Open Access Article. Published on 22 September 2020. Downloaded on 12/4/2025 12:59:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Ad\v., 2020, 10, 34943

ROYAL SOCIETY
OF CHEMISTRY

(3

Synthesis and characterization of MOFs
constructed from 5-(benzimidazole-1-yl)

isophthalic acid and highly selective fluorescence
detection of Fe(u) and Cr(vi) in waterf

Bin Zhu,® Guimei Huang,? Yanni He,? Jisheng Xie,? Tao He,? Junli Wang*®

and Ziao Zong 2 *?

In this work, four novel metal—organic frameworks [Cd(bipa)l, (1), {{Znz(bipa).]l-2C,HsOH}, (2), {[Co(bipa)l-
C,HsOH3}, (3), {[Ni(bipa),]-2DMA}, (4), (Hobipa = 5-(benzimidazole-1-yllisophthalic acid) were successfully
synthesized under solvothermal conditions. Complexes 1-4 were characterized by powder X-ray

diffraction, elemental analysis, infrared spectroscopy and thermogravimetric analysis. Interestingly, the
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coordination patterns and 3D network structures of complexes 1-3 are very similar, while complex 4 is

relatively unique. Complexes 1-2 exhibit potential fluorescent properties. Complex 1 can selectively and

DOI: 10.1039/d0ra06529¢

rsc.li/rsc-advances mechanism is further discussed.

1. Introduction

Metal ions have played an extremely important role in industrial
production and biological metabolism." Chromium is an
indispensable metal material in leather production, electro-
plating, printing and dyeing, metallurgy and in the nuclear
industry.>® A large amount of chromium ions are discharged
into rivers with industrial wastewater, which seriously affects
the ecological environment and human health. Chromium ions
with different chemical valences have different physical and
biochemical characteristics.”*® Cr(u) has low toxicity and high
stability, which is beneficial to the metabolism of fat and
protein in mammals.* Cr(im) is hundreds of times more active
than Cr(vi), which is a strong carcinogen and teratogen, and
could accumulate in water, animals and plants in large quan-
tities causing catastrophic effects on the entire ecological chain
and food chain."**¢ Similarly, Fe(u) is indispensable for human
life activities, and which is mainly used as important carrier for
oxygen transmission by hemoglobin in human blood.'”** The
content of Fe(m) is an important criterion for evaluating water
quality, whose lack or excess will threaten the health of organ-
isms.*?° At present, the methods for detecting iron and chro-
mium ions in water mainly include ICP-MS,*" atomic absorption
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sensitively detect trace Fe(n) and Cr(vi) in water by fluorescence quenching detection, and the quenching

spectroscopy,* voltammetry,” and fluorescence spectropho-
tometry.”*** Compared with other detection methods, the
fluorescence method based on chemical sensing has the
advantages of fast detection speed, high sensitivity, and simple
instrument operation.>**’

Metal organic framework material (MOF) is a new type of
inorganic-organic hybrid material with multiple functions.?
Due to its ultra-high specific surface area and controllable pore
size,*? it has been widely used in catalysis, adsorption and gas
storage.*** In recent years, because both the inorganic and
organic parts of MOF can provide a platform for generating
light, the light emission caused by the metal-ligand charge
transfer can increase the multi-dimensional light emitting
function, the short response time, and the long luminous
life.>**> Great progress has been made in using MOF as a fluo-
rescence sensor to detect various metal ions.****

In this study, we chose 5-(benzimidazole-1-yl)isophthalic
acid as the ligand, because the asymmetric arrangement of
carboxyl groups on the conjugated benzene ring system can
promote the transfer of electrons. Therefore, transition metal
complexes constructed have some special fluorescence proper-
ties. Based on this, four novel complexes [Cd(bipa)], (1),
{[Zny(bipa);]- 2C,H;0H},  (2),  {[Co(bipa)] CH;0H},  (3),
{[Ni(bipa),]-2DMA},, (4), (Hybipa = 5-(benzimidazole-1-yl)
isophthalic acid) were synthesized under solvothermal condi-
tions. Because of the excellent fluorescence performance of
complex 1, we initially explored its performance in detecting
iron and chromium ions in water by fluorescence quenching
effect.
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2. Experimental section
2.1 Materials and physical measurements

