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Abstract Two luminescent coordination polymers
(LCPs), namely [CdL,], (1) and [ZnL,], (2) based on a
new ligand 2-(2-methyl-benzimidazole-1-yl)-benzoic acid
(HL), have been synthesized and characterized by single
crystal X-ray diffraction, powder X-ray diffraction, infra-
red spectroscopy, elemental analysis, and thermogravimet-
ric analysis. 1 and 2 exhibit similar 1D looped chains with
different coordination modes of L. Both LCPs show strong
fluorescent emission in the visible region. The fluorescence
quenching response of 1 and 2 towards Fe** over other
metal ions in DMF has been demonstrated by quenching
titrations. Thus, 1 and 2 can be used as potential and highly
selective luminescent sensors for Fe** ions.
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1 Introduction

Iron is one of the most important elements in the metabolic
process for all living system [1]. The deficiency or excess
of the iron element relative to the normal limits could
induce serious diseases, such as Alzheimer’s, Huntington’s
or Parkinson’s disease [2]. The considerable importance of
iron in biological systems has promoted the development of
methods to selectively detect and quantify Fe**. However,
most traditional analytical techniques for detecting Fe**,
including spectrophotometry, atomic absorption spectrom-
etry and chromatography, are time-consuming, labor-inten-
sive or indirect-viewed [3, 4]. In recent years, luminescent
chemical sensors have emerged as reliable alternatives for
detection of metal ions, [5-7] which are technologically
friendly, easy to integrate to the existing infrastructures,
have a low detection limit, and can selectively identify
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targeted molecules. In particularly, they have potential
applications in analytical chemistry and biomedical diag-
nostic [8-11].

The ability of luminescent coordination polymers
(LCPs) to propagate the host guest interaction to detectable
changes as a function of their luminescence makes them
promising candidates for sensing metal ions. LCPs have
several advantages including simple one-pot and straight-
forward synthesis, remarkable structural tailorability and
functionalizability as well as their enormous practical
applications, such as biomedical assays and time-resolved
microscopy, fluorescent lighting, and luminescent sens-
ing for chemical species [7, 10, 12, 13]. Therefore, efforts
have been made to cultivate LCPs to detect metal ions
and explore sensing mechanisms [14—16]. Generally, the
detection process of metal ions is primarily based on fluo-
rescence quenching via donor—acceptor electron transfer,
resonance energy transfer or structural damage mechanism
[17-19].

It is well-known that many benzimidazole and its deri-
atives have been used as efficient fluorophores, which have
high fluorescence quantum yields, large Stokes shifts, and
excellent coordination ability with transition metals [20].
For example, according to Barnard, benzimidazole deriva-
tives can be used as carbene precursors to construct carbene
complexes with good fluorescent properties [21]. Moreo-
ver, benzimidazole and its deriatives can also be consid-
ered as ligands to build LCPs. Zhang’s group has reported
Cu(I) compounds, in which the alteration of Cu---Cu and
7---T interactions in the structure, may lead to luminescent
changes [22]. The luminescence of Mg-based and Zn-based
LCPs reported by Zheng occurs a significant red shift com-
pared with ligand, which is probably due to the ligand-to-
metal charge-transfer (LMCT) transition [23]. Based on
these reasons, the 2-(2-methyl-benzimidazole-1-yl)-ben-
zoic acid (HL) ligand is selected to build LCPs with the
following characteristic features: (1) carboxylic group eas-
ily participate in coordination, and form various complexes
with variable coordination modes; [24] (2) N atoms from
benzimidazole moiety also can coordinate with metal ions
by providing lone electron pairs; [25] (3) there is a large
steric hindrance between carboxylic group and methyl from
o-substituted 2-methyl-benzimidazole moiety, so there exist
a relatively large twist angle; [26] (4) large & electronic sys-
tems will change the fluorescence properties; [27] (5) up
to now, this ligand has not been investigated to construct
complexes. Herein, based on HL, we report two 1D looped
LCPs, namely, [CdL,], (1) and [ZnL,], (2). The crystal
structures, infrared (IR) spectra, thermogravimetric analy-
sis (TGA), luminescent spectra and fluorescent sensing for
Fe* were investigated. Both LCPs exhibit high thermosta-
bility up to 330 and 350°C, respectively. The most strik-
ing phenomenon is that Fe’* ion causes a very significant

quenching effect on luminescence of 1 and 2. Thus, 1 and
2 can be used as potential and highly selective luminescent
sensors for Fe** ions. In addition, a possible sensing mech-
anism for both LCPs is also discussed.

