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ABSTRACT

A set of new metal coordination polymers constructed from a novel semi-rigid aromatic carboxylate
ligand, namely, [M(L)4PBI)(H,0)], (M= Ni, Co and Cu for 1, 2 and 3, respectively) and
[Cd(L)@PBD], 4) (HL = 3-(1-carboxyethyl) benzoic acid; 4PBI = 2-(pyridin-4-yl)-(1H)-
benzoimidazole), have been synthesized by the hydrothermal reaction, which were characterized by
element analyses, FT-IR, UV-Vis diffuse reflection spectra, X-ray single-crystal diffraction, powder X-
ray diffraction;-and thermogravimetric analyses (TGA). Complexes 1, 2 and 3 are iso-structural. They
form a one-dimensional (1D) linear chain structure connected by semi-rigid aromatic anion and further
assemble into a three-dimensional (3D) supramolecular framework by n---m stacking and hydrogen
bonding interactions. Complex 4 possesses two bi-nuclear units and displays two-dimensional (2D)
layer which can further extend to a 3D supramolecular architecture via hydrogen bonding and weak
packing interactions. Moreover, the luminescent property of complex 4 was investigated in the solid

State at room temperature.



ACCEPTED MANUSCRIPT

Keywords: hydrothermal reaction; 3-(1-carboxyethyl) benzoic acid; 2-(pyridin-4-yl)-(1H)-

benzoimidazole; Crystal structures; Luminescence



1. Introduction

During the past few decades, the rational design and construction of metal coordination polymers
(MCPs) based on crystal engineering strategies have received great attention [1] because they possess
novel structures and charming properties with potential applications in various areas such as
photoluminescence [2], ion exchange [3], gas separation and storage [4], catalysis [5] and magnetism
[6]. Typically, luminescent materials have been extensively explored for their diverse functionalities
and application in sensing and optical device [7]. It is well known that the design and synthesis of
MCPs with expected structures are still challenges for researchers. The syntheses of coordination
polymers are mainly dependent on several factors such as centre metal ions [8] organic ligands [9],
inorganic/organic anions [10], the ratios of metals and organic ligands [11], pH values [12], reaction
temperature [13] and reaction time [14]. Among these, the organic ligands and centre metals play vital
roles in the synthesis of MCPs [15]. Nevertheless, how to reasonably construct the expected
architectures with unique properties is still a‘huge challenge. Selective design of organic ligands is
usually crucial for the formation of these novel coordination frameworks [16]. Up to date, a variety of
MCPs based on the multicarboxylates and flexible N-containing ligands have been constructed [17].
The aromatic multicarboxylate ligands have been intensely investigated due to their strong coordination
ability and structure diversity [18]. However, the development and investigation of MCPs based on the
semi-rigid aromatic carboxylate ligand still remain sparse. In this respect, we have designed one novel
semi-rigid aromatic di-carboxylate ligand, 3-(1-carboxyethyl) benzoic acid (H,L) (Scheme 1), which
display some specific features: i) the H,L ligand has two carboxylic groups that may be completely or
partially deprotonated, including various coordination modes and allowing interesting structures; ii) The
uncoordinated oxygen atoms act as acceptors in hydrogen bonding which can be advantageous to
solidify the whole structures; iii) it can become in the formation of anion, which can make the final
product become neutral structures and improve their thermal properties; iv) the existence of -CH- group
can make one of carboxylate groups freely rotate in order to involve the coordination geometries of the

specific metal ions, which can construct the specific structures of metal coordination polymers. Thus,



the exploring and design of the metal coordination polymers with the semi-rigid aromatic carboxylate
ligand remain a challenge in field of MCPs, which will enrich and extend the content of the

coordination chemistry and metal coordination polymers.

Additionally, the use of neutral auxiliary ligands such as N-donor ligands to the synthetic system of
aromatic acids with metal ions is helpful to construct specific structures with interesting properties [19].
The ligand of 2-(pyridin-4-yl)-1H-benzoimidazole (4PBI) usually act as one of N-donor ligands. The
4PBI ligand can adopt different conformations according to the geometric needs of different metal ions,
and acts as donor and acceptor of hydrogen bondings [20]. Additionally, it can effectively improve the
donated electron ability of benzoimidazole rings and makes it exhibit strong collaborative coordination
ability with organic carboxylate ligands, which would be a powerful ligand for the construction of
MCPs with diverse structures.

Herein, we would like to report the synthesis and characterization of four coordination polymers
based on a semi-rigid aromatic bicarboxylate ligand and N-donor ligand, namely, [M(L)(4PBI)(H,O)],
(M = Ni, Co and Cu for 1, 2 and 3, respectively) and [Cd(L)(4PBI)], (4) (H,L. = 3-(1-carboxyethyl)
benzoic acid; 4PBI = 2-(pyridin-4-yl)-1H-benzoimidazole), which have been obtained under
hydrothermal conditions. These MCPs have been characterized by FT-IR, UV-Vis spectra, single
crystal X-ray diffraction, and powder X-ray diffraction. To the best of our knowledge, there is no report
that MCPs containing this semi-rigid aromatic carboxylate ligand are synthesized and characterized.
The thermogravimetric analyses (TGA) for complexes 1-4 were also discussed in details. Additionally,
the fluorescence property of complex 4 was studied.

2. Experimental section
2.1. Materials and measurements

Sodium hydroxide was purchased from Tian Jin Guang Cheng Chemical Reagent Limited
Corporation. 1,2-phenylene diamine was purchased from Sinopharm Chemical Reagent Limited
Corporation. Nickel nitrate, Cobalt sulfate, Cadmium sulfate and Copper sulfate were obtained from

Shanghai Chemical Reagent Corporation, Guang Zhou Chemical Reagent Factory, Shang Hai Chemical



Reagent Two Factory and Lai Yang Economic and Technological Development Zone Fine Chemical
Factory, respectively. Polyphosphoric acid (PPA) was purchased from Aladdin Industrial Corporation.
The ligand 3-(1-carboxyethyl) benzoic acid (L) and 2-(pyridin-4-yl)-(1H)-benzoimidazole (4PBI) were
synthesized according to literature procedures [21] [22].The reagents and solvents employed were used
as received without further purification.

