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Introduction

In recent years, metal-organic frameworks (MOFs) have
attracted considerable attention because of their fascinating
structures and properties. They have significant potential value
in gas storage and separation,"” luminescence,’® and
catalysis.”'® As is known, Fe*" is a kind of ample trivalent
metal ion for all organisms and plays a vital role in various
crucial processes. Both iron shortage and excess will result in
various serious conditions and disorders, such as skin dis-
eases, iron deficiency anemia (IDA), agrypnia, and decreased
immunity. Though Fe®" is very important for organisms, it can
also cause environmental contaminantion." Meanwhile,
Cr,0,>~ with high toxicity and carcinogenicity has been used
in industrial processes. Thus, detecting them in the environ-
ment effectively has been a hot topic for chemists.

At present, there are many kinds of methods to detect these
contaminants, the applications of which are, however, greatly
limited due to shortcomings, such as low portability, complex
pretreatments, and expensive instruments. Fortunately, recent
studies show that the fluorimetric method based on
luminescent metal-organic frameworks (MOFs) as probes
has unique advantages, such as nondestructive detection,
high sensitivity, fast response time, and real-time
monitoring.'**°
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{[Zn(L)o 5(sdb)]-H, O}, (3) [L = E,E-2,5-dihexyloxy-1,4-bis-(2-pyridin-vinyl)-benzene; Hochd = 1,4-cyclo-
hexanedicarboxylic acid, H,oba = 4,4'-oxybisbenzoic acid, Hpsdb = 4,4'-sulfonyldibenzoic acid], have
been hydrothermally synthesized. We explored their applications in detecting ions, and the result shows
that they all show highly selective sensing for Fe>* and Cr,O,~ ions.
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Scheme 1 (a) E,E-2,5-Dihexyloxy-1,4-bis-(2-pyridin-vinyl)-benzene (L);
(b) 1,4-cyclohexanedicarboxylic acid (Hochd); (c) 4,4'-oxybisbenzoic acid
(H0ba); (d) 4,4 -sulfonyldibenzoic acid (Hsdb).

In this work, we report three new zinc compounds, {ZnL
(chd)}, (1), {[zn(L)os(oba)]-DMF-H,0}, (2) and <{[Zn(L)os
(sdb)]-H,O},, (3) [L = E,E-2,5-dihexyloxy-1,4-bis-(2-pyridin-vinyl)-
benzene; H,chd = 1,4-cyclohexanedicarboxylic acid, H,oba =
4,4'-oxybisbenzoic acid, H,sdb = 4,4’-sulfonyldibenzoic acid]
(Scheme 1). Compound 1 is a 2-fold interpenetrated dia
network with the point symbol of {6°}. Compound 2 features a
mab self-penetrated network with the point symbol of
(4*-6'°-8). And compound 3 is a 4-connected sql network with
the point symbol of {4*.6>}. With respect to aqueous systems
used in many reports,"”'® we use the DMF system, and fluo-
rescence titrations confirm that MOFs 1-3 show excellent
potential in sensing Fe*' and Cr,0,>” in the DMF system.
Quenching mechanisms have also been studied.

Experimental section
Materials and general methods

IR spectra were recorded on a Nicolet (Impact 410) spectro-
meter with KBr pellets (5 mg of the sample in 300 mg of KBr)
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in the range of 400-4000 cm™". C, H and N elemental analysis
was performed with a PerkinElmer 240C elemental analyzer.
The as-synthesized compounds were characterized by thermo-
gravimetric analyses (TGA) on a PerkinElmer thermo-
gravimetric analyzer, Pyris 1 TGA, up to 650 K using a heating
rate of 10 K min~" under a N, atmosphere. Powder X-ray diffr-
action (PXRD) measurements were performed on a Bruker D8
Advance X-ray diffractometer by using Cu-Ka radiation
(1.5418 A), and the X-ray tube was operated at 40 kv and
40 mA.

Synthesis of E,E-2,5-dihexyloxy-1,4-bis-[2-pyridin-vinyl]-
benzene (L). 1,4-Dibromo-2,5-dihexyloxybenzene (2.18 g,
5 mmol), 4-vinylpyridine (1.6 g, 15 mmol), Pd(OAc), (36 mg,
3% mmol), tris(2,4,6-trimethoxyphenyl)phosphine (106 mg,
4% mmol), Et;N (5 ml) and CH3;CN (35 ml) were mixed in a
100 mL Schlenk flask and refilled with N, three times. The
reaction solution was heated at 93 °C for 3 days. The resulting
mixture was concentrated in vacuo. The crude product was pur-
ified with column chromatography on silica gel eluted with
petroleum ether/ethyl acetate (1 : 3, v/v) to give the product as a
yellow solid (2.0 g, 82%). 'H-NMR (400 MHz, CDCl,): 6 8.58 (d,
J = 6.1 Hz, 4H), 7.67 (d, J = 16.5 Hz, 2H), 7.38 (d, J = 6.1 Hz,
4H), 7.13 (s, 2H), 7.08 (d, J = 16.5 Hz, 2H), 4.08 (t, J = 6.5 Hz,
4H), 1.94-1.84 (m, 4H), 1.61-1.50 (m, 4H), 1.45-1.33 (m, 8H),
0.91 (t, J = 7.1 Hz, 6H). The IR spectroscopy of H,L is shown in
Fig. S4.7

