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A Zn-MOF Luminescent Sensor for Selective Detection of Styrene
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Abstract: A new three-dimensional Zn**-based metal-organic framework (MOF), {[Zn,(tyia),(H,0),] -+H,0}, (1),
where H,tyia is 5-(1H-1,2,4-triazol-1-yl) isophthalic acid, was synthesized under solvothermal conditions. The struc-
ture of compound 1 was analyzed by X-ray single crystal diffraction, and characterized by elemental analysis, pow-
der X-ray diffraction, thermogravimetric analysis and solid fluorescence analysis. The fluorescence characteristics of
the interaction between compound 1 and small organic molecules were studied. The results show that 1 can
response quickly to low concentration of styrene, and the minimum identification concentration is 1.06 mmol-L™".

Furthermore, a possible sensing mechanism was investigated. CCDC: 1958896.
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0 Introduction bly of organic ligands and metal ions or clusters via
coordination bonds. Recently, MOFs have been effi-

Metal -organic frameworks (MOFs)", are organic ciently employed in many fields including chemical

and inorganic hybrid materials formed by self - assem- separation), gas storage', catalysis®™"”, polymeriza-
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""and drug delivery!”. Another propitious field of

tion
application for MOFs is luminescent sensing!*"*. Lumi-
nescent MOFs have several advantages over the
conventional small-molecule-based sensor materials
because of their ultrahigh surface areas, adjustable po-
rosities, functionalizable pore walls and 7 - conjugated
backbones!" "%, Besides, such luminescent sensors also
possess prominent advantages over traditional methods
and sophisticated analytical instruments like quick-
response, simplicity, sensitivity, selectivity, portability
and inexpensive, and can also be used in both solid
state and solution'"”. Currently, MOFs sensors for the
detection of small organic molecules have received
increasing attention.

It needs to be mentioned that sensing and detec-
tion of small organic molecules also play a significant
role in environmental science and industry. With the
rapid development of industry, some small organic mol-
ecules have proven to be the most severe environmen-

tal pollutants'®!,

The harm of plastic pollutants for
human and environment is also being paid more and
more attention. Styrene is toxic compound used in
large quantities in the production of fiberglass rein-
forced polyesters. Waste plastics and rubber have
caused serious environmental pollution, and have
grown up to be an increasingly serious threat to the

2
. Humans are very

health of animals and humans
prone to be exposed to styrene occupationally and
through air, water and food. How to rapidly detect haz-
ardous styrene has been an important challenge for
public security and environmental protection!. There-
fore, selective recognition and detection are beneficial
to environmental protection and human health.

In this contribution, we present a porous Zn(Il)
MOF, {[Zn,(tyia),(H,0),] -H,0}, (1), which is generated
based on a newly synthesized unsymmetrical ligand, 5-
(1H-1,2,4-triazol-1-yl) isophthalic acid, H,tyia, contain-
ing a triazole moiety with multiple N-donor atoms and
the carboxylate group by solvothermal reaction. As
expected, luminescence study revealed that compound
1 could be used as high selectivity luminescence
sensor for sensing styrene. To the best of our knowl-

edge, this is the first exploration for the application of

MOFs in the detection/sensing of styrene. Single crys-
tal structure of the MOF was investigated, showing
interesting three - dimensional (3D) structure. In addi-
tion, we also discuss the photoluminescence mecha-
nism of compound 1, and the quenching response
mechanism of sensing styrene in detail via UV-Vis

absorption spectra.
1 Experimental

1.1 Materials and methods

All reagents and solvents commercially available
were employed and used without further purification.
Thermal gravimetric analysis (TGA) was performed on
a NETZSCHSTA 499 C microanalyzer with a heating
rate of 10 °C *min™" from room temperature to 800 °C
under N, atmosphere (Flow rate: 10 mL+min™"). Powder
X-ray diffraction (PXRD) data were collected over a 26
range of 5°~50° using a SmartLab diffractometer with
Cu Ka radiation (A=0.154 18 nm) at room temperature.
Its working voltage is 40 kV and current is 40 mA.
Elemental analyses of C, H and N were achieved with a
Perkin - Elmer 240 elemental analyzer. Luminescencet
spectra were determined on a Varian CARY Eclipse
spectrophotometer. The UV-Vis spectrum were deter-
mined by UV-1800.