More detailed information on instruments and materials is
listed in the ESL.}

2.2 Synthesis of [Cd(bipa)], (1)

Complex 1 was prepared by mixing H,bipa (0.0348 g, 0.1
mmol), Cd(NO3),-4H,0 (0.0308 g, 0.1 mmol) and 8 mL of
DMA-H,0 (v/v = 6 : 2) stirring for 0.5 h in air. Then the solu-
tion was transformed into the Teflon-lined stainless steel
vessel, sealed, heated to 130 °C for 3 days, and cooled to room
temperature (5 °C h™"). Colorless block crystals with a yield of
61.3% were obtained through the cooling rate of 5 °C h™".
Elemental analysis (%) caled for C;5HgCdN,O,: C, 45.88; H,
2.05; N, 7.13. Found (%): C, 45.65; H, 1.98; N, 7.25. IR (KBr
pellet, cm™"): 1639 (s), 1558 (s), 1507 (m), 1425 (s), 1381 (s),
1241 (m), 1174 (w), 1108 (w), 1012 (w), 922 (w), 754 (s), 595 (W),
452 (m).

2.3 Synthesis of {[Zn,(bipa),]-2C,Hs0H},, (2)

Complex 2 was prepared by mixing H,bipa (0.0348 g, 0.1 mmol),
Zn(NO3),-6H,0 (0.0297 g, 0.1 mmol) and 8 mL of C,H;0H-H,0O
(v/v = 1:2) stirring for 0.5 h in air. Then the solution was
transformed into the Teflon-lined stainless steel vessel, sealed,
heated to 130 °C for 3 days, and cooled to room temperature
(5 °C h™"). Light yellow transparent crystals with a yield of
67.6% were obtained. Elemental analysis (%) caled for
C34H,N,0,0Zn,: C, 52.13; H, 3.60; N, 7.15. Found (%): C, 51.98;
H, 3.65; N, 7.03. IR (KBr pellet, cm~'): 1659 (s), 1595 (m), 1507
(m), 1456 (m), 1397 (s), 1307 (m), 1241 (m), 1174 (w), 1055 (w),
926 (m), 750 (s), 591 (w), 532 (w), 458 (m).
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2.4 Synthesis of {[Co(bipa)]-C,H;0H}, (3)

A mixture of Co(NOj3),-6H,0 (0.0291 g, 0.1 mmol), H,bipa
(0.028 g, 0.1 mmol), and 8 mL of DMA-H,0-C,H;0H (v/v =
3 :3:2) were stirred for 0.5 hour in air. And then the solution
was transformed into the Teflon-lined stainless steel vessel,
sealed, and heated to 110 °C for 3 days. Subsequently, the vessel
was cooled to the room temperature at the degree of 5 °C h™".
Violet block crystals were collected with the yield of 69.3%
(based on H,bipa). Elemental analysis (%) caled for
C,,H,,CoN,0s: C, 53.00; H, 3.66, N, 7.27%. Found: C, 53.22; H,
3.59; N, 7.36%. IR (KBr disk, cm~*): 1670 (s), 1633 (s), 1500 (m),
1456 (m), 1397 (m), 1306 (w), 1240 (m), 1188 (m), 1016 (m), 904
(W), 739 (w), 626 (W), 530 (W).

2.5 Synthesis of {[Ni(bipa),]-2DMA},, (4)

The synthesis step of complex 4 was similar to that of complex 3,
only the Co(NO;),-6H,0 (0.0291 g, 0.1 mmol) was replaced with
the Ni(NO3),-6H,0 (0.029 g, 0.1 mmol). The obtained green
block crystals were centrifuged (yield: 54.4% based on H,bipa).
Elemental analysis (%) calcd for C;gH3,NgNiOo: C, 57.53; H,
4.32; N, 10.59%. Found: C, 57.39; H, 4.21, N, 10.48%. IR (KBr
disk, em™"): 1675 (s), 1630 (s), 1592 (m), 1502 (m), 1458 (m),
1406 (m), 1308 (w), 1249 (w), 1183 (m), 1015 (m), 917 (m), 744
(m), 531 (m), 474 (w).

