larger overlap with the emission
spectra of ZSTU-3. The effective overlap between the emission spectra of
the ZSTU-3 material and the absorption spectra of nitro-aromatic com-
pounds and Fe®*' ions indicates that a fluorescence resonance energy

transfer (FRET) [20] process may occur during the fluorescence
quenching process (Fig. S10), this spectral overlap may cause part of the
energy generated by the electronic transition in the ZSTU-3 material to
be directly transferred to the analytes, instead of emitting fluorescence in
the form of radiative transitions, resulting in a decrease in fluorescence
intensity. Also, considering the strong electron withdrawn ability of Fe>*
ions and nitro-aromatic molecules, the fluorescence quenching can also
be attributed to the photoinduced electron transfer (PET) process [17,
21]. In summary, both electron transfer and energy transfer may
contribute to the effective fluorescence quenching of ZSTU-3 materials
by Fe>* ions and nitro-aromatic compounds.

Finally, a fluorescent paper test was performed. ZSTU-3 fluorescent
test paper emits bright blue light under ultraviolet (365 nm) irradiation,
while when a spot of Fe®' ion aqueous solution and PA ethanol solution
were dropped onto the fluorescent test paper, the blue fluorescence
changed to dark immediately (Figs. 3d and 4d). The results indicate that
the potential of ZSTU-3 in a fast fluorescence and visible to the naked eye
detection of Fe>" ion and nitro-aromatic molecules.

4. Conclusions
A fluorescent titanium-based MOF (ZSTU-3) nanoparticles was syn-

thesized exhibited highly selective and sensitive sensing towards Fe>*
ion and nitro-aromatic compounds through adding different analytes.
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Fig. 4. (a) Fluorescence intensity of 5 x 10~° mol different organic small molecule (among them, the amount of PA was 2.66 x 10~° mol) added to ZSTU-3 ethanol
solution at 500 nm emission, (b) The ZSTU-3 PL spectra under different amounts of PA, (c) The SV curve of PA, inset: the quenching fluorescence upon addition of 50
M PA, (d) Photograph of fluorescence response after 5 pL, 0.122% PA was added to test paper under 365 nm UV light.

The ZSTU-3 exhibits high detection limit towards Fe®' ion and PA, with
the value reached 70.7 nM and 15.90 pM, respectively. Both electron
transfer and energy transfer contribute to the effective fluorescence
quenching of ZSTU-3 material. This result demonstrates that Ti-MOF, as
a multi-response fluorescent probe, exhibits potential application in
detecting metal ions and nitro-aromatic compounds, and provides a
feasible way to utilize porous Ti-MOFs on fluorescent sensors in the
environment and biological areas.
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