1.2 Synthesis of {[Zn,(tyia),(H,0),]-H,0}, (1)

A mixture of Zn(NO,),-6H,0 (0.05 mmol) and
H,tyia (0.05 mmol) were dissolved in a solvent mixture
of EtOH (2 mL) and H,0 (8 mL). Then, the mixture was
transferred into a Teflon reactor (15 mL) and heated at
135 °C for 72 h. The solution was filtered, and colorless
transparent thin piece of crystals (1) were obtained.
They were washed with deionized water and dried in
air. Yield based on Zn: 38%. Elemental analysis Caled.
for C,0H (NsO,,Zn,(%): C 37.15, H 2.48, N 13.00; Found
(%): C 37.04, H 2.05, N 12.83.

1.3 X-ray crystallographic study

Crystal data for compound 1 was performed on an
Agilent Gemini E diffractometer equipping with a
graphite-monochromated Cu Ko (A =0.154 184 nm)
radiation at 293(2) K. The intensity data was collected
by the x-scan technique. The structure was solved by

direct methods and refined with SHELXS-2018 and
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SHELXL-2018. All non-hydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms
attached to C atoms were located at geometrically cal-
culated positions to their carrier atoms and refined with

isotropic thermal parameters included in the final stage

of the refinement. A summary of the crystallographic
data and structure refinements for compound 1 is given
in Table 1. Selected bond lengths and bond angles are
summarized in Table S1 (Supporting information).

CCDC: 1958896.

Table 1 Crystal data and structure refinement for compound 1

Empirical formula CyoH N0, Zn, F(000) 1304

Formula weight 647.13 Crystal size / mm 0.08%0.07x0.07

Crystal system Orthorhombic 0 range for data collection / (°) 4.19~67.21

Space group Pbcn Reflection collected, unique 14128, 1933 (R,,=0.118 4)
a/nm 1.558 53(11) Max. and min. transmission 0.797 1 and 0.772 9

b/ nm 0.673 05(5) Data, restraint, parameter 1933,432, 177

¢/nm 2.108 79(12) Goodness of fit on F2 1.079

Volume / nm? 2.212 1(3) Final R indices [[>20°(])]* R,=0.084 0, wR,=0.215 8
A 4 R indices (all data) R,=0.117 0, wR,=0.263 9
D./ (Mg-m™) 1.943 Largest diff. peak and hole / (e*nm™) 883 and -1 507
Absorption coefficient / mm™ 3.394

“Ri=2NF J-IF I/ ZINF |3 wRy={ X [w(F >=F 2/ X [(F 2?1}

1.4 Styrene sensing experiment

The powder sample (3 mg) of Zn-MOF (1) was
immersed in 4 mL different solvent containing acetoni-
trile, isopropanol, MeOH, DMSO, ethyl acetate, EtOH,
DMF, DMA and styrene for 12 h at room temperature.
The luminescence data of the solution were collected
after ultrasonication for 20 min. The compound 1 was
dispersed into distilled water to form an aqueous
suspension, and then various amounts of styrene were
added into the above aqueous suspensions, respective-
ly. The relation between luminescent intensity and

varying concentrations were analyzed.
2 Results and discussion

2.1 Crystal structure of {[Zn,(tyia),(H,0),] - H,0},

1)

Single-crystal X-ray diffraction analysis reveals
that 1 crystallizes in the orthorhombic system Pbcn
space group featuring a 3D new topological framework.
The asymmetric unit includes one Zn(Il) cation, one
tyia®” ligand, one coordinated H,0 molecule and half a
lattice H,0 molecule. As depicted in Fig.1a, the Zn(Il)
ion is penta-coordinated by one N atom from one tyia®
ligand, three carboxylate O atoms from other two tyia®

ligands and one oxygen atom from H,0 molecule (05)

to form triangular double cone. The distances of Zn-0
bonds vary from 0.195 8 to 0.259 0 nm, while the
length of the Zn-N bond is 0.200 9 nm, which are in
the normal range. The Zn-O/N bond lengths are all
consistent with corresponding bond lengths found in

