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Abstract: Three metal–organic networks, namely, [Zn2(Hnip)(4-bpdb)(nip)2(μ3-OH)] (1), 

{[Zn(tbip)(4-bpdb)1.5]·CH3OH}n (2), and {[Ni(1,3-bdc)(4-bpdb)]·2H2O}n (3) (4-bpdb = 

1,4-bis(4-pyridyl)-2,3-diaza-1,3-butadiene, H2nip = 5-nitroisophthalic acid, H2tbip = 

5-tert-butylisophthalic acid, and 1,3-H2bdc = 1,3-benzenedicarboxylic acid) are synthesized under 

hydrothermal conditions. The structure of 1 is built around uncommon rhombic {Zn4} clusters 

with double Td and double Oh Zn(II) geometries, which extend into a 2D network by the rigid 

deprotonated H2nip and 4-bpdb bridges. Meanwhile, 2 presents a novel 2D → 3D parallel 

polycatenated framework assembled from 2D bilayers with cuboids as the fundamental building 

units. Compound 3 features an interesting 2D → 3D inclined polycatenated network based on 

4
4
-sql subunits. Moreover, the thermal stabilities, photoluminescence, and magnetic properties of 

the compounds are also discussed.  

Keywords: Bis-pyridyl ligand; Coordination polymer; Crystal structure; Magnetic property; 

Polycatenated framework  

The synthesis and characterization of novel coordination polymers (CPs) remain under 

intensive investigation not only assess their unique architectures but also to understand the 

fundamental scientific laws underlying the coordination behavior of molecular systems [1]. 

Among the new and numerous coordinated CPs, cluster-based frameworks [2] and polycatenated 

networks [3] have attracted particular attention because of their interesting features and aesthetic 

structures. Most of the cluster-based CPs are obtained using oxo-centered metal clusters, whereas 

the incorporation of μ-hydroxyl group is likely to induces the aggregation of metal cores to form 

clusters. Noteably, most of the reported cluster-based CPs possess 3D structures, whereas only a 

few CPs possess 2D structures [4]. Meanwhile, polycatenations comprise a relatively rare branch 

of entangled systems and have a higher dimensionality than that of component motifs. Some 

fascinating polycatenation associations have been documented. Among these polycatenations, the 

higher-dimensional motifs, i.e., 2D → 3D polycatenations, are relatively less common [5].  

Recently, mixed-ligand CPs generated from multicarboxylate acids and N-containing linkers have 

attracted intensive interest because of their ability to incorporate the virtues of different functional 

groups and to easily obtain controlled architecture by changing one of the ligands [6]. Aromatic 

dicarboxylate ligands [7] are among the most commonly employed linkers in this field, providing 
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the structural rigidity and charge balance necessary to avoid the inclusion of unligated anionic 

species. The geometric orientation and binding mode of the carboxylate groups, the coordination 

preferences for specific metal ions, and the self-assembly of metal carboxylate cluster subunits act 

synergistically to produce diverse structural topologies. Angular dicarboxylates, such as 

1,3-benzenedicarboxylic acid (1,3-H2bdc) and its derivative, have been used as notable organic 

spacers for the construction of CPs in conjunction with various N-donor ligands because of their 

diverse coordination capabilities and topological–directional preferences [8]. With conformational 

freedom, 1,4-bis(4-pyridyl)-2,3-diaza-1,3-butadiene (4-bpdb) has been justified as an efficient 

organic building unit for the construction of coordination architectures [9]. However, the use of 

4-bpdb in combination with multicarboxylate ligands is still limited and has attracted considerable 

attention only recently [10].  

Given the aformentioned consideration and our previous work [11], three novel cluster-based 

and polycatenated CPs based on 4-bpdb and angular dicarboxylates ligands, namely 

[Zn2(Hnip)(4-bpdb)(nip)2(μ3-OH)] (1), {[Zn(tbip)(4-bpdb)1.5]·CH3OH}n (2), and 

{[Ni(1,3-bdc)(4-bpdb)]·2H2O}n (3) (H2nip = 5-nitroisophthalic acid, H2tbip = 

5-tert-butylisophthalic acid, and 1,3-H2bdc = 1,3-benzenedicarboxylic acid), were obtained. Their 

syntheses, crystal structures, topologies, thermal stabilities, photoluminescence, and magnetic 

properties are reported in this study.  

Complexes 1–3 were isolated under similar hydrothermal conditions, but by using different 

molar ratios of metal/4-bpdb/dicarboxylic acid. The crystallographic data and detailed procedure 

of the synthesis of the complexes are given in the ESI. The selected bond lengths and angles are 

listed in Table S1. The topological analysis and some diagrams were produced using the TOPOS 

program [12].  

          

                    (a)                                     (b) 

 

                  (c)                                                    (d)  

Fig. 1. (a) The Zn4-cluster and the coordination around two tetrahedral and two octahedral zinc atoms of 1 {the 

Zn(II) atoms are highlighted with polyhedral, symmetry codes: (A) −x + 1, −y + 1, −z; (B) x + 1, y, z; (C) −x, −y + 
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1, −z}. (b) The 1D ribbon of [Zn4(μ3-OH)2(Hnip)2(nip)4]. (c) The 2D layer of compound 1 (the 4-bpdb spacers are 

highlighted with blue color). 

Complex 1 has a unique 2D double-layered framework containing rhombic tetrameric Zn(II) 

of mixed Td and Oh geometries. Single-crystal X-ray diffraction shows that 1 crystallizes in the 

triclinic system with the Pī space group. The asymmetric unit of 1 contains two Zn(II) atoms, one 

Hnip
2−

 anions, two nip
2−–

 anions, one 4-bpdb ligand, and one hydroxyl group. Zn1 has a distorted 

{ZnNO3} tetrahedral geometry (τ = 0.093) [13] surrounded by one nitrogen atom of 4-bpdb, one 

carboxylate oxygen atom from the fully deprotonated nip
2−

 molecule, one carboxylate oxygen 

atom from an incompletely deprotonated Hnip
−
, and one hydroxyl oxygen atom. Meanwhile, Zn2 

is six-coordinated, showing distorted octahedral configurations, which are defined by one nitrogen 

atom of 4-bpdb, two carboxylate oxygen atoms from two different nip
2−

 groups, one carboxylate 

oxