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Luminescent Cd coordination
polymer based on thiazole

as a dual-responsive
chemosensor for 4-nitroaniline
and CrO,% in water

Akram Karbalaee Hosseini & Azadeh Tadjarodi**

A novel highly fluorescent cadmium metal-organic framework, [Cd (DPTTZ) (OBA)] (IUST-

3), synthesized by using two linkers 2, 5-di (pyridine-4-yl) thiazolo [5, 4-d] thiazole (DPTTZ) and 4,
4'-oxybis (benzoic acid) (OBA) simultaneously, which exhibits a two-dimensional framework. The
characteristics of this Cd-MOF were investigated by single-crystal X-ray diffraction, Fourier transform
infrared spectroscopy, elemental analysis, powder X-ray diffraction, and thermogravimetry analysis.
The IUST-3 exhibits excellent luminescence property and good stability in water. Luminescent
experiments indicate that the IUST-3 has remarkable sensitivity and selectivity for the detection of
4-nitroaniline (4-NA), and CrO,2" anion with K¢, =1.03 x 10° M1 (4-NA) and K, =2.93 x10* M1 (CrO,2)
and low limit of detection 0.52 uM (4-NA) and 1.37 pM (CrO,2). In addition, the possible fluorescence
quenching mechanism was explored in this paper.

Sensation and detection of pollution in the water environment are essential to environmental conservation and
life safety. Wastewater generated by various industrial processes such as alloying, electroplating, corrosion inhibi-
tion, printing, textile dyeing, etc., contains chromium and its derivatives'~*. Hexavalent chromium compound,
CrO,? anion, is very dangerous for human health that can cause serious adverse health effects, such as kidney
damage, skin irritation, lung carcinoma, allergic reactions, and so on®”. In addition, 4-nitroaniline, a well-known
explosive compound, as an essential intermediate in the synthesis of pesticides chemicals, dyes, photostabilizers,
antioxidants, and pharmaceuticals has become a serious pollution source of soil, groundwater, and sediments®10,
Therefore, potentially cause some severe diseases, such as cancer, coma, anemia, methemoglobinemia, and so
on''"13. Thus, the expansion of extremely efficient methods to detect hazardous substances in the water environ-
ment has become increasingly necessary and attracted considerable research attention'*""7.

Metal-organic frameworks (MOFs), also known as porous coordination polymers (PCPs), are a fascinating
type of sensory materials self-assembled by metal ions/clusters and organic bridging linkers/ligands via coordina-
tion bonds, which incorporate the inherent merits of the rigid inorganic materials and flexible organic materials.
In the realm of metal-organic frameworks, luminescent MOFs (LMOFs) have drawn tremendous attention over
the last two decades from both scientific researchers and industrial engineers'®.

Suitable material for use as chemical sensors can be divided into multiple classes based on the kind of feature,
which leads to a detection signal. In the case of optical sensors, detection is attained by a change in color, fluo-
rescence, or circular dichroism of the sensor element. Analytical techniques based on luminescence due to the
high efficiency with which light can lead to single-molecule detection and recent advances in detector and optical
technologies have attracted significant attention. Among multiple luminescent materials, LMOFs newly appear
as potential chemical sensors because of their easily induced luminescence, various advantages in structural and
functional ingredients, and diverse detecting mechanisms'®%.

Incorporating a bicyclic aromatic thiazolo[5,4-d]thiazole as an important type of multifunctional heterocyclic
compound into the framework could lead to LMOFs with potential sensory properties**~2%. With this idea in
mind, we have designed a novel MOE, [Cd (DPTTZ) (OBA)] (IUST-3), containing thiazolo[5,4-d] thiazole unit
as a luminescent metal-organic framework. The TUST-3 shows great fluorescent properties because of having
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Cd(II) cation with d'° electronic configuration and the strong 7-conjugated effect of 2, 5-di (pyridine-4-yl)
thiazolo [5, 4-d] thiazole ligand. In this work, we reported the synthesis, and crystal structure of the IUST-3,
and also the selective detection of 4-nitroaniline (4-NA), and chromate anion (CrO,?") in aqueous solution at
room temperature by the [UST-3.

Experimental

Materials and general methods. All starting reagents were purchased from commercial suppliers
and were used without further purification. The compound 2, 5-di (pyridine-4-yl) thiazolo [5, 4-d] thiazole
(DPTTZ) as a ligand was synthesized as reported in the literature?”. Infrared spectra were recorded in the range
of 400-4000 cm™! with a Shimaduz FT-IR-8400 spectrometer from samples in KBr pellets. Elemental analyses
(CHNS) were done using a CHNS Thermo Finnigan Flash 1112 series elemental analyser. Powder X-ray diffrac-
tion measurements were performed using a Philips X’pert diffractometer. Thermo gravimetric analysis (TGA)
was performed with Perkin Elmer Pyris 1 thermo gravimeter under argon (Ar) atmosphere in the range from
50 to 800 °C with a ramp rate of 10 °C min'. The fluorescent spectra were recorded on a PerkinElmer LS45
fluorescence spectrometer.

X-ray crystal structure determination. X-ray single-crystal data collection for the IUST-3 was per-
formed at 296 K using Mo Ka radiation (A\=0.71073 A). Computing details include Data collection: MAR345
dtb Program (1.24-4, 2013); cell refinement: Automar software package (3.3a, 2015); data reduction: Automar
software package (3.3a, 2015); program(s) used to solve structure: SHELXT 2018/2 (Sheldrick, 2018); program(s)
used to refine structure: SHELXL2016/6 (Sheldrick, 2016); molecular graphics: DIAMOND (Brandenburg,
1999); software used to prepare material for publication: PLATON (2018). Table S1 summarized single-crystal
X-ray diffraction data and structure refinement for the IUST-3.

Synthesis of [Cd (DPTTZ) (OBA)] (IUST-3). Cd(NO,), 4H,0 (0.21 g, 0.67 mmol), DPTZTZ (0.10 g,
0.34 mmol), and 4,4'-oxybis(benzoic acid) (OBA) (0.17 g, 0.67 mmol) were dissolved in 50 mL of DMF, and
then the solution was placed in an 80 mL glass vial. The mixture was heated at 95 °C for 72 h. After slow cooling
to room temperature, yellow single crystals were formed and collected by filtration and then washed with hot
DMF several times. Yield: 52% (based on DPTTZ). Elemental analysis (%), Cal. for C,sH,,CdN,O;S,: C, 50.57;
H, 2.43; N, 8.43; S, 9.64, found: C, 51.02; H, 2.86; N, 8.84; S, 9.13. IR (KBr, cm™)): 3422(m), 3058(m), 2924(m),
2853(w), 1676(s), 1596(s), 1540(m), 1500(m), 1392(s), 1240(s), 1159(s), 1093(m), 1064(m), 1011(s), 880(s),
833(m), 783(s), 702(s), 660(s), 618(s), 506 (s), 411(m).

The luminescent experiments. The photoluminescence properties of the IUST-3 were investigated in
H,O suspensions at room temperature. These suspensions were prepared by adding 1 mg of the ITUST-3 powder
into 10 mL of H,O and dispersed under 20 min ultrasonic irradiation (60 W) before testing.

For selectivity CrO,*” anion and 4-NA (1x 107 M, 100 uM) were added to 2 mL of the IUST-3 suspension,
containing different anions and aromatic compounds (1 x 10 M, 100 uM), respectively. Then after 1 min, the
fluorescence spectra were measured upon excitation at 380 nm.

In the fluorescence titration experiment, 2 mL of the IUST-3 suspension was added to a quartz cell, and the
photoluminescence spectra (excitations at 380 nm) were recorded after each incremental addition of 20 pL and
10 pL analyte solution (1 x 107> M) for CrO,*” anion and 4-NA, respectively.