Synthesis of {ZnL(chd)}, (1). A mixture of H,L (4.8 mg,
0.01 mmol), Hychd (3.3 mg, 0.02 mmol), Zn(NO;),-6H,0
(31 mg, 0.1 mmol), DMF (4.0 mL) and H,O (2.5 mL) was
placed in a 20 ml glass vial and heated at 100 °C for 3 days.
The resulting yellow block crystals were washed with fresh
DMF, and collected. Yield: 53% (based on the H,L ligand).
Elemental analysis of 1, calculated for C,oH5¢ZnN,O¢: C,
66.71%; H, 7%; N, 3.89%. Found: C, 66.72%; H, 7.05%; N,
3.81%. The IR spectroscopy of complex 1 is shown in
Fig. S5.F

Synthesis of {[Zn(L),s(oba)]- DMF-H,0}, (2). A mixture of
H,L (4.8 mg, 0.01 mmol), Hyoba (5.1 mg, 0.02 mmol),
Zn(NO;),-6H,0 (31 mg, 0.1 mmol), DMF (3.5 mL) and H,0
(1.5 mL) was placed in a 20 ml glass vial and heated at 100 °C
for 3 days. The resulting yellow block crystals were washed
with fresh DMF, and collected. Yield: 47% (based on the H,L
ligand). Elemental analysis of 2, calculated for C33H;,N,0gZn:
C, 60.51%; H, 5.69%; N, 4.28%. Found: C, 60.55%; H, 5.21%;
N, 4.35%. The IR spectroscopy of complex 2 is shown in
Fig. S6.7

Synthesis of {[Zn(L),s(sdb)]-H,0}, (3). A mixture of H,L
(4.8 mg, 0.01 mmol), Hysdb (6.1 mg, 0.02 mmol),
Zn(NO;),-6H,0 (31 mg, 0.1 mmol), DMF (3.0 mL) and H,O
(3.0 mL) was placed in a 20 ml glass vial and heated at 100 °C
for 3 days. The resulting orange block crystals were washed
with fresh DMF, and collected. Yield: 49% (based on the H,L
ligand). Elemental analysis of 3, calculated for C3,H3,ZnNOgS:
C, 57.19%; H, 4.80%; N, 2.22%. Found: C, 57.13%; H, 4.81%;
N, 2.25%. The IR spectroscopy of complex 3 is shown in
Fig. S7.1

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper
(a) * X 2 o o,
L Qg A A ¢
& ,\X { f4 &3 &)
oy LY s ity
oy PP L \,‘\“ RN \}\\% \‘_\\&\\% N
P, A a4
~ ] [ I
P %, %

Fig. 1 (a) Coordination environment of the Zn(i) ion in 1. (b) A single 3D
network of 1. (c) Schematic representation of a 2-fold interpenetrated
dia network of 1.

Results and discussion
Description of the crystal structure of {ZnL(chd)},, (1)

Single-crystal structure analysis reveals that 1 crystallizes in the
triclinic crystal system with the P1 space group. The asymmetric
unit of 1 consists of one Zn(un) metal center, one L ligand and
one chd®™ anion. As shown in Fig. 1a, each Zn(n) center is four-
coordinated by two oxygen atoms from two different chd®~
anions and two nitrogen atoms from two L ligands to form a
distorted tetrahedral coordination geometry. In the crystal
structure of 1, both the L ligands and chd®~ anions act as brid-
ging u, modes to link two metal ions. The three-dimensional
framework is generated from the extension of the adjacent Zn
ions by the connection of H,chd ligands and L ligands (Fig. 1b).
To better understand the nature of this intricate framework,
we apply a topological approach, which reduces multidimen-
sional structures to simple nodes and connection nets. The Zn
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Fig. 2 (a) Coordination environment of the Zn(i) ion in 2. (b) A single
3D network of 2. (c) Schematic representation of a mab self-penetrated
network of 2.
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Fig. 3 (a) Coordination environment of the Zn(i) ion in 3. (b) Views of
2D sheets. (c) Schematic representation of the sql polycatenation of 3.

ions can be regarded as 4-connected nodes and the two
ligands act as linkers. Thus, the whole structure can be charac-
terized as a 2-fold interpenetrated dia network with the point
symbol of {6°} (Fig. 1c).

Description of the crystal structure of {{Zn(L), 5(oba)]-
DMF-H,0},, (2)

Compound 2 crystallizes in the monoclinic crystal system with
the P2,/c space group. In the asymmetric unit, there are one
Zn(u) metal center, a half of an L ligand, one oba®>~ anion, one
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lattice DMF molecule and one lattice water molecule. Each
Zn(u) center is five-coordinated by four oxygen atoms from
four different oba®>~ anions and one nitrogen atom from one L
ligand to form a square pyramid. Both the L ligand and oba*~
act as linkers to bridge two adjacent metal ions. Four carboxy-
late groups from four different oba®~ anions connect pairs of
Zn ions to generate a Zn,(CO,), dimer. The Zn,(CO,), dimers
are connected to four other dimers to construct grid layer
motifs. And they are pillared by L ligands to establish a 3D
coordination polymer network in 2 (Fig. 2b). If organic ligands
are considered as linkers, Zn,(CO,), dimers can be identified
as six-connected nodes. Thus, the topology of the structure
can be simplified as a mab self-penetrated network with the
point symbol of (4*-6'°-8) (Fig. 2c).