Elemental analyses were performed on an Elementar vario EL III microanalyser. The FT-IR
spectra were recorded from KBr pellets in the range 400-4000 cm™ on a Bruker spectrometer. Powder
X-ray diffraction (PXRD) was recorded on a Bruker D8 Advance diffractometer at 40 kV, 40 mA with
a Cu-target tube and a graphite monochromator. 26 falls in the range of 5-60°. The experimental PXRD
patterns are in good agreement with the corresponding simulated ones except for the relative intensity
variation because of the preferred orientations of the crystals.. Therefore, the phase purity of the as-
synthesized products is substantiated. UV-Vis spectra was recorded on a Shimadzu UV-2550
spectrometer. Diffuse reflectance UV-Vis spectra were recorded on a Shimadzu UV-2550 spectrometer
equipped with an integrating sphere at room temperature in the range of 250-800 nm, in which barium
sulfate (BaSO4) powder was used as a reference. Solid-state fluorescent studies were conducted on a
HITACHI F-4500 system. Thermogravimetric analysis (TGA) data were collected with a TA SDT
Q600 analyzer in N at a heating rate of 10 °C min~" in the range of 20-900 °C.

2.2. Synthesis of 3-(1-carboxyethyl) benzoic acid (HzL)

A mixture of 3-(1-cyanoethyl)benzoic acid (17.5 g, 0.1 mol), NaOH (10 g, 0.25 mol) and distilled
water (100 mL) was refluxed on a steam bath for 7 h. After cooling to room temperature, the mixture
was adjusted to pH 3 by the concentrated HCI solution. Subsequently, the mixture was allowed to cool
to room temperature. Finally, the colorless crystal was collected by vacuum filtration. Yield (94.9%,
16.610 g). M.p. 158-160 °C. IR (KBr, cm™): 2997(w), 2895(w), 1699(s), 1583(m), 1456(m), 1416(m),
1286(m), 1230(m), 1060(w), 937(br), 733(w), 686(w), S61(w).

2.3. Synthesis of 2-(pyridin-4-yl)-(1 H)-benzoimidazole (4PBI)



Isonicotinic acid (1.477 g, 0.011 mol) and 1, 2-phenylene diamine (1.081 g, 0.010 mol) were
mixed and grinded. To the reactions mixture, polyphosphoric acid (10 ml) was added. Subsequently, the
reaction mixture was heated periodically under the irradiation of microwave. After the completed
reaction, two blocks of ice were added to the mixture. When the reaction mixture was cooled to room
temperature, pure water (30 ml) was poured to the mixture solution. The pH value of the solution was
adjusted to 7 by adding the NaOH solution (10%). Finally, the solid product was collected and further
crystallized from pure water to give a needle-like crystal. Yield (85.9%, 1.675 g). M.p.226-228 °C. The
microanalyses of compound 4PBI are in good accordance with that reported previously [23].

2.4. Synthesis of [Ni(L)(4PBI)(H20)], (1)

A mixture of Ni(NOj3),’6H,O (0.0290 g, 0.1 mmol), 4PBI (0.0195 g, 0.1 mmol), NaOH (0.0072 g,
0.18 mmol), H,L (0.0194 g, 0.1 mmol) and water (6 ml) were heated at 160 °C for 3 days in a 15 ml
Teflon-lined vessel container. The reaction mixture was cooled to room temperature at a rate of 5 °C h™".
Green block crystals of complex 1 suitable for X-ray diffraction analysis were obtained (0.027 g, Yield:
58.18%) based on Ni (NOs),. Elemental analysis calcd (%) for C,,H 9NiN3Os (464.10): C, 56.94; H,
4.13; N, 9.05; found: C, 56.81; H, 4.11; N, 9.01. IR (KBr, cm™"): 3067(w), 2970 (w), 1616(m), 1597(m),
1564(s), 1531(s), 1447(s), 1406(s), 1317(m), 1282(m), 1238(w), 1126(w), 1061(w), 1022(m), 972(m),
916(m), 866(m), 847(w), 818(m), 788(w), 761(m), 743(s), 694(m), 640(w), 563(w), 516(w), 438(w).
2.5. Synthesis of [Co(L)(4PBI)(H>0)], (2)

The preparation of complex 2 was similar to that 1 except that CoSO47 H,O (0.0280 g, 0.1 mmol)
was instead of Ni(NO3),’6H,O. The dark-red block crystals of complex 2 suitable for X-ray diffraction
analysis were obtained (0.027 g, Yield: 58.14 %) based on CoSO,. Elemental analysis calcd (%) for
CH 19CoN305 (464.34): C, 56.91; H, 4.12; N, 9.05; found: C, 56.86; H, 4.09; N, 9.05. IR (KBr, cm’l):
3065(w), 1614(m), 1541(m), 1437(m), 1400(s), 1315(m), 1281(w), 1227(w), 1142(w), 1105(w),
1063(w), 1018(w), 964(w), 837(w), 814(w), 748(s), 567(m), 520(w), 440(w), 407w).