[22

the literature™. As shown in Fig. 1b, 1D zigzag chain
([Zn-H,tyia],) is formed by the tyia® ligands and Zn(Il)
without considering carboxyl coordination. Further-
more, the neighboring 1D chains are connected by
tyia® ligands to form an infinite 3D framework (Fig.1c).
2.2 PXRD and thermal properties

The phase purity of compound 1 was confirmed
using PXRD and the simulated single crystal data
(Fig.2a), since the as-synthesized samples and simulat-
ed patterns were in good agreement with each other. In
order to investigate the stability of the compound, TGA
was carried out (Fig.2b). For 1, it remained stable in a
range of 30~80 °C and the first weight loss of 3.93% in
a range of 80~109 °C corresponds to the loss of one
lattice water molecule (Caled. 2.79%). Another weight
loss of 5.27% in a range of 109~300 °C corresponds to
two coordinated water molecules (Caled. 5.57%). Due
to the decomposition of ligands, the overall framework

structure began to collapse over 300 °C.
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Symmetry codes: #1: 0.5+x, 0.5-y, 1—z; #2: 0.5+x, y=0.5, 0.5-z; #3: 0.5-x, v=0.5, z

Fig.1 Structure of compound 1: (a) Coordination environment of Zn(Il); (b) 1D chain; (¢) 3D framework

110
@® 100 1_®
90 4
80 4
As-synthesized S
= 704
=
.20
o -
= 60
50 <
I I Simulated 40 -
30 <
L) \J A v 20 v v v T T v v T
10 20 30 40 50 100 200 300 400 500 600 700 800

260/ (°) Temperature / °C

Fig.2 (a) PXRD patterns of simulated and as-synthesized compound 1; (b) TGA curve of compound 1

2.3 Luminescence properties rately in the solid phase at ambient temperature. As

Photoluminescence properties of zinc MOFs are shown in Fig.S1, the free ligand H,tyia showed a wide

well-known for their promising applications in chemi- emission band ranging from 425 to 550 nm upon excita-

cal sensors. The luminescence properties of the free tion at 400 nm. Under excitation at 300 nm, the spec-

ligands H,tyia and compound 1 were investigated sepa- trum of compound 1 showed emission centered at 445
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nm. Compared with the free H,tyia ligand, the lumines-
cence of compound 1 had blue-shift of 10 nm with
stronger intensity. The emission of compound 1 can
probably be attributed to the intra-ligand (7-7%)
charge transition™. The excitation spectra of the free
ligand and compound 1 are shown in Fig.S2.

In order to study the potential luminescence sens-
ing application of 1 for detection of small molecules,
the luminescent properties of 1 dispersed in various
types of solvents were investigated. The results indi-
cate that the luminescence intensity of compound 1 are
largely dependent on the solvent molecules, especially
dispersed in styrene, which presents distinct fluores-
cence quenching (Fig.3a). Moreover, the relative inten-
sity of a major emission peak (650 nm) can be mirrored
by the histogram intuitively (Fig.3b). In addition, the
PXRD patterns of 1 immersed in different organic

solvents matched well with the simulated patterns

550 575 600 625 650 675 700
‘Wavelength / nm

obtained from the single crystal data, demonstrating
the excellent stability of 1 under these conditions
(Fig.S3).

Meanwhile, the suspensions of 1 in H,0 showed
the strongest emission band. Therefore, the fluorescent
detection experiment was performed in H,0 solution.
In order to further investigate the sensitivity and limit
detection of compound 1 for styrene, 8.698 mmol-L™"
styrene was gradually added into a suspension of 1%,
When the excitation was 325 nm, the luminescence
intensity of 1 at 650 nm was gradually quenched with
the increase in concentration of the styrene. When the
volume of styrene reached 30 plL, the luminescence
intensity quenched 15% for 1. When the amount of
styrene increased to 240 pl, the fluorescence was
almost quenched (Fig.4a). Quantitatively, this quench-
ing effect can be well-fitted by the Stern-Volmer plots

(I/I=1+K c,) of the relative fluorescence intensity

4500

4000 I 650 nin (b)

u.
DWW
w o v
S S 2
S S S

&)
=3
S
S

Relative intensity / a.u.