2.6 X-ray crystal structure determination

The detailed single crystal diffraction method is shown in the
ESIL.} Crystallographic data for the complexes are given in Table
1. Selected bond lengths and angles for the complex are listed in
Table S1.7 CCDC number: 2008172 for 1, 2008119 for 2, 1911216
for 3, 1834432 for 4.t

Table 1 Summary of crystal data and structure refinement parameters for 1-4¢

Complex 1 2 3 4
Empirical formula C15HgCdN,0, C34H,gN,01¢Zn, C17H14CoN,O54 C33H34NgNiO;
M, 392.63 783.34 385.22 793.42

T (K) 170 170 173 173

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group P2,/c P2,/c P2,/c C2/c

alA 11.1911(4) 21.6550(6) 10.8442(14) 22.951(5)
b/A 13.7660(4) 10.8019(3) 10.7281(14) 10.686(2)
c/A 13.1938(4) 15.3693(4) 15.432(2) 16.444(3)

a () 90 90 90 90.000
6 108.267(1) 108.4690(10) 108.456(3) 118.415(4)
v () 90 90 90 90.000
V(A% 1930.16(11) 3409.95(16) 1703.0(4) 3547.3(13)
F(000) 768 1600 788 1648

zZ 4 4 4 4

Rint 0.0644 0.0565 0 0.072
Dealed (Mg m™) 1.351 1.526 1.503 1.486

Gof 1.052 1.106 1.090 1.075

Final R indices [I > 20(1)]
R indices (all data)

R; = 0.0333, wR, = 0.0710
R, = 0.0530, wR, = 0.0780

“ Ry = Z||Fo| — |Fell/Z|Fo|, WRy = [EW(F,” — F&)[Ew(F,)].
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R, = 0.0458, wR, = 0.0954
Ry = 0.1023, WR, = 0.1169

R; = 0.0548, R, = 0.1570
R; = 0.0710, wR, = 0.1666

R; = 0.0513, wR, = 0.0714
R; = 0.0928, wR, = 0.1256

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion
3.1 Crystal structures of complexes 1-3

Single crystal X-ray diffraction data indicate that the complexes
1-3 belong to the monoclinic system, and space groups all are
P24/c. As shown in Fig. 1a, the asymmetric unit of 1 contains one
Cd(n) ion and one bipa®~ ligand. The central Cd(u) ion is five-
coordinated, completed by one nitrogen atom (N2) and four
oxygen atoms (O1A, O2B, O3C and O5D) from five individuals
bipa®~ ligands, resulting in a slightly distorted square pyramid
coordination geometry. The coordination environment of the
central atoms and coordination mode of the ligand in
complexes 2-3 are basically the same as in complex 1 (Fig. 1b
and c). As shown in Table S1,1 the Cd-N distance is 2.218(3) A
and the Cd-O distances are in the ranges of 2.208(2)-2.254(2) A.
It is interesting to note that the adjacent Cd ions are linked by
four bidentate bridges from the carboxylate group of four
bipa®>~ ligands, resulted in a [Cd,(COO),] binuclear unit with

Fig. 1
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the Cd---Cd distance of 3.1972(5) A. And each binuclear unit is
encircled by six bipa®~ ligands and each bipa®~ ligand is sur-
rounded via three [Cd,(COO),] binuclear unit. Finally, a 3D
framework is formed by the connection of binuclear units and
the bipa®~ ligands (Fig. 2a). Complexes 1-3 are isostructural,
which form the 3D frame structure with the same connection
and growth pattern (Fig. 2b and c). Calculated by PLATON
analysis, the effective free volume of 1 is 33.1% (639.2 A® out of
the 1930.2 A® unit cell volume).

From the viewpoint of structural topology, the [M,(CO0),] (M
= Cd, Zn and Co) binuclear units can be simplified to a 6-
connected node in complexes 1-3, while the “Y”-shaped bipa®~
ligand linked to 3 adjacent clusters can be regarded as a 3-
connected nodes (Fig. 2d). The whole 3D frameworks of 1-3 can
be simplified as a novel 2-nodal (6, 3)-connected topology net
with (4-6%),(4*-6'°-8%) topology (Fig. 2e-g). The topological
analysis was produced using the TOPOS program.*’

(a—c) Coordination environment of the Cd(i1), Zn(i) and Cof(il) ions in complexes 1-3.

Fig. 2

(a—c) The 3D supramolecular networks of complexes 1-3; (d) each cluster is serving as 6-connecting node while the ligand itself acting as

3-connecting node; (e—g) the topology structure of 1-3 with the point symbol (4-62),(42-6°-83).