2.6. Synthesis of [Cu(L)(4PBI)(H>0)], (3)



The synthesis preparation of complex 3 was similar to that of 1 except that CuSO,5H,0O (0.0250 g,
0.1 mmol) was instead of Ni(NO3),"6H,0 and the mixture were heated at 120 °C. The dark-green block
crystals of complex 3 suitable for X-ray diffraction analysis were obtained (0.025 g, Yield: 53.31%)
based on CuSOy. Elemental analysis calcd (%) for C,,H9CuN3Os5 (468.96): C, 56.35; H, 4.08; N, 8.96;
found: C, 56.19; H, 4.10; N, 8.93. IR (KBr, cm™): 3063(w), 2972(w), 2758(w), 1620(s), 1593(m),
1528(s), 1452(s), 1435(m), 1406(s), 1319(m), 1288(m), 1240(w), 1128(w), 1076(w), 1060(w), 1028(w),
970(m), 914(w), 885(w), 841(w), 814(m), 785(w), 764(m), 748(s), 642(w), 565(w),525(w), 444(w).
2.7. Synthesis of [Cd(L)(4PBI)], (4)

The synthetic procedure for 4 was similar to that for 1 except that CdSO,3/8 H,O (0.026 g, 0.1
mmol) was instead of Ni(NO;),6H,O. The brown needle crystals of complex 4 suitable for X-ray
diffraction analysis were obtained (0.042g, Yield: 84.03 %) based on CdSO,. Elemental analysis calcd
(%) for CoH;7CdN304(499.81): C, 52.82; H, 3.40; N, 8.40; found: C, 52.95; H, 3.39; N, 8.43. IR (KBr,
cm™): 3414(br), 3061(w), 2963(w), 1620(s), 1566(s), 1539(s), 1445(s), 1400(s), 1384(s), 1323(m),
1283(w), 1240(m), 1072(w), 1014(w), 976(w), 910(w), 847(w), 818(m), 777(w), 748(s), 696(m),
660(w), 590(w), 559(w), 513(w), 432(w).

2.8. X-Ray crystallography

Single-crystal structure determinations of the ligand 4PBI and four complexes were measured by
an Agilent Technologies SuperNova Dual diffractometer equipped with graphite—monochromator Mo
Ka radiation (4= 0.71073 A). The lattice parameters were obtained by a least-squares refinement of the
diffraction data. All the measured independent reflections were used in the structural analysis, and semi-
empirical absorption corrections were applied using the CrysAlis PRO program [24]. The program
SAINT was used for integration of the diffraction profiles [25]. The structure was solved by direct
methods using the SHELXS program of the SHELXTL package and refined with SHELXL [26]. All
non-hydrogen atoms were located in successive difference Fourier syntheses. The final refinement was
performed by full-matrix least-squares methods with anisotropic thermal parameters for all the non-

hydrogen atoms based on F. Except hydrogen atom bonded oxygen atom, the hydrogen atoms were



first found in difference electron density maps, and then placed in the calculated sites and included in
the final refinement in the riding model approximation with displacement parameters derived from the
parent atoms to which they were bonded. Special computations for the crystal structure discussions
were carried out with PLATON for Windows [27]. A summary of the crystallographic data and
structure refinements are listed in Table 2. Selected bond lengths and angles are given in-Table 3.
Corresponding hydrogen bonding data for 4PBI and its complexes 1-4 are listed in Table 4.
3. Results and discussions
3.1. FT-IR Spectra

The IR spectra of H,L, 4PBI, and complexes 1-4 are shown in Fig. S1. The free ligand H,L
exhibits wide peak characteristic voy stretching band at 2986 cm'l, while the voy stretching band of
complexes 1-4 are observed at 2970, 2976, 2972 and 2963 cm’, respectively. The strong peak at 1691
cm™ is ascribed to the ~-COOH functional groups for HpL. It-is noteworthy that the carboxylate groups
of L in complexes 1-4 are completely deprotonated because of the absence of the vibration band in the
range of 1760-1680 cm™ attributed to the —COOH functional groups. The presence of characteristic
bands is observed at 1564 and 1406 cm™, 1541 and 1400 cm™, 1593 and 1406 cm™', and 1539 and 1400
cm’ for 1-4, respectively, which may be attributed to the asymmetric and symmetric vibrations of the
carboxylate groups. These results reveal that the O atoms of the carboxylate group are engaged in
coordinating to the metal ions in these complexes. In addition, the moderate peaks at 1605, 1589 and
1455 cm’ suggest the existence of the frame vibration of benzene ring in free H,L ligand, and the
moderate broad peak at 943 cm’! is attributed to vo.p bending vibration of free H,L ligand. Additionally,
the free ligand of H,L exhibit wide and loose peaks at nearly by 2884 cm’' characteristic ve.y stretching
band of —CHj3 in H,L ligand and the moderate peak of 753 cm’! is ascribed to O-cu bending vibration of
H,L ligand.

For another free 4PBI ligand, the characteristic vn.y stretching band at 3431 cm’! and the weak
peak at 3055 cm’ suggests that frame vibration of benzene ring in 4PBI ligand. The strong peaks of

1610 and 1436 cm’' are ascribed to ve=c and vc=n vibration of benzimidazole in 4PBI ligand,



respectively. The moderate peak at 692 em™ is assigned to vc.pg stretching vibration of pyridine ring in
4PBI ligand. In complexes 1-4, it are observed at 1616 and 761 cm’! for 1; 1614 and 748 cm’for 2;
1620 and 748 cm™ for 3; 1620 and 748 cm™ for 4, suggesting that there exists the formation of
coordination from nitrogen atom of 4PBL In addition, the moderate peak at 743 cm™ is attributed to
d—cu bending vibration of benzene ring in 4PBI ligand and the weak peak 1112 cm’ is attributed to dc.
bending vibration of pyridine ring in 4PBI ligand. Tshe characteristics the stretching and bending
vibration of the -OH groups of the water absorption bands at 3067, 3065 and 3063 cm'* for complexes
1-3, respectively, providing the evidence for the coordinated water molecules.