2 Experimental
2.1 Materials and Equipment

All chemicals were available commercially (HL was pur-
chased from Jinan Henghua Science & Technology Co.,
Ltd.) and utilized without further purification. The C, H
and N microanalyses were carried out with a Perkin—Elmer
2400 C elemental analyzer. IR spectrum was recorded
from KBr pellets in the 4000400 cm™' range on a Nico-
let Avatar 360 FTIR spectrometer. TGA were performed
on a Netzsch TG209F3 equipment (30-700, 10°C min~!,
N, gas flow). The powder X-ray diffraction (PXRD) was
recorded in the angular range of 260 =5-50° with a Bruker
D8 ADVANCE X-ray powder diffractometer (Cu-Ka,
1.5418 IOA). Luminescence spectra for the solid samples and
liquid samples were taken with a Perkin—Elmer LS55 lumi-
nescence spectrometer. UV—Vis spectroscopic studies were
measured on a Hitachi U-3310 spectrometer.

2.2 Syntheses
2.2.1 Preparation of [CdL,], (1)

A mixture of the HL (0.0252 g, 0.1 mmol) and
Cd(OAc),-2H,0 (0.0131 g, 0.05 mmol) in NMP (N-methyl-
2-pyrrolidone)/H,O (2/8, 10 mL) was placed in a Parr
Teflon-lined stainless steel vessel and heated to 105 °C for
3 days. After the mixture was cooled to room temperature
at the rate of 0.1°C min~!, the colorless crystals of 1 were
collected to give 68% yield based on HL. Anal. Calcd for
1 Mr=30747 g mol_l): C, 58.59; H, 3.57; N, 9.10%.
Found: C, 58.52; H, 3.49; N, 9.06%. IR (cm_l, KBr pellet):
3436 (w), 1593 (s), 1556 (s), 1500 (m), 1457 (w), 1390 (s),
1324 (w), 1032 (w), 845 (w), 745 (m).

2.2.2 Preparation of [ZnL,], (2)

A mixture of the HL (0.0252 g, 0.1 mmol) and
Zn(OAc),-2H,0 (0.0110 g, 0.05 mmol) in CH;CN/H,O
(2/8, 10 mL) was placed in a Parr Teflon-lined stain-
less steel vessel and heated to 120°C for 3 days. After
the mixture was cooled to room temperature at the rate
of 0.1°C min~!, the colorless crystals of 2 were col-
lected to give 36% yield based on HL. Anal. Calcd for
2 (Mr=283.94 ¢ mol_l): C, 63.39; H, 3.87; N, 9.86%.
Found: C, 63.32; H, 3.85; N, 9.80%. IR (cm~!, KBr
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pellet): 3450 (w), 1629 (s), 1500 (m), 1457 (w), 1405 (w),
1354 (s), 1032 (w), 845 (w), 742 (m).

2.3 X-ray Crystallography

Crystallographic data of the LCPs were collected on a
Bruker SMART APEX II CCD diffractometer equipped
with a graphite monochromated Mo-Ka radiation
4=0.71073 A) at room temperature. The structures were
solved by direct methods and refined on F, via the full-
matrix least-squares technique by applying the program
SHELX-97 [28, 29]. All the non-hydrogen atoms have
suffered from the anisotropic refinement. And all hydro-
gen atoms were located in the architectural calculation at
desired positions with a riding model and refined isotrop-
ically. Crystallographic data and experimental details for
structural analyses are shown in Table 1. Selected bond
lengths and bond angles are listed in Table 2. The CCDC:
1521923 and 1521924 for 1 and 2.

Table 1 Crystallographic data and structure refinement parameters

for 1 and 2

LCPs 1 2

Empirical formula C;,H,,N,0,Cd C;0H,,N,0,Zn
Formula weight 614.92 567.89
Crystal shape block block

Crystal color colorless colorless
Wavelength//ox 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic
Space group Pccn Pccn

alA 23.141 (4) 22.789 (1)
bIA 7.9209 (1) 7.921 (4)

clA 14.288 (2) 14.510 (7)
pr° 90 90

VIAT 2619 (7) 2619 (2)

T/K 296 (2) 296 (2)

z 4 4

Dc/mg m™> 1.560 1.440
u/mm™! 0.878 0.982

F(000) 1240 1168

Max. Min. transmission 0.8371, 0.8236 0.8130, 0.7914
Reflections collected 15,673 15,709
Data/restraints/parameters 3479, 0, 178 3432, 1, 178

R\, wRy” [1>26(D)]
R*, wRy® (all data)