This journal is © The Royal Society of Chemistry 2020
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3.2 Crystal structure of {[Ni(bipa),]-2DMA},, (4)

Complex 4 crystallizes in the monoclinic crystal system with the
C2/c space group. X-ray structural analysis shows a two-
dimensional (2D) network constituted by the Ni(u) ions and
the bipa®>~ dianion. As shown in Fig. 3a, the asymmetric unit of
4 contains one Ni(u) ion, two bipa®~ ligands, two lattice DMA
molecules. The central Ni(u) ion is hexa-coordinated, completed
by two nitrogen atoms (N2A and N2B) and four oxygen atoms
(02C, 02D, 04 and O4E) from six individual bipa®>~ ligands,
resulting in a slightly distorted octahedral coordination geom-
etry. The Ni-N distance is 2.064(2) A, the Ni-O distances are in
the ranges of 2.087(2)-2.119(2) A (Table S1t). The distance of
two adjacent Ni(u) ions is 9.3747(14), 10.2870(15) and
10.6860(21) A separated by the bipa®~ ligand. As shown in
Fig. 3b, the Ni(m) ions are bridged by the p;-bipa®~ to generate
a 2D framework. Then the two adjacent 2D interpenetrating
networks are further interconnected by the Van der Waals
forces, resulting in a 2D — 3D parallel network (Fig. 3c).

From the viewpoint of structural topology, the Ni(u) ion can
be simplified to a 6-connected node. The “Y”-shaped bipa®~
ligand can be simplified to a 3-connected node. Thus, the whole
3D framework of 4 can be simplified as a (3, 6)-connected kgd
net with (4°),(4°-6°-8%) topology (Fig. 3d).

3.3 Thermal analyses

To better understand the thermal stability of complexes 1-4
their thermal behaviors were performed (Fig. S2). For complex
1, the weight loss after 35 to 260 °C can be attributed to the loss
of a small amount of DMA molecules in the guest, and the main
framework begins to decompose above 400 °C. For complex 2,
below 228 °C, the 12.4% weight loss (caled 11.7%) may be due to
the removal of two ethanol molecules in the crystal lattice.

a) 02 A

=, S

Fig. 3
the topology structure of 4 with the point symbol (4%),(4°-6°-83).
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When the temperature exceeds 370 °C, the frameworks of 2
begin to gradually collapse due to the oxidation of the ligands.
Complex 3 displays 20.8% weight loss (caled 11.9%), in the
temperature range of 30-301 °C, results from the complete
decomposition of one ethanol melecule. Because of the gradual
oxidation of the organic ligands, the structural frameworks of 3
began to collapse when the temperature exceeds 410 °C. For
complex 4, the 21.4% weight loss is from 30 to 328 °C, which
coincided with caled 22.1%. This weight loss corresponds to the
removal of one DMA molecule. The second weight loss corre-
sponds to the loss of the organic ligands at 328 °C, and then the
pyrolysis of the framework took place. The temperature at
which the framework structure of complex 4 begins to collapse
is significantly earlier than that of 1-3, which may be caused by
the coordination mode of dual-core metal being more stable
than that of single-core.

3.4 Photoluminescent properties of complexes 1-4

MOFs with d10 metal centers are considered to be materials
with luminescence potential.** The solid-state fluorescence
spectra of bipa ligand and complexes 1-4 were studied at room
temperature. It can be seen from Fig. S31 that the maximum
fluorescence emission peak of complex 1-4 is observed at
385 nm, 392 nm, 387 nm and 395 nm, and the maximum
emission peak of free bipa ligand is at 368 nm (A, = 275 nm).
This can be attributed to the w*-m and 7w*-n transitions, and
the fluorescence of the complex 1-4 can be considered as the
fluorescence based on the bipa ligand. Compared with the
emission peak of bipa ligand, 1-4 show red shifts of 17 nm,
24 nm, 19 nm and 27 nm, respectively. The red shift may be
caused by ligand-to-metal charge transfer (LMCT).*

T ——

\,

(a) Coordination environment of the Ni(i) ions in 4; (b) view of the 2D network; (c) view of the 2D — 3D supramolecular networks of 4; (d)

This journal is © The Royal Society of Chemistry 2020
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3.5 Optical properties of complexes 3-4