3.2. UV=Vis absorbance and diffuse reflectance spectra

The UV-Vis spectra [28] of the free ligands H,L. and 4PBI in N,N-dimethylforamide (DMF)
solution are presented in Table 1 and Fig. 2a. The UV-Vis spectrum of the free ligands H,L. and 4PBI
exhibits one absorption peak at 278 and 313 nm, respectively, which can be assigned to the z—m*
transition.

To evaluate the electronic absorbance feature of complexes 1-4, the diffuse reflectance spectra
were obtained using BaSOj as standard at room temperature. The experimental results are depicted in
Fig. 2b. Complexes 1-3 display obviously the absorbance bands in the uvioet to visible region; while
there exist the bands only falling in the uvioet range for complex 4. In the electronic spectra, all of
complexes display the bands at the uvioet region, which are observed at 263 and 321 nm for complex 1,
267 and 322 for 2, 271 and 319 nm for 3, 271 and 320 nm for 4, respectively. The bands at about 270
nm can be assigned to the z-7* transition of L ligand, while the UV bands found originating in the n-m*
transition of the 4PBI are obseved in the expected positions at about 320 nm.

As illustrated in Fig. 2b, for complex 1, one broad band falling in the visible region in the electronic

spectra are observed at 552 nm, which can be attributed to the [3142(,’,—>3 T,(F)] transition [29]. The

spectrum of complex 2 exhibits a broad band at 623 nm that have intensities consistent with spin-

allowed d—d transitions, which may be tentatively assigned to the transition of [4T1g(F)—> 4TL,,,(P)] [30].

On the basis of diffuse reflection spectrum of complex 3, distorted octahedral geometry around Cu(I)



ion is suggested. The spectrum shows a low intensity broad band at 523 nm which is ascribed to the [2Eg
—>2T2g(F)] transition [31].
3.3. Structure description of complexes 1, 2 and 3

The single crystal X-ray structural analysis reveals that complexes 1-3 are a one-dimension (1D)
polymer and crystallize in the form of the monoclinic space group P2:/n, and they are isostructural
structures. As a matter of convenience, complex 1 is employed as a representative structure to be
described in details. As shown in Fig. 3a, the asymmetric unit contains one Ni (II) ion, one 4PBI ligand,
one L ligand, and one coordinated water molecule. The Ni(Il) centre takes a distorted octahedral
geometry via coordinating to one pyridine-yl nitrogen atom (N1) of one 4PBI ligand, four carboxylic
oxygen atoms (O1A, O2A, O3 and O4) of two L ligands plus one oxygen atom (O1W) of one
coordinated water molecule. The Ni-O bond distances in 1<range from 2.0330(2)-2.1540(2) A and the
Ni-N bond distance is 2.0580(2) A (Table 3). The average Ni-O distance is 2.0964 A, which are slightly
longer than the common Ni-O distance 2.06 A, and is in agreement with those found in documents [32].
The Co-O bond distances in 2 fall in the range of 2.0450(2)-2.1957(18) A and the Co-N bond length is
2.0990(2) A. The average Co-O distance is 2.1286 A and Co-N distance is 2.0990 A, which is slightly
longer than the common Co-O and Co-N distances of 1.9400 and 1.9600 A, respectively. The Cu-O
distances in 3 fall in the range of 1.9720(3)-2.4640(2) A and the Cu-N distance is 1.9940(3) A (Table 3).
The average bond length of Cu-O is 2.1662 A, which is in agreement with those found in literatures
published previously [32]. As shown in Fig. 3b, each adjoining pair of Ni (II) ions is connected by L
ligands to forma 1D chain along the crystallographic b axis.

The supramolecular structures mainly depend on three kinds of interactions: the coordination
bonds, the strong hydrogen bonds, and packing interactions. The O-H:--O intermolecular hydrogen
bond is generated through the oxygen atoms from the coordinated water molecules and the carboxylic
oxygen atoms form the L ligands. These bond lengths and angles are 1.92(3) A and 168(3)° for 1,

1.88(3) A and 167(3)° for 2, and 1.80(3) A and 174(4)° for 3, respectively, through which 1D polymeric



chains are extended to a two-dimensional (2D) supramolecular layer along the crystallographic ¢ axis
(Fig. 3c¢).

In an addition, there exist two kinds of O-H-N hydrogen bonds and three kinds of C-H:-O
hydrogen bonds in 1-3 (Fig. 3d and Table 4): (a) The O-H-N intermolecular hydrogen bonds occur
between the oxygen atoms of the coordinated water molecules and the nitrogen atoms of the 4PBI
ligands. These bond lengths and bond angles are 1.88(2) A and 170(4)° for 1, 1.87(2) A and 170(3)° for
2, and 1.86(2) A and175(5)° for 3, respectively. (b) The O-H:N intermolecular hydrogen bondings
generate between the oxygen atoms from the L ligands and nitrogen atoms of the 4PBI ligands. These
bond lengths and bond angles are 1.84(2) A and 170(4)° for 1, 1.83(2) A and 171(3)° for 2, and 1.81(3)
A and 176(3)° for 3, respectively. (c) The C—H---O intermolecular.-hydrogen bondings originate from the
carbon atoms from the 4PBI ligands and oxygen atoms of the L. ligands. These bond lengths and bond
angles is 2.35 A and 125° for 1, and these bond lengths and bond angles fall in the range of are 2.40-
2.54 A and 126-160° for 2, and 2.48-2.54 A and 130-160° for 3, respectively. (d) The C-H:--O
intermolecular hydrogen bondings construct between the carbon atoms from the 4PBI ligands and
oxygen atoms of the coordination water molecules. These bond lengths and bond angles are 2.60 A and
156° for 1, 2.57 A and 157° for 2,and 2.53 A and 160° for 3, respectively. Furthermore, another type of
C-H--O intermolecular hydrogen bond is generated through the oxygen atoms from L ligands and the
carbon atoms from L ligands for 1. These bond lengths and bond angles are 2.5 8A and 140° for 1, Apart
from these hydrogen bonding interactions, it is worth noting that there exist two kinds of weak n--x
packing interactions between the aromatic rings. One occurs between the imidazole groups and phenyl
ones (3.6010(17), 3.5843(16) and 3.636(2) Afor1,2and 3, respectively) and the other do between two
phenyl groups (3.6434(16), 3.6663(14) and 3.6183(17) A for 1, 2 and 3, respectively). Additionally,
another types of m-m packing interactions are observed in 3 (Cg(2)---Cg(1)k, 2.6365(15) A, Fx, Yy, Z;
Cg(3)"-Cg(1)l, 2.6365(15) A, ! -1/2+x, 1/2-y, -1/2+z). Finally, the 3D supramolecular framework is
obtained by a variety of hydrogen bonds and n---w stacking interactions (Fig.3d).