[SIP N O & O o
‘é‘»%‘.\\\g\ oQ'bé) @ao‘bo& ‘b&\'p Q)\o 9& 9&3‘{@
2 & z@\

o

Fig.3 (a) Emission spectra of 1 at 325 nm after immersion in different solutions; (b) Corresponding luminescence
intensity of 1 with different solutions at 650 nm
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Fig.4 (a) Fluorescence intensities of aqueous solution of 1 in the presence of various amounts of styrene;

(b) Stern-Volmer plots for 1 upon addition of styrene
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versus the styrene concentration as shown in Fig. 4b,
where I, and [ are the fluorescence intensities of 1
suspension without and with addition of styrene, re-
spectively, ¢, is the molar concentration of styrene and
K., is the quenching effect coefcient of organic
solvents™. The K, value was calculated to be 4.472x
10* L-mol™, proving the high quenching efficiency of
styrene on the emission of 1. Based on the K, values
and the standard error (o) for three repeated fluores-
cence measurements of blank solutions, the detection
limits (30/K_) are calculated to be 1.06 pmol-L™" for 1,
which are a clear indication of the high sensing sensi-
tivity of 1 towards styrene.

In order to check the selectivity of compound 1
towards styrene in the presence of other potentially
competing organic solvents, competitive fluorescence
titration experiments were performed. In these competi-
tive titration measurements, fluorescence emission
spectra were recorded upon the incremental addition of
styrene to the stable aqueous suspensions of compound
1 containing the potentially intrusive organic solvents.
The changes in the luminescence intensity of com-
pound 1 upon the addition of styrene in the absence
and presence of other competing organic solvents are
presented in Fig. 5. The competitive experiment also
confirms that the sensor is not influenced by the coex-
isting components, indicating that the sensor is a
highly selective and sensitive towards organic solvent

styrene.
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Fig.5 Comparison of luminescence intensity of 1
(650 nm) with 0.01 mol-L™" of interfering
substances in the absence and presence of

styrene

The cycling experiments of the luminescence
sensing of compound 1 was conducted to determine its
recyclability. Compound 1 can be recovered by centrif-
ugation and washed with ethanol. There was only minor
reducing of quenching effect after five cycles. Howev-
er, there was a slight change in the luminescence inten-
sity of the compound in each cycle because of the resid-
ual target material, which is within the acceptable
range (Fig.6). As verified by the PXRD experiments
(Fig.S4), all the MOF materials retained most of their
initial crystallinity (thus structural robustness) after
five successive cycles of fluorescence titration experi-
ments.
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Fig.6  Recyclability of sensor 1 immersed in water with
10 mmol - ™" styrene

To examine the mechanism of luminescence
quenching of 1 toward styrene, further experiments
were conducted. The PXRD pattern of 1 after detecting
styrene was consistent with the original sample, indicat-
ing that the quenching phenomenon was not caused by
the collapse of the framework (Fig.S4). As shown in Fig.
S5, the UV -Vis absorption spectra of different organic
small molecules in the aqueous phase show that there
was an observable absorption intensity of styrene in a
wavelength range of 290~330 nm, while other organic
small molecules did not absorb in this wavelength
range. There exists competition between the absorption
of styrene and the excitation of Zn-MOF (1), resulting
in the decrease and even quenching in lumines-

cence®?,

3 Conclusions

In summary, a novel Zn-MOF's {[Zn,(tyia),(H,0),]
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H,0}, (1), based on H,tyia was successfully synthesized
and characterized. Compound 1 exhibits exceptional
thermal and water stability, as well as excellent fluores-
cence emission. Interestingly, compound 1 shows a
highly selective and sensitive fluorescence quenching
effect on styrene in an aqueous environment. In brief,
compound 1 has been proven to be promising practical
fluorescence sensor for detecting styrene with high
selectivity and sensitivity. This work provides a promis-
ing perspective for designing MOF -based sensors with

multi-functional applications.
Supporting information is available at http://www.wjhxxb.cn
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