It is well known that the optical band gap is one of the reference
standards for measuring whether MOFs have potential photo-
catalytic properties. Herein, the optical absorption and diffuse-
reflection spectrum of complexes 1-4 were measured at
ambient temperature. As depicted in Fig. 4, the solid-state UV
spectrum of complexes 1-4 showed the maxima absorption at
280 nm, 255 nm, 278 nm and 275 nm, respectively. The energy
band gaps of complexes 1-4 can be calculated according to the
formula: E, = 1240/ (where 1 is the wavelength and E, is the
band energy gap). The E, of complexes 1-4 obtained by
extrapolation of the linear portion of the absorption edges were
estimated to be 3.72 eV, 3.20 eV, 3.87 eV and 3.81 eV.

3.6 Pore characterization and stability test of complex 1

The porosity of complex 1 was tested by N, adsorption and
desorption at 77 K (Fig. 5a). The results show that the isotherm
is a type IV adsorption isotherm, and the hysteresis loop
belongs to the H3 type in the IUPAC classification. The hyster-
esis loop is closed at a relative pressure of 0.71. By the

View Article Online
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complex 1
complex 2

complex 3
complex 4

0.8+

0.6 4

0.4+

K-M function

0.2 4

(a) UV-vis diffuse reflectance spectra of complexes 1-4; (b) Kubelka—Munk-transformed diffuse reflectance spectra of complexes 1-4.

Brunauer-Emmett-Teller (BET) method, the specific surface
area of complex 1 is 47.8 m* g~ ', and the average pore diameter
is 4.5 nm. By comparing the PXRD patterns before and after the
experiments of sensing Fe**, Cr,0,>~ and CrO,>", it can be
judged that the complex 1 maintains the structural integrity and
good phase purity (Fig. 5b).

3.7 Detection of Fe**

Based on the excellent fluorescent properties of complex 1, we
explored 1 as a selective and sensitive fluorescent probe to
detect metal ions in water. 3 mg of powder samples of
complexes 1 were added to 5 mL of FeCl, and MNO, solutions
with the concentration of 1 mM (M = K', Ca**, Co>", Mn*",
Mg>, Li", zn**, Ni**, AI**, Hg*", Ag", Cu®" and Fe’"), sonicated
for 15 min to obtain a stable suspension, and then detected
their fluorescence intensities. As shown in Fig. S4,f compared
with the aqueous solution of complex 1, the complex solutions
with different metal cations show a certain degree of fluores-
cence quenching. In the solution of Fe*', the fluorescence
intensities of complex 1 were completely quenched. In order to
avoid the accidental results of the experiment, three repeated

b)

160

oy &1

1204

—#— Adsorption |
—o— Desorption j

100 ol - //.
80 o - ./l/
60 o/-.

A
40 Z

204
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— simulated

complex |

after detecting Fe*

after detecting Cr,0,>

—after detecting CrO,}

0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P,)

Fig. 5
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(a) Nitrogen adsorption and desorption isotherms for complex 1; (b) PXRD spectra of complex 1 before and after detection.
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Fig. 6 (a) Fluorescence spectra of complex 1 in the presence of various concentrations of Fe3* (Aex = 275 nm); (b) S—V plot of complex 1 upon

incremental addition of Fe>* ions.

experiments showed that it is still complex 1 that exhibits the
highest fluorescence quenching efficiency in the solution of
Fe®* (97.8%). The fluorescence quenching abilities of metal ions
solutions to complex 1 are in turn: Fe** > Cu®" > Ag* > Hg*" > AI**
> Ni*" > Fe*" > Zn*" > Li" > Mg®" > Mn*" > Co** > Ca** > K".