3.4. Structure description of complex 4



The results of the X-ray crystallographic analysis illustrate that complex 4 is a 2D network and it
crystallizes in the triclinic space group P-1. As depicted in Fig. 4a, the asymmetric unit of complex 4 is
made of two unique cadmium ions, three L ligands and two 4PBI ligands. The central Cd1 ion is seven
coordinated by two nitrogen atoms of two different 4PBI ligands and five oxygen atoms of three L
ligands. Seven O-donor atoms from L ligands form at the base plane of the distorted pentagonal
bipyramid, and the vertexes of the distorted pentagonal bipyramid are made of two nitrogen atoms from
two 4PBI ligands. The Cdl center derivate from the base plane about 0.0500(2) A. Similar to that of
Cdl1, Cd2 adopts distorted pentagonal bipyramid with five oxygen atoms of three L ligands and two
nitrogen atoms of two different 4PBI ligands. The base plane of the pentagonal bipyramid consists of
seven oxygen atoms from three L ligands, and the apexes of bipyramid are occupied by two nitrogen
atoms from two 4PBI ligands. The central Cd2 ion is slightly from the base plane about 1.5566(3) A
The bond distances of Cd-O and Cd-N fall in the range of 2.251(3)-2.481 A and 2.318(4)-2.360(3) A
(Table 3), respectively, which are normal values in some documents [32]. The bond angles of O-Cd-O,
O-Cd-N and N-Cd-N in range of are 54.26(8)-157.12(8)°, 82.19(11)-109.76(12)° and 163.86(12)-
164.60(12)°, respectively. Interestingly, there are two kinds of coordination modes for L ligands: one
ligand acts as a bi-dentate mode; another does as the mono-dentate mode. As a result, one binuclear Cd
structure was formed (Fig. 4a). Two Cd centers (Cd1 and Cd2) are connected by one 4PBI ligand and
one L ligand (Fig. 4a). In other words, these binuclear units are further extended to a 2D layer through
4PBI and L ligands (Fig. 4b).

Interestingly, it is observed that there exist four kinds of hydrogen bonds (Fig. 4c and Table 4): (a)
The intermolecular hydrogen bonds of N-H--O (N(3)-H(3)~O(2)° 1.92 A, “1-x, 2-y, -z; N(6)-
H(6)--0(6)" 1.94 A, 1-x, 1-y, 1-z) (Table 4) are generated through nitrogen atoms of 4PBI ligand and
oxygen atoms of L ligand. (b)The intermolecular hydrogen bondings of C—H:--O (C(7)-H(7)--0(5Y 2.49
A, 71-x, 2-y, 1-z; CA7)-H(17)-~-0(1)* 2.51 A, “1-x, 1-y, 1-z.) are observed through carbon atoms of L
ligand and oxygen atoms of L ligand. (c) The hydrogen bondings of C-H:-O (C(21)-H(21)---O(8)“2.45

A, “1-x, 1-y, 1-z; C(24)-H(24)-0(2)’ 2.57 A, /1-x, 2-y, -z; C(33)-H(33)~0(3) 2.42 A, /1-x, 2-y, 1-z;



C(34)-H(34)-0(2)*2.34 A, *x, y, 14+z; C(36)-H(36)~0(6)* 2.58 A, “1-x, 1-y, 1-z; C(22)-H(22)-0(6)
2.36 A) occur from L ligand and carbon atoms of 4PBI ligand.

Except from these hydrogen bonds, there exist weak C—H---r interactions between C13-H13F and
the phenyl ring (C27-C32) /(' -x, 2-y, 1-z), where the distance of C—H:-1t is 3.450 A and the angle is
124°. These supramolecular interactions extend the 2D supramolecular layers to a 3D supramolecular
framework along the crystallographic b axis (Fig. 4c).

To investigate the topological structure of the complex 4, the Cd(Il) atoms can be regarded as five
connecting nodes, whereas the L, 4PBI ligands act as linear linker which bridges two adjacent Cd(II)
atoms. Thus, the whole network is simplified to the (3,5), (4,5), (6,5) topological structure, which is
same to those found in some 2D MCPs (Fig. 4d) [33]. Interestingly, the present topological network is
non-uniform topological structure, which is obviously different from those documented in literatures
[34].

3.5. Coordination modes of L in complexes 1-4

According to the structure descriptions mentioned above, we could find that the two carboxylate
groups of L ligand exhibit two kinds of coordination modes (Scheme 2). In complexes 1-3, L is
completely deprotonated. The coordination modes of two carboxyl groups in L are same and display a
;12—;71:;71:;71:;71 coordination. mode (Scheme 2a), which coordinates with metal ions such as, Ni**, Co™,
and Cu®* for 1-3, respectively. However, in complex 4, the L ligand is partially deprotonated, and the
two carboxyl groups of L adopt the completely different coordination modes, that is, ;12—;71:;71:;71:;71
(Scheme 2a) and ;13—;71:;71:;72:;71 (Scheme 2b). From the viewpoint of the present results, it is obvious that
the diverse coordination modes of carboxylate groups resulted in the structural differences of complexes
14.