Description of the crystal structure of {{Zn(L), 5(sdb)]-H,O},, (3)

Single-crystal structure analysis reveals that 3 crystallizes in the
monoclinic crystal system with the C2/c space group. The
asymmetric unit of 3 consists of one Zn(u) metal center, a half
of an L ligand, one sdb®>~ anion and one lattice molecule,
which was removed by the SQUEEZE routine in PLATON. Each
Zn(u) center is five-coordinated by four oxygen atoms from
four different sdb®~ ligands and one nitrogen atom from one L
ligand to form a square pyramid (Fig. 3a). Four carboxylate
groups from four different sdb®~ ligands connect pairs of Zn
ions to generate a dinuclear Zn,(CO,), secondary building unit
(SBU). The sdb*~ ligands connect the Zn,(CO,), SBUs to form
1D chains. These 1D chains are connected by the L ligand in
the axial direction to form a 2D sheet (Fig. 3b). To better
understand the nature of this intricate framework, we apply a
topological approach. The Zn,(CO,), SBUs can be regarded as

A"

—cCo™

—cr”

—_— K'
Mg*

—2zn®

Intensity

——DMF

MOF 1
.
. MOF 2

= oF 3

DMF Al* Co* Cr* K+ Mg* Na*t Zn* Cu* Fe*

Fig. 4 (a)-(c) Fluorescence spectra of MOFs 1-3 (DMF suspension, 2.0 mL) after the addition of different metal ions (5 x 1072 M, 50 uL). (d) The

relative emission intensity in the presence of different metal ions.
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Fig. 5 (a)—(c) Fluorescence spectra of MOFs 1-3 (DMF suspension, 2.0 mL) after the addition of different anions (5 x 10~ M, 100 pL). (d) The relative

emission intensity in the presence of different anions.

4-connected nodes and the two ligands act as linkers. Thus,
the whole structure can be characterized as a 4-connected sql
network with the point symbol of {4*.6°} (Fig. 3c).

Sensing of metal cations and inorganic anions

The luminescence sensing of different metal cations was per-
formed. Different DMF solutions containing 5 x 1072 M
A(NOy)x (A = AP, Co*, Cr*, K', Mg**, Na*, Zzn**, Cu**, Fe*")
were added into the suspension of MOFs 1, 2 and 3, respect-
ively. As shown in Fig. 4, among the metal cations mentioned
above, Fe** exhibits the most excellent quenching effect. It has
the highest quenching efficiency for the three MOFs up to 99%.
To elucidate the possible mechanism of luminescence quench-
ing by Fe*", liquid UV-vis absorption spectra measurements
were performed (Fig. S147). Obviously, Fe*" ions in DMF have a
wide absorption band from 250 to 410 nm, which covered the
range of the three MOFs. However, other ions in DMF only have
an absorption band below 350 nm (Fig. S12+). Upon light exci-
tation, there is a competition for the absorption of light source
energy, and as a consequence the Fe** ions almost filtered the
light adsorption; then, Fe*" ions present the excellent quench-
ing effect on these three MOFs. The quenching mechanism is
consistent with other previously proposed mechanisms.'?
The same procedure was carried out to investigate the
luminescence sensing of different inorganic anions. Different
DMF solutions containing 5 x 107> M NayM (M = BrO;",
CH;CO0™, CO;*7, 1057, Mo0,>”, NO, ™, WO,>", Cr,0,>") were
added into the suspension of MOFs 1, 2 and 3, respectively. As
shown in Fig. 5, among the anions mentioned above, Cr,0,>~
exhibits the most significant quenching effect. It has the
highest quenching efficiency for the three MOFs up to 90%.

This journal is © The Royal Society of Chemistry 2018

According to the UV-vis absorption spectrum (Fig. S147), the
strong absorption bands of the Cr,0,°” solution are in the
ranges of 250-420 nm, which covered the range of the three
MOFs. There also exists a competition for the absorption of
light source energy. As a result, Cr,0,>~ ions show a good
quenching effect on these MOFs. In addition, we investigated
the luminescence sensing of Fe** and CrO,>~, and the results
show low luminescence quenching (Fig. S117).

Conclusions

In conclusion, three zinc metal-organic frameworks with
linear pyridyl ligands have been designed and synthesized.
Luminescence sensing measurements indicate that they all
show highly selective sensing for Fe** and Cr,0,> ions, which
can be explained in terms of the competitive absorption of
excitation wavelength energy between Fe®* and Cr,0,”~ ions
and these three MOFs. This work indicates that zinc-based
MOFs have the potential to serve as fluorescent sensors.
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