0.0359, 0.0996
0.0734,0.1374

0.0545,0.1188
0.1234, 0.1520

AR, = SIF I I/EZIF,|

"WR, = Z[w(Fy>-F.)"/Z[w(F,>)*1?
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3 Results and Discussion
3.1 Crystal Structure Description

1 crystallizes in the orthorhombic pccn space group, show-
ing a 1D looped chain. There are a half of Cd(Il) ions, one
L ligand in the asymmetric unit (Fig. 1a). The six-coordi-
nated Cd(II) locates in a distorted octahedral coordination
environment [CdN,0,], tightly bonded by four O atoms
from two chelate coordinated carboxylic groups of two
L ligands and two N atoms from another two L ligands.
The Cd-O bond lengths are 2.261(3) and 2.516(3) A and
Cd-N bond length is 2.320(3) A, which are in accordance
with those in other related articles [30]. Each Cd(II) ion is
bonded to two adjacent Cd(II) ions through two pairs of
bridging L, to constitute an infinite

1D double chain parallel to ¢ axis (Fig. 1c) with the
neighboring interchain Cd---Cd separation being 7.144(3)
A. A 3D supramolecular architecture constructed from the
1D chain is stabilized by the hydrogen bonding interactions
C9-H9--C9 and C15-H15---C15 (Fig. 1d). The dihedral
angle between benzene ring and benzimidazole moiety is
ca. 70° (Fig. S1).

The single crystal X-ray analysis reveals that structures
of 1 and 2 are similar. However, some differences still
exist. In 2, each Zn(Il) ion is four-coordinated with two
monodentate coordinated carboxylic oxygens and two ben-
zimidazole nitrogen donors from four distinct L ligands
to furnish a distorted tetrahedral coordination geometry
[ZnN,0,] (Fig. 1b). The reasons for the change of coordi-
nation modes of carboxyl from chelate in 1 to monoden-
tate in 2 may include: (1) Zn---O2 separation (2.867(2) 10\)
exceeds the Zn—O normal distance [31, 32]. (2) The radius
of Cd(II) is larger than that of Zn(II), thus Cd(II) can con-
nect more active atoms, resulting in different coordination
modes. The Zn—O and Zn—-N bond lengths are 1.949(3) and
2.065(3) A, well comparable to the reported values [33].
The neighboring interchain Zn-Zn separation is 7.255(2) A.
The dihedral angle between benzene ring and benzimida-
zole moiety is ca. 72° (Fig. S1).

3.2 The PXRD and IR Spectra

PXRD patterns for 1 and 2 were measured on bulk crys-
talline powders to identify the phase purity of the product.
The experimental PXRD patterns of 1 and 2 are in good
agreement with simulated ones, respectively, demonstrat-
ing the consistency of as-synthesized bulk samples and
the testing single crystals (Fig. S2). The discrimination of
intensity might be owing to the powder samples’ preferred
orientation. The IR spectra of 1 and 2 display the character-
istic asymmetric (v,,) and symmetric (v,) stretching vibra-
tions of the carboxylate groups (Fig. S3). The difference
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Table 2 The selected bond lengths (/&) and angles (°) for LCPs 1 and
2

1

Cd(1)-O(1)#2 2516 (3) Cd(1)-OQ)#2 2.261 (3)

Cd(1)-0(2) 2261 (3)  Cd(1)-O(1) 2,516 (3)

Cd(1)-N(1) 2.320(3)  Cd(1)-N(1)#2 2.320 (3)

O(2)-Cd(1)-0Q)#2 162.44 (1) O2)-Cd()-N(D)#2  90.95 (1)

OQ)#2-Cd(1)- 100.86 (1) O(2)-Cd(1)-N(1) 100.86 (1)

N(1)#2

OQ)#2-Cd(1)-N(1) 90.95 (1) N(1)#2-Cd(1)-N(1)  95.63 (1)

0Q)-Cd(H-O(1)  53.93(1) OQH2-Cd(1)-0(1) 111.81 (1)

N()#2-Cd(1)-0(1) 144.01 (1) N(1)-Cd(D)-O(1)  98.43 (1)

0Q2)-Cd(DH-O(D#2 111.81 (1) O(2)#2-Cd(1)— 53.93 (1)
O(1)#2

N(1)#2-Cd(1)- 98.43 (1) N()-Cd()-O(1)#2  144.01 (1)

O(1)#2

O(1)-Cd(1)-O(D)#2 89.28 (1)

2

N(1)-Zn(1) 2.065(3) O(1)-Zn(1) 1.949 (3)

Zn(1)-O(D)#2 1.949 (3)  Zn(1)-N(1)#3 2.065 (3)