3.6. Effects of the central metals on the structures

As mentioned above, we could see that the central metal ions play important roles in the final

structures of 1-4. The difference coordination numbers of central metal ions are an important reason for

the complex with different structural motifs. The coordination number (CN) of Cd ions in 4 (CN =7) is



larger than that of Ni ions, Co ions and Cu ions in 1-3 (CN = 6), which may be attributed to the fact that
the radius of Cd ions is larger than that of Ni ions, Co ions and Cu ions. Additionally, in complexes 1-3,
the coordination numbers around metal centers are uniform, which may be assigned to the similarity
radius of Ni ions, Co ions and Cu ions. The present results provide us with the fact that suitable metal
ions may be a good candidate for the construction of MCPs with diverse dimensionalities.

3.7. Effects of 4PBI ligands on the structures

Apart from the effects of the coordination modes for L and the metal ions, the 4PBI ligand show
different coordination modes in complexes 1-4, respectively (Scheme 2c and 2d). As illustrated in
Scheme 2c, in complexes 1-3, there exists mono-dentate mode for 4PBL ligand. However, bis-dentate
bridging mode of 4PBI ligand is observed in complex 4 (Scheme 2d). The present results indicate that
the 4PBI ligands also significant effects on the formation of the final structures. For complexes 1-3,
they have a 1D chain. When the 4PBI ligands were ‘conducted to the reaction system of 1-3, a 3D
supramolecular framework network is found. Complex 4 exhibits a 2D layer structure. When the 4PBI
ligands were introduced into the reaction system of 4, another 3D supramolecular architecture is
observed. Obviously, the auxiliary ligands also play an important role in the construction of the final
structures.

3.8. Powder X-ray diffraction (XRD)

To confirm the pure phase of these complexes, PXRD experiment has been carried out. As
illustrated in Fig.5-8, the peak positions of the simulated and experimental PXRD patterns are in good
accordance with each other, which illustrates the phase purity of the products [35].

3.9. Thermogravimetic analyses (TGA)

In order to characterize the compounds more fully in terms of thermal stability, the thermal
behaviors of 1-4 were examined by TGA. As illustrated in Fig. 9-12, all of the TGA curves for 1-3 are
similar. The TGA curves show that first weight loss occurs in the range of 29-164 °C (obsd 1%, calcd
3.9%) for 1, 31-166 °C (obsd 1%, calcd 3.9%) for 2, and 27-144 °C (obsd 1%, calcd 3.8%) for 3,

respectively, which corresponds to the loss of coordination water molecules. The present results indicate



that there exist strong hydrogen bonds among the water molecules. The framework starts to collapse in
the temperature range of 247-800 °C (obsd 77%, calcd 78%) for 1, 206-800 °C (obsd 60%, calcd 78.3%)
for 2, and 184-800 °C (obsd 75%, calcd 82%) for 3, respectively, revealing the departure of organic
ligands. The remaining weight is attributed to the final product of Ni,O; (obsd 22%, calcd 18%) for 1,
C0,03 (obsd 39%, calcd 17.8%) for 2, and CuO (obsd 24%, calcd 17%) for 3, respectively. The TGA
curve of 4 reveals that first weight loss falls from 190 to 538 °C (obsd 97.5%, calcd 74.3%), showing
the departure of organic ligands. Finally, the final residual can be assigned to the formation of CdO
(obsd 25%, calcd 25.7%) for 4.
3.10. Luminescent spectra

The luminescence properties of complexes containing d'* metals have been intensely researched
owing to their potential applications in photochemistry and-sensors [36]. Therefore, in this paper, the
photoluminescence properties of complex 4, L, and 4PBI were investigated in the solid state at room
temperature. As shown in Fig. 13, the main emission peak of L is found at 414 nm (Jex = 286 nm). In an
addition, the two maximum emission peaks of 4PBI are located at 411 nm and 516 nm (4ex = 280 nm),
respectively. The emission bands of these free ligands are probably caused by the n* — m or t* — n
transitions [37]. Complex 4 displays emission band located at 459 nm with excitation at 317 nm.
Compared with the emission spectrum of L and 4PBI ligands, red-shifts of emission bands for 4 have
been observed. Since the Cd*" ions are difficult to oxidize or to reduce due to their d'° configuration, the
emission of complex 4 is neither metal-to-ligand charge transfer (MLCT) nor ligand-to-metal charge
transfer (LMCT) in nature [38]. The emission of the complex may be assigned to the intraligand
fluorescence emission. The present results indicate that complex 4 can be one of promising candidates
for Tuminescent materials.
4. Conclusions
In summary, we have successfully designed and developed a set of metal coordination polymers based
on the semi-rigid aromatic carboxylate group, which display interesting structural motifs with different

dimensionalities. The present results indicate that the metal centers and the bridging ligand play a key



role in final structures, which confirms the significant potential of constructing structures based on
semi-rigid aromatic acid and N-donor ligands, and provides an animated example to construct novel
metal coordination polymers. Furthermore, the fluorescent property of 4 makes it one of the promising
candidates for photoluminescent material. Currently, the design and explore of other metal coordination
polymers based on the semi-rigid aromatic carboxylate groups, which show the specific motifs and
interesting properties, is on the way at our laboratory.
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Scheme 1. Structures of H,L. and 4PBI ligands
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Scheme 2. The coordination modes for ligand L (a,b) and 4PBI (c,d)
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Fig. 1. UV-Visible absorbance spectra of the free ligands H,L. and 4PBI in DMF solution.
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Fig. 2. UV-Visible diffuse reflectance spectra of complexes 1-4 in solid state.