Results and discussion

Characterization of [Cd (DPTTZ) (OBA)] (IUST-3). Crystal structure. 'The IUST-3 is composed of
Cd(II) metal nodes linked by DPTTZ and OBA linkers and represents a 2D framework, which crystallizes in the
triclinic crystal system with space group P1. The asymmetric unit of the TUST-3 consists of one Cd(II) center,
one DPTZTZ ligand, and one OBA ligand. The Cd(II) atom of the IUST-3 is six-coordinated displaying a dis-
torted octahedral coordination environment by two nitrogen atoms from two different 2, 5-di (pyridine-4-yl)
thiazolo [5, 4-d] thiazole (DPTTZ) ligands and four oxygen atoms from two different 4,4'-oxybis(benzoic acid)
(OBA) ligands. Four oxygen atoms from OBA ligands together with the central Cd(II) ion form the equato-
rial plane and two nitrogen atoms from DPTZTZ ligands occupy the axial positions (Fig. 1a). The Cd-N bond
lengths are 2.351(5) A and 2.371(4) A, and the Cd-O bond distances are in the range of 2.270(5) to 2.403(4) A.
The O-Cd-O and N-Cd-O angles are in the range of 54.72(14)-147.38(14)° and 84.61(16)-96.49(16)°, respec-
tively. The two crystallographically independent Cd(II) ions also form a dimeric secondary building unit (SBU)
Cd,(u-OCO),. The adjacent dimeric SBUs are further bridged by OBA ligands, whose carboxyl groups adopt
,-n'm'-bidentate chelating and p,-n':n!-bismonodentate bridging mixed mode (Fig. 2), providing a 1D double-
chain {Cd,(OBA),}, along the ac plane (Fig. 1b). Further, the adjacent double-chains are expanded by DPTTZ
ligands to construct a 2D sheet along the bc plane (Fig. 1c).

PXRD, FT-IR, and thermal property. To confirm the phase purity of the IUST-3, the powder X-ray diffraction
(PXRD) was carried out. The result showed that the PXRD pattern of as-synthesized the IUST-3 is in good
accordance with the simulated pattern from its crystal data. Considering the practical application of the IUST-3
as a sensor for detection of anions and aromatic compounds in aqueous media, the water stability of the IUST-3
was further studied. The results of the PXRD before and after the immersion process in water revealed that the
TUST-3 remain constant after the immersion process (Fig. S1).
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Figure 1. (a) View of coordination environment of the Cd(II) ions in the IUST-3; Symmetry codes:
D)—x-y+2,-z (i) —x,-y+2,-z+1; (iii) x— 1, y+ 1, z; (iv) x+ 1, y— 1, z, (b) 1D double-chain of Cd(II) ions
and OBA ligands, (c) 2D pillared-layer framework of the IUST-3.
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Figure 2. Coordination modes of the DPTTZ and OBA ligands in the [UST-3.

Figure S2 shows the FT-IR spectrum of the ITUST-3. Dicarboxylate groups of 4,4'-oxybis (benzoic acid) ligands
show characteristic absorption bands at 1540 cm™ and 1443 cm™! for asymmetric and symmetric, respectively?.
As all carboxyl groups of 4,4'-oxybis (benzoic acid) ligands in the reaction with Cd ions have deprotonated, there
is no absorption band at 1700 cm™ for protonated carboxylate groups. The peak at 1675 cm™ is attributed to the
carbonyl group of DMF molecules®. The band in the 3425 cm™ is probably attributed to the presence of water
in the KBr matrix. The relatively weak absorption band at 3056 cm™ results from the C-H modes involving
aromatic rings.

The TGA curve shows that the IUST-3 is thermally stable under Ar stream up to 340 °C (Fig. S3). The IUST-3
demonstrates a one-stage weight loss process, loss of mixed ligands from 340 °C, which was the main thermal
loss of 55.2%. The remaining weight may be attributed to the formation of cadmium oxide, cadmium sulfide,
cadmium sulfate, or a mixture of these compounds.