Zn(1)-N(D)#1 2.008 (8)

O()-Zn(D-N(1)#3 99.79 (1)  O(1)#2-Zn(1)- 106.35 (1)
N(1)#3

O()-Zn(1)-N(1)#1 106.35 (1) O(1)#2-Zn(1)- 99.79 (1)
N(1)#1

N(1)#3-Zn(1)— 102.89 (1) O(1)-Zn(H)-O()#2  137.52 (1)

N(1)#1

Symmetry codes: For 1, #2 —x+1/2,—y+1/2, z; For 2, #1 x,—y+3/2,
2+ 12, #2 —x+1/2,—y+3/2, z; #3 —x+ 1/2, y, z+ 1/2

(A=v,—v,) between v, and v, has been widely used as
a diagnosis of the coordination modes of the carboxy-
late group. In 1 and 2, the v, ((COO™) vibration appears
at 1593 and 1629 cm™!, and v (COO~) vibration appears
at 1393 and 1354 cm™', respectively. The intermediate A
value [200 cm™! (1) and 275 cm™! (2)] is consistent with
the chelating and monodentate coordination modes of the
carboxylate group [34]. Absorption bands at 1500 cm™" are
due to C=C of ligand stretching vibrations. In addition, the
spectra of the 1 and 2 show bands at 1032 and 1457 cm™!
due to the C-N and C=N stretching modes of the benzimi-
dazole-1-yl ligands [35]. The absence of any strong absorp-
tion bands around 1720—1690 cm™' confirms the complete
deprotonation of the carboxyl groups of the HL ligands
during the reactions [36].

3.3 Thermogravimetric Analysis

TGA were performed to determine the thermal stability
of 1 and 2. The TGA was carried out in the temperature
range of 30-700°C under a flow of nitrogen atmosphere
with a heating rate of 10°C min™~! (Fig. 2). TGA curves of
1 and 2 had no obvious weight loss before 330 and 350°C,

respectively, indicating high thermostability. And then an
obvious weight loss of 14.40% for 1 (15.39% for 2) from
330 to 370°C (from 350 to 490°C for 2) were observed,
corresponding to the release of carboxyl moiety (14.31%
for 1, and 15.49% for 2). The further heating led to the
structural collapse, while the remaining weight corresponds
to CdO for 1 (obsd 41.72%, calcd 41.76%). For 2, the
remaining weight observed was 66.04%, which was more
than 28.66% (the residue is ZnO) less than 78.93% (the
residue is Zn;N,), corresponding to mixture of ZnO and
Zn;N,, but the specific ratio of mixture cannot be obtained
because of limited ability.

3.4 Luminescent Properties

The excitation and emission spectra of LCPs 1, 2 and
ligand in the solid-state at room temperature are shown in
Fig. 3. It can be seen that ligand display an intense emis-
sion band at 415 nm upon excitation at 355 nm, which may
be attributed to the w*-n or m*—x transition as previously
reported [37]. Interestingly, 1 and 2 exhibit the maximum
emission at 435 nm, excited at 340 nm. Compared to the
ligand, 1 and 2 indeed result in a large red shift of 20 nm
for maximum emission, which indicates that the emission
of 1 and 2 at 435 nm may have originated from ligand to
metal charge—transfer transitions [38—40]. The red shift can
be attributed to coordination of the ligands to metal ions
which effectively increases the rigidity of the ligands and
reduced the loss of energy via radiation less thermal vibra-
tion decay [41-43].

The crystalline samples of 1 and 2 are stable in air and
insoluble in common solvents such as DMF, DMA, NMP,
CH,Cl,, CH;0H, CH;CH,OH, DMSO, CH;CN and H,O.
In order to examine the potential application of 1 and 2 in
sensing cations, 1/2 (5 mg) was immersed in DMF solu-
tions (3 mL) of metal ions (5 mg, Zn(NO3),, Cd(NO5),,
Pb(NO3),, Ca(NOj),, NaNO;, Co(NO;),, Mn(NOj),,
Ni(NO;), and Fe(NOs;);), treated by ultrasonication for
30 min, and then aged for 1 h to generate stable suspen-
sions before the fluorescence study. Naturally, the lumines-
cent properties of 1 and 2 in different metal ions suspen-
sions are measured. Interestingly, it was found that Ccd*,
Zn?*, Pb** ions slightly enhanced luminescence intensity
of 1 and 2, while Nat, Ca?* ions had a trivial effect on
the luminescence intensity, other metal ions (C02+, Ni%t,
Mn?*) decreased luminescence to a different extent. The
most striking phenomenon is that Fe®* ion can almost com-
pletely quench to the system (Fig. 4a). The obvious change
of luminescent intensities implies that 1 and 2 can be con-
sidered as a promising candidate for selective probing of
Fe*. The PXRD patterns conform that the framework of 1
and 2 immersed in metal ion solutions remains unchanged
(Fig. S4). Fe*™ shows strong absorption from 200 to
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Fig.1 a The coordination environment around Cd(II) ion in (1)
Symmetry mode: A=1/2—x, 1/2—y, z. B=x, 1/2—y, 1/24+z. b The
coordination environment around Zn(II) ions in (2) Symmetry mode:
A=x, 32—y, 1124+z. B=112—x, y, 1/124z. C=1/2—x, 3/2—-y, z ¢
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Fig. 2 TGA curves for 1 and 2