Fig. 3. (a) A perspective view of the coordination geometry of the Ni (II) centre in 1. (b) A 1D chain
along the ¢ axis in 1. (¢) A 2D surpramolecular network formed by hydrogen bond interactions in 1. (d)

The packing diagram of 1 along the b axis




(d)

Fig. 4. (a) A perspective view of the coordination geometry of the Cd centre in 4 and the bis-nucleic

structure in 4. (b) A 2D layer along the crystallographic bc plane. (c) The packing diagram of 4. (d) The

topology structure of 4.
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Fig. 5. Powder X-ray diffraction (PXRD) plots for 1. (a) simulated; (b) experimental
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Fig. 6. PXRD plots for 2. (a) simulated; (b) experimental
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Fig. 7. PXRD plots for 3. (a) simulated; (b) experimental
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Fig. 8. PXRD plots for 4. (a) simulated; (b) experimental
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Fig. 9. TGA curve of 1.
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Fig. 10. TGA curve of 2.
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Fig. 11. TGA curve of 3.
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Fig. 12. TGA curve of 4.
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Fig. 13:The solid-state emission spectra of complex 4, 4PBI and H,L ligand.



Table 1. The UV-Vis spectral data of H,L and 4PBI

Compound A C (107 (M) Amax(nm) lge Solvent
L 0.27 2.78 278 498 DMF
4PBI 3.31 1.84 314 6.25 DMF

Table 2. Crystal data and structure refinement data for 1-4

Compound reference 1 2 3 4
Chemical formula C22H19N3Ni05 C22H19CON3O5 C22H19CUN305 C22H17CdN304
Formula Mass 464.11 464.33 468.94 499.79
Crystal system Monoclinic Monoclinic Monoclinic Triclinic
alA 10.5053(7) 10.4737(7) 10.4805(9) 12.5721(5)
bIA 13.1794(7) 13.1355(6) 13.4316(8) 2.6827(4)
c/A 14.5680(8) 14.6668(8) 14.7788(13) 13.4256(6)
ol® 90.00 90.00 90.00 89.999(3)
pl° 106.672(7) 106.884(7) 108.109(10) 74.554(4)
y/° 90.00 90.00 90.00 69.597(4)
Unit cell volume/A® 1932.2(2) 1930.84(19) 1977.4(3) 1923.69(13)
Temperature/K 100(2) 100(2) 100(2) 100(2)
Space group P2/n P2/n P2/n P-1

No. of formula units per unit cell, Z 4 4 4 4
Radiation type Mo Ka Mo Ka Mo Ka Mo Ka
Absorption coefficient, /mm’ 1.047 0.931 1.146 1.171

No. of reflections measured 17712 17462 19536 18605

No. of independent reflections 4461 4474 4574 8887

Rint 0.0485 0.0486 0.0596 0.0430
Final R; values (I>2a(I))" 0.0486 0.0432 0.0526 0.0409
Final wR(F®) values (I>20(I)) 0.1170 01154 0.1298 0.0843
Final R; values (all data) 0.0584 0.0571 0.0776 0.0628
Final wR (F°) values (all data)” 0.1237 0.1285 0.1470 0.0978
Goodness of fit on F* 1.075 1.023 1.036 1.040
CCDC number 994678 994679 994680 994681

“Ri=x| F | EJ1 /3] B PwR=[SIw(F-ES WS Iw(F,A)™ ) .

Table 3. Selected bond lengths (A) and angles (°) for complexes 1-4.

1
Ni(1)-O(1) 2.154(2) Ni(1)-O(1W) 2.0332)
Ni(1)-0(2) 2.057(2) Ni(1)-N(1) 2.058(2)
Ni(1)-0(3)* 2.106(2) Ni(1)-O(4)* 2.13202)
O(1)-Ni(1)-O(1W) 89.17(8) O(1)-Ni(1)-0(2) 62.85(8)
O(1)-Ni(1)-N(1) 113.419) O(1)-Ni(1)-0(3)" 148.07(8)
O(1)-Ni(1)-0(4)" 98.30(8) O(1W)-Ni(1)-0(2) 88.43(8)
O(1W)-Ni(1)-N(1) 92.36(9) O(1W)-Ni(1)-0(3)" 107.15(8)
O(1W)=Ni(1)-O(4)" 168.50(8) 0(2)-Ni(1)-N(1) 176.17(9)
0(2)-Ni(1)-0(3)" 89.75(8) 0(2)-Ni(1)-0(4)" 87.25(8)
N(1)-Ni(1)-0(3)" 93.60(9) N(1)-Ni(1)-0(4)" 92.67(8)
0(3)*-Ni(1)-0(4)" 62.20(8)

2

Co(1)-0(1) 2.1957(18) Co(1)-0(1W) 2.045(2)
Co(1)-0(2) 2.0940(19) Co(1)-N(1) 2.099(2)
Co(1)-0(3)" 2.1407(17) Co(1)-0(4)" 2.1675(18)
0(1)-Co(1)-0(1W) 89.68(7) O(1)-Co(1)-0(2) 61.41(7)
O(1)-Co(1)-N(1) 114.42(7) O(1W)-Co(1)-0(2) 89.55(8)
0O(1)-Co(1)-0(3)" 145.81(7) O(1)-Co(1)-O(4)* 97.99(7)
O(1W)-Co(1)-N(1) 92.55(8) O(1W)-Co(1)-0(3)" 108.52(7)

O(1W)-Co(1)-O(4)* 169.03(7) 0(2)-Co(1)-0(4)* 87.28(7)