Sensing of aromatic compounds. Aromatic compounds (ACs) are a class of undesirable organic pollutants
with a benzene ring in wastewater and can cause fluorescence quenching in porous luminescent MOFs due
to electron or energy transfer’®-*2. Considering the excellent luminescence properties of the IUST-3 in aque-
ous solution, the ability of the IUST-3 to detect aromatic compounds in aqueous media through luminescent
sensing has been investigated. Therefore, a diversity of aromatics compounds with and without nitro groups
were selected including 2-nitrophenol (2-NPh), 4-nitrophenol (4-NPh), 4-nitroaniline (4-NA), 4-nitrotoluene
(4-NT), nitrobenzene (NB), benzene (B), toluene (T), phenol (Ph), bromobenzene (BB), chlorobenzene (CB),
4-chlorophenol (4-CPh). The quantitative sensitization determination of quenching behavior was performed by
the addition of aromatic compounds (1x 107 M, 100 pL) to the suspension of the IUST-3 (dispersing 1 mg of
the TUST-3 in 10 mL of H,0) and the luminescence intensities were recorded. Fluorescence emission data were
collected at A, =380 nm and emission wavelengths at 400 ~ 550 nm. As depicted in Fig. 3a, among the aromatic
compounds, 4-nitroaniline displays the greatest quenching effect on the luminescence of the IUST-3. The photo-
luminescence intensity of the IUST-3 decreased more than 98% with only the addition of 110 uL 4-NA solution
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Figure 3. (a) The comparison of the fluorescence quenching intensity of the ITUST-3 (1 mg) in water (2 ml)
among the aromatic compounds (1 mM, 100 pl), (b) Photoluminescence spectra of the ITUST-3 with gradual
addition of 4-NA (1 mM, 10 L addition each time), (c) Stern-Volmer plot of Ij/I versus 4-NA concentration in
the TUST-3 aqueous suspension (insert: enlarged view of a selected area), (d) Selective detection of 4-NA on the
IUST-3 in the presence of different aromatic compounds in water.

and the order of the quenching efficiency for different aromatic compounds was in the order, 4-NA>B>T>4-C
Ph>BB>Ph>NB>2-NPh>4-NPh>CB>4-NT.

A fluorescence titration experiment was carried out with gradual addition of 4-NA (1x 107> M, 10 pL addi-
tion each time). As the 4-NA gradually increased, the luminescence intensity of the IUST-3 at 452 nm gradually
decreased (Fig. 3b). The quenching degree can be quantitatively measured by Ky (quenching effect constant)
using the Stern-Volmer equation: I,/I=1+ Kgy [M], where I, and I are the fluorescence intensities before and after
the additions of the analyte, respectively and [M] is the molar concentration of the analyte. The Stern-Volmer
curve for 4-NA is linear at low concentrations. However, with the increase in concentration, the curve deviates
from the linearity, which can be explained by an energy-transfer process or self-absorption®. As shown in Fig. 3¢,
the quenching constant Kgy of the ITUST-3 for 4-NA was calculated to be 1.03 x 10° M™! based on the linear part,
which is at a relatively high level than other LMOFs for sensing 4-NA (Table S2). The above results propose that
the IUST-3 can act as a sensor for 4-NA in aqueous solutions with high sensitivity. The limit of detection (LOD)
was calculated according to the equation LOD = 30/k, where o represents the standard deviation of a blank sample
and k is defined as the slope of the linear calibration plot. The LOD of the IUST-3 for 4-NA is 0.52 uM, which
is among the lowest reported detection limits for the LMOFs (Table S2). The competing behavior for selective
detection of 4-NA by the IUST-3 over the other analytes was carried out by registering the luminescence spectra
of aqueous suspensions of the ITUST-3 in the presence of 4-NA and different interfering aromatic compounds,
where after the addition of (100 pL, 1 x 107> M) of the respective analyte, (100 pL, 1 x 10> M) of 4-NA was added
(Fig. 3d). The quenching phenomenon of 4-NA on the IUST-3 is not changed even in presence of added differ-
ent aromatic compounds, demonstrating that the ITUST-3 can be considered as a potential luminescent probe to
detect 4-NA among the above-mentioned different aromatic compounds.