450 nm, which has an overlap with the emission spectra of
1 and 2, indicating the existence of resonance energy trans-
fer (Fig. S5). As a result, the quenching mechanism caused
by Fe’* mainly depends on resonance energy transfer [44].
To assess the sensitivity of 1 and 2 toward Fe** in
detail, varying concentrations of Fe** were introduced
into emulsions of 1 and 2 dispersed in DMF and the emis-
sive responses were monitored. The emission intensities

@ Springer

View of the 1D looped chain extending along the b axis. Cd, green;
C, yellow; N, blue; O, red. d The 3D supramolecular framework
formed by C-H---C hydrogen bond

— Em for ligand
——Em for 1
— Em for 2

Relative intensity/a.u.

T T T T T T
350 400 450 500 550
Wavelength/nm

Fig. 3 Emission spectra of ligand, 1 and 2 in the solid state at room
temperature

decrease gradually with increasing Fe** concentrations
(Fig. 4b). The plot of Iy/I vs concentration of Fe** ion
does not match with the Stern—Volmer equation, indicating
the coexistence of the dynamic and static quenching pro-
cesses, [45, 46] which can be well fitted by 1,//=5.22 X exp
(c/0.74)-5.38 for 1 and I/I=1.63xexp (c/0.61)-0.55



J Inorg Organomet Polym (2017) 27:1376-1382

1381

(a)
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Fig. 4 a Room-temperature luminescent intensity of 1 and 2 at
435 nm in DMF suspension upon addition of various metal ions. b
Fluorescence spectra of 1 (left) and 2 (right) in DMF with increasing

for 2 (I, and [ are the luminescent intensity of 1 and 2 in
the absence and presence of Fe’*, respectively; and c is
the molar concentration of Fe’*) (Fig. S6). Thereby, the
quenching process completely depends on the concentra-
tion of Fe** ion. Meanwhile, this function in the range of
0-0.5 mmol/L conforms to a good linear correlation. As
shown in Fig. 4b, the fluorescence intensity vs [Fe’*] insert
plot can be linear—fitted into I,/I-1 =K, [Fe**] - 0.12 for 1
and I/I-1 =K [Fe**]1-0.11 for 2, closed to the Stern—Vol-
mer equation: [/I-1 =K [M]. (IM] is the metal ion molar
concentration; K, is the quenching efficiency to quantita-
tively evaluate the performance of LCPs as sensor.) Base
on the experimental data, the K, value is calculated to be
4106.81 L mol for 1 and 3945.98 L mol for 2. Both K,

Intensity/a.u.

original Cd Zn Pb

K, =3945.98 M"

00 o1 02 03 04 05
Fe3*concentration/mmol/L,

Intensity/a.u.

| v T T T T T T T
400 450 500 550 600
Wavelength/nm

amounts of Fe**. Insets: the linear correlation for the plot of I/l vs
concentration of Fe** ions in low concentration range

values are comparable to those in well-designed solution
base organic complexes for sensing of Fe** (typical K, of
about 10* L/mol) [47]. The results indicate that 1 and 2 can
be used as promising luminescence sensors for Fe** ions.

4 Conclusion

In summary, under solvothermal conditions, we have suc-
cessfully synthesized two new 1D looped LCPs 1 and
2 with different coordination modes of carboxyl based
on 2-(2-methyl-benzimidazole-1-yl)-benzoic acid (HL)
ligand. Both LCPs are thermally stable up to 330 and
350°C, and exhibit strong luminescence emissions in the
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solid state and in a DMF suspension at room temperature.
The experimental results and data show that 1 and 2 display
high selectivity and quantitative detection for Fe** through
fluorescence quenching, suggesting that both LCPs may be
used as luminescent probes for Fe’*.
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