0(2)-Co(1)-N(1) 175.35(8) 0(2)-Co(1)-0(3)" 89.29(7)
N(1)-Co(1)-0(3)" 93.98(8) N(1)-Co(1)-O(4)" 91.40(8)
0(3)b-Co(1)-0(4)" 60.97(7)
3
Cu(1)-0(1) 2.464(2) Cu(1)-0(1W) 1.972(3)
Cu(1)-0(2) 1.973(2) Cu(1)-N(1) 1.994(3)
Cu(1)-0(3)" 2.398(2) Cu(1)-0(4)" 2.024(2)
O(1)-Cu(1)-O(1W) 89.75(9) O(1)-Cu(1)-0(2) 58.50(8)
O(1)-Cu(1)-N(1) 113.56(10) O(1W)-Cu(1)-0(2) 89.40(11)
O(1)-Cu(1)-0(3)" 145.45(8) O(1)-Cu(1)-0(4)" 101.01(9)
O(1W)-Cu(1)-N(1) 92.49(12) O(1W)-Cu(1)-0(3)" 107.23(9)
O(1W)-Cu(1)-0(4)" 166.00(10) 0(2)-Cu(1)-0(4)" 88.65(9)
0(2)-Cu(1)-N(1) 171.85(10) 0(2)-Cu(1)-0(3)" 91.06(8)
N(1)-Cu(1)-O(3)" 95.95(10) N(1)-Cu(1)-O(4)" 91.38(11)
0(3)°-Cu(1)-0(4)" 58.96(8)
4
Cd1-01 2.251(3) Cd1-N1 2.328(3)
Cd1-07° 2.353(3) Cd1-08° 2.459(3)
Cd1-N5* 2.360(3) Cd1-08° 2.360(2)
Cd2-03 2.481(3) Cd2-04 2.349(3)
Cd2-05 2.267(3) Cd2-N2 2.359(4)
Cd2-N4 2.318(4) Cd2-03¢ 2.354(2)
01-Cd1-N1 85.84(12) 01-Cd1-07° 148.61(9)
01-Cd1-08’ 155.83(8) N1-Cd1-07° 83.43(11)
01-Cd1-N5* 86.70(12) 01-Cd1-08° 87.31(9)
N1-Cd1-08’ 109.76(12) N1-Cd1-N5* 163.86(12)
N1-Cd1-08° 89.34(10) 07°-Cd1-08° 121.87(9)
07°-Cd1-08” 54.48(8) 07°-Cd1-N5” 95.69(11)
08’-Cd1-N5” 82.19(11) 08-Cd1-08° 74.93(9)
N5°-Cd1-08* 104.59(10) 03-Cd2-N2 83.27(11)
03-Cd2-04 54.26(8) 03-Cd2-05 157.12(8)
03-Cd2-N4 108.61(11) 03-Cd2-03¢ 74.25(8)
04-Cd2-05 147.56(9) 04-Cd2-03! 121.48(9)
04-Cd2-N2 95.75(9) 04-Cd2-N4 84.06(9)
05-Cd2-N2 86.33(11) 05-Cd2-N4 85.71(11)
05-Cd2-03¢ 88.84(9) N4-Cd2-03¢ 88.39(10)
N2-Cd2-N4 164.60(13) N2-Cd2-03¢ 104.62(10)
Symmetry codes: “1/2+x,1/2-y,1/2+z. ”x,y,—1+z."1—x,1—y, 1 —Z.‘ll—x,2—y, 1-z.
Table 4. Hydrogen bond geometries in the crystal structure of 1-4, respectively.
Compound D-H---A* H--A(A) D---A (A) D-H---A (°)
1
N@)-H(2)--O(3)" 1.84(2) 2.713(3) 170(4)
O(1W)-H(11)--O(1)* 1.92(3) 2.743(3) 168(3)
O(1W)-H(12)--N(3) 1.88(2) 2.719(3) 170(4)
C(5)-H(5)-0(4)° 2.58 3.361(4) 140
C(14)-H(14)--0(1W)* 2.60 3.487(4) 156
C(15)-H(15)--0(3)" 2.35 2.991(4) 125
2
N(2)-H(2)-O(3)" 1.83(2) 2.706(3) 171(3)
O(1W)-H(11)--O(1)* 1.88(3) 2.709(3) 167(3)
O(1W)-H(12)--N(3)" 1.87(2) 2.697(3) 170(3)
C(5)-H(5)-0(4)° 2.55 3.330(3) 139
C(12)-H(12A)--0(3)" 2.54 3.451(3) 160
C(14)-H(14)--0(1W)* 2.57 3.465(3) 157
C(15)-H(15)--0(3)" 2.40 3.053(4) 126
3
N(2)-H(2)-O(3)" 1.81(3) 2.688(3) 176(3)
O(1W)-H(11)--O(1)* 1.80(3) 2.636(3) 174(4)
O(1W)-H(12)--N(3)" 1.86(2) 2.695(4) 175(5)
C(12)-H(12A)--0(3)" 2.54 3.451(4) 160



C(14)-H(14)--0(1W) 2.53 3.441(5) 160

C(15)-H(15)--0(3)* 2.48 3.175(5) 130
4
N3-H3---02° 1.92 2.737(4) 153
N6-H6--06" 1.94 2.734(5) 149
C7-H7--05 2.49 3.204(5) 132
C17-H17--01° 251 3.201(5) 130
C21-H21--08" 245 3.164(5) 132
C22-H22--06 2.36 3.296(5) 168
C24-H24--02° 2.57 3.469(4) 157
C33-H33--03 242 3.134(5) 131
C34-H34--028 234 3.274(4) 169
C36-H36-06" 2.58 3.480(4) 158

Symmetry codes: “1-x,1-y,1-z. ”—1/2+x,1/2—y,—1/2+z. ©-1/2-x,1/2+y,1/2-z. ‘11/2+x,1/2—y,1/2+z..“’1—x,2—y,—
Z. fl—x,2—y,1—z. Xy, 1+z
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A set of metal coordination polymers with different motifs have been obtained, which are constructed
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