The reason for the luminescence quenching caused by 4-NA is discussed as follows: the collapse of the frame-
work, the photoinduced electron transfer (PET), and the resonance energy transfer (RET). The PXRD pattern
of the TUST-3 after detecting 4-NA was measured, which is similar to the initial one (Fig. S4) suggesting that the
fluorescence intensity reduction of the IUST-3 was not due to the decomposition of the framework structure.
In the PET process, the LUMO of fluorescent ligand must have higher energy in comparison to the LUMOs of
acceptor analytes. The conduction band of the DPTTZ ligand (LUMO =-2.665 eV) is located at higher energy
than the LUMO of 4-NA (LUMO =-2.816 eV), demonstrating the PET process is the reason for fluorescence
intensity reduction but might be not the only mechanism for luminescence quenching for the TUST-3%*%. There-
fore, considering the nonlinear behavior from the SV plot for 4-NA at higher concentrations, the resonance
energy transfer (RET) is probably the other proposed mechanism for detecting 4-NA. As indicated in Fig. 4a,
the absorption spectrum of 4-NA illustrated a strong overlap with the excitation and emission spectra of the
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Figure 4. (a) Spectral overlap of absorbance spectrum of 4-NA with excitation and emission spectra of the
TUST-3, (b) Luminescent intensity of the IUST-3 at 380 nm after four cycles for 4-NA.

TUST-3. According to these results, 4-NA can absorb the excitation and emission energy of the IUST-3, resulting
in luminescence quenching®®?’.

As a sensor, in addition to being stable, selective, and sensitive, regeneration is another significant issue. The
reusability of the fluorescence sensing performances of the IUST-3 towards 4-NA was examined for up to four
cycles of detection. The recyclability of the ITUST-3 in the sensing process was evaluated. We dispersed the TUST-3
in the H,O solution (1 x 10 M) of 4-NA to generate the IUST-3@4-NA sample. The resulting solid was treated
several times with water to entirely wash 4-NA. As depicted in Fig. 4b, the fluorescence quenching ability of the
untreated the IUST-3 is equivalent to the recovered the IUST-3 after four cycles, which indicates the TUST-3 is
a recyclable luminescent probe for the CrO,* anion.

Sensing of anions. 'The quenching effect of the IUST-3 for the sensing of anions was investigated in KX aque-
ous solutions (X=1-, NO;~, SO,*, Br~, Cl-, PO,*, CH,COO-, F, S,0,*, H,PO,~, MnO,", CrO,*, and Cr,0,%,
1x 107 M). As depicted in Fig. 5a, different anions quench the luminescent intensity to a certain degree while
the CrO,*" anion almost completely quenches the fluorescence intensity of the IUST-3. The IUST-3 illustrates
high quenching efficiency of 95.02% toward the CrO,*” anion. The quenching efficiencies for the IUST-3 fol-
low the order of CrO/ >MnO, >Cr,0,>>P0,* >CH;COO >I">Cl >H,PO, >S0,> >Br >F >NO;"
>$,0,>". The quantitative sensitizations of the quenching behavior were also measured by changing the amount
of CrO,* anion in the solution. With the increasing concentration of CrO,*" anion, the emission intensities
of the IUST-3 gradually decrease under excitation at 380 nm (Fig. 5b). With the increasing concentrations of
CrO,* anion, the Stern-Volmer curve gradually deviated and bent upward (Fig. 5¢). In the light of the linear
fitting of the Stern-Volmer curve, the calculated K, value for CrO,*” anion by the [UST-3 was 2.93x 10* M%. In
addition, the calculated detection limit for the CrO,*" anion can be as low as 1.37 uM, which is comparable to
the value obtained for the previously reported LMOFs for sensing the CrO,?” anion (Table S3). Moreover, anti-
interference experiments were performed in the presence of the CrO,* anion (100 uL, 1 x 107> M) and different
anions (100 pL, 1x 107> M). With the addition of the CrO,*~ anion, the luminescence intensity was significantly
quenched (Fig. 5d). The above results suggest that the IUST-3 can serve as a good selective and sensitive “turn-
off” fluorescent probe for the detection of CrO,* anion, which is not interfered by other anions.