To further investigate the sensitivity of complex 1 in detect-
ing Fe*', that is, the effect of concentrations of Fe** on the
fluorescence intensity of 1, aqueous solutions of different
concentrations of Fe** were prepared. As concentrations of Fe**
gradually increased, the fluorescence intensities of the complex
1 decreased (Fig. 6). In addition, the fluorescence quenching
constant of 1 can be calculated using the Stern-Volmer equa-
tion: Iy/I — 1 = K[M] (where, I, is the fluorescence intensity of
complex in water, I is the fluorescence intensity of complex in
the solution with a certain concentration of ion, [M] is ion
concentration, Ky, is quenching constant).” It can be calculated
that in the low concentration range of 0-40 uM, there is a good
linear relationship between the fluorescence intensity of 1 and
the concentration of Fe’" (R* = 0.9945), and the quenching
constants Ky, are 2.21 x 10* M. K, is comparable to other

fluorescent MOFs of the same type used to detect Fe**, which
makes complex 1 a competitive candidate (Table S21). The limit
of detection of 1 was calculated as 1.36 x 10 pM by the equation
LOD = 30/Ks, (0 is the standard deviation of 5 blank experi-
ments for the fluorescence intensity of complex 1). Fluorescence
titration experiments were also performed on other metal ions
in the range of 0 to 100 uM, the experimental results showed
that the effect of changes in the concentrations of other metal
ions on the fluorescence intensity of complex 1 is negligible
(Fig. S5-S167). In all metal ions, Fe®" showed the highest fluo-
rescence quenching efficiency to complex 1 at different
concentrations (Fig. 7). Those results indicated that complex 1
has good selectivity and high sensitivity in detecting Fe*".

In the detection of iron ions in actual water samples, inter-
ference by other metal ions is inevitable. Therefore, the anti-
interference performance of iron ions coexisting with other
metal ions in water is evaluated by measuring the fluorescence
intensity of complex 1 in the mixed metal ion solution. In the
presence of 100 uM interfering ions, the decrease in the fluo-
rescence intensity of complex 1 is negligible (Fig. S177). It is

35
3
2.5
e
N 2 e o @ o o =2 =B 8
= = = = = - e
15 = & & = = &
o & = = = =]
1 = = =
e P e 2 =2 = S &
e e e = e
0.5 = = = = = [ = =
o 2 P o o o o 2 o 2=
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K- Ca*¥ Co* Mn* LIt Mg¥ Ni¥ Zn* Fe* Cu¥ Ag AF Hg¥ Fe¥

Fig. 7 Fluorescence responses of complex 1 towards different kinds of mate ions (0—-100 pM).
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upon incremental addition of Cr,0,°".

worth noting that after adding the equivalent of iron ions, the
fluorescence intensity decreases sharply. Those results clearly
showed that complex 1 can be used as a fluorescent probe to
sensitively and selectively detect iron ions in water, and the
influence of the presence of other interfering mate ions can be
ignored. As can be seen from Fig. S18a,7 the fluorescence
intensity of complex 1 reached a stable level in about 8 s after
adding different concentrations of Fe**, which indicated that
the complex 1 can quickly identify Fe**. After each fluorescence
experiment of detecting Fe**, the solution was centrifuged, the
complex 1 powder was washed with ethanol and DMF, and
activated for the next experiment. The blank fluorescence
intensity of complex 1 after centrifugal, washing and activation
can be recovered to the original intensity. After five experi-
ments, the blank fluorescence intensity of complex 1 only
decreased by 8.6%, and the quenching efficiency was almost
unchanged after adding iron ions (Fig. S18bt). This means that
complex 1 can be reused by simply cleaning and activating after
each test, which is an important property of functional
materials.
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3.8 Detection of Cr,0,> and CrO,>~

Next, we explored the performance of complex 1 as a fluorescent
probe to recognize anions in water. Since complex 1 has the
highest fluorescence intensity in the solution of K* ion, 3 mg of
complex 1 powder was dispersed in 5 mL of a series of potas-
sium salt solutions with the concentration of 1 mM (Cl~, I,
NO; ™, S0,>7, ClO;, 1057, H,PO,~, SCN ™, Cr,0,”~ and CrO,>").
As shown in Fig. S19,1 the fluorescence intensities of complex 1
were completely quenched in solutions of Cr,0,° and CrO,>~,
while only slight changes in other anion solutions. The fluo-
rescence titration experiment of complex 1 detecting Cr,0,>~
and CrO,>~ were completed by recording the intensities of the
fluorescence response of complex 1 after gradually increasing
the concentrations of anions. The experiment result shows that
as the concentrations of Cr,0,>~ and CrO,>  gradually
increased, the fluorescence intensities of complex 1 decreased
accordingly (Fig. 8 and 9). From the Stern-Volmer equation
(vide supra), the quenching constants for Cr,0,”~ and CrO,>” in
the concentration range of 0-60 uM are 1.73 x 10" M~ " and 1.63
x 10" M respectively. Compared with other MOFs with the
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Fig.9 (a) Fluorescence spectra of complex 1in the presence of various concentrations of CrO42™ (Aex = 275 nm); (b) S—V plot of complex 1 upon

incremental addition of CrO42~.
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same function, complex 1 has an advantage in detecting
Cr,0,°~ and CrO,*” in water (Table S21). Fluorescence titration
experiments were carried out in other anion solutions, the
fluorescence intensities of complex 1 changed very little within
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100 uM concentrations (Fig. S20-S27t1). Compared to other
anion solutions, complex 1 showed the highest quenching
efficiency in solutions of Cr,0,”” and CrO,>” at different
concentrations (Fig. 10).
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Fig. 11 (a) Spectral overlap between UV-vis absorption spectra of different ions (Fe3*, Cr,0,2~, and CrO427) and emissions as well as the
excitation spectrum of complex 1; UV-vis absorption spectra of 1 upon addition of different concentrations of (b) Fe*; (c) Cr,0,2~; (d) CrO4>~.
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Similarly, the interference of other competing anions in the
detection of Cr,0,”~ and CrO,>” in water is inevitable. Taking
Cr,0,%" as an example, the anti-interference study of hexavalent
chromium ion was carried out. After adding 100 pM of
competitive anion solutions, the fluorescence intensities of
complex 1 changed little, and then decreased significantly after
adding an equivalent solution of Cr,0,> (Fig. S28%). From
Fig. S29a,7 the fluorescence intensity of complex 1 reached
a stable level in about 13 s after adding different concentrations
of Cr,0,>". Follow the same procedure as above to recover and
reuse the complex 1 for the detection of hexavalent chromium
ion. After five cycles of experiments, the fluorescence intensity
of complex 1 only decreased by about 10%, and the quenching
efficiency after adding the solution of Cr,0,>~ was still nearly
100% (Fig. S29bt). The above experimental results basically
verify that the complex has high selectivity, high sensitivity and
reusability for detecting hexavalent chromium ions in water.

3.9 Sensing mechanism

The mechanism by which Fe**, Cr,0,>~ and CrO,> causes the
fluorescence quenching of complex 1 may be as follows. By
comparing the FT-IR spectrum of the original complex 1 and
that recovered from the suspension containing Fe**, Cr,0,*~
and CrO,>~, it shows that there is no obvious change (Fig. $307).
Which indicated that the framework structure of the complex 1
remains intact, and there is no chemical bonding during this
process. Moreover, the resonance energy transfer between
analyte and complex promotes fluorescence quenching.**
Ultraviolet absorption spectra of metal ions and anions were
measured (Fig. S3171). The result is that there are large overlaps
between the fluorescence emission spectrum of complex 1 and
UV absorption spectra of Fe*", Cr,0,”~ and CrO,>~, and there is
almost no overlap with other ions (Fig. 11a).

Therefore, Fe**, Cr,0,%~ and CrO,>~ exhibited the strongest
absorption of the emission light of complex 1. In order to
further verify this mechanism, UV absorption titration experi-
ments revealed that there was significant absorption enhance-
ment by gradually adding the concentrations of Fe**, Cr,0,>~
and CrO,>" to complex 1 (0-40 pM). As can be seen from
Fig. 11b—d, a rapid and significant increase in absorption was
observed due to the increased absorption after the addition of
Fe**, Cr,0,°~ and CrO,>, the excitation light of complex 1 was
weakened, resulting in fluorescence quenching. Thus, the high
selectivity and sensitivity quenching response of complex 1 to
Fe*', Cr,0,>~ and CrO,>” should be attributed to resonance
energy transfer.

4. Conclusions

In summary, we synthesized four novel metal-organic frame-
works [Cd(bipa)], (1), {[Zn,(bipa),]-2C,HsOH}, (2), {[Co(bipa)]-
C,H;O0H}, (3), {[Ni(bipa),]-2DMA},, (4). Complexes 1-2 exhibit
potential fluorescent properties. Fluorescence experiments
show that complex 1 has a good application prospect for the
detection of Fe’*, Cr,0,°~ and CrO,>” in water with high
selectivity and sensitivity.

This journal is © The Royal Society of Chemistry 2020
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