The conceivable quenching mechanism of luminescence sensing for the CrO,* anion is perused. The PXRD
patterns represent that the IUST-3 remains intact after detection (Fig. S4), which confirms that the decom-
position of the IUST-3 was not a reason for luminescence quenching. To determine whether the IUST-3 and
CrO,* interact, FT-IR spectra were collected before and after sensing experiments. The characteristic absorption
peaks of the ITUST-3 were not altered after adding CrO,*", demonstrating that there is no coordination between
CrO,* and the IUST-3 (Fig. S5). The absorption spectrum of the CrO,*” anion showed a remarkable overlap with
the excitation and emission spectra of the IUST-3 (Fig. 6a). This fact relates that the resonance energy transfer
mechanism is operative in luminescence quenching, which demonstrates the good sensitivity and selectivity of
the IUST-3 toward CrO,>~ anion®®.

To demonstrate recyclability, the IUST-3 dispersed in the water solution (1 x 107> M) of CrO,*” anion to
generate the [UST-3@CrO,* sample. The resulting solid was washed several times with water to entirely wash
the CrO,* anion and then dried in the air. As shown in Fig. 6b, the fluorescence intensity of the recovered the
IUST-3 remains essentially unchanged after four consecutive cycles, which represents its good stability and high
reusability for the detection applications of the CrO,?” anion.

Conclusions

In summary, incorporating thiazolo[5,4-d] thiazole unit into a cadmium metal-organic framework lead to the
fabrication of a new LMOF as a good dual-responsive sensor. A water-stable luminescent Cd-MOF (IUST-3)
was successfully synthesized by the solvothermal reaction. Particularly, the [UST-3 can detect CrO,*” anion and
4-nitroaniline (4-NA) in an aqueous solution with high sensitivity and selectivity through a fluorescence quench-
ing effect. In addition, the cycling experiment reveals that the IUST-3 has good reusability for CrO,?” anion and

Scientific Reports |

(2023) 13:269 | https://doi.org/10.1038/s41598-023-27466-x nature portfolio



www.nature.com/scientificreports/

(a) (b) 300 ——IUST-3
1000 700 CrO42 [mM] ——oomm
900 0.02 mM
-~ 0.03 mM
800 3 600 ——0.04mM
~ 700 S 500 ——0.05mM
5 600 z ——0.06 mM
< =
> 2 400 —0.07mM
2 500 2 ——0.08 mM
g 400 = 300 ——0.09 mM
P
< 300 200
= 200
100 100
0 ) =———
N oy & iy G g 400 420 440 460 480 500 520 540
&7 A5 b R ot A ™ I IR A ¢ (A4
\6‘*’ %'\.0 «® A Q}O 5,0 L 0‘9 @90 (}0 Wavelength (nm)
(C) 5 (d) 140 = JUST-3 ®Analytes B Analytes + CrO4*”
3 y =29.311x + 0.944
25 R*=0.9822 3
&
=
‘B
]
2
=
o
@
&
=]
=
L
~

0 0.02 0.04 0.06 0.08 0.1 0.12
CrO, (mM)
Figure 5. (a) The comparison of the fluorescence quenching intensity of the TUST-3 (1 mg) in water (2 ml)
among the different anions (1 mM, 100 pl), (b) Photoluminescence spectra of the IUST-3 with gradual addition
of the CrO,>" anion (1 mM, 10 pL addition each time), (c) Stern-Volmer plot of I,/ versus the CrO,*” anion
concentration in the IUST-3 aqueous suspension (insert: enlarged view of a selected area), (d) Selective
detection of the CrO,* anion on the IUST-3 in the presence of different aromatic compounds in water.
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Figure 6. (a) Spectral overlap of absorbance spectrum of the CrO,*~ anion with excitation and emission spectra
of the IUST-3, (b) Luminescent intensity of the IUST-3 at 380 nm after four cycles for the CrO,*" anion.

4-nitroaniline (4-NA) detection with negligible changes in luminescent intensity after four cycles. There are also
further discussions of the mechanism of the quenching effect and sensing properties of the IUST-3. The present
results reveal that the use of the [UST-3 is a simple, rapid, selective, and non-expensive method for 4-nitroaniline
and CrO,*" anion sensing.

Data availability
All data generated or analyzed during this study are included in this published article [and its supplementary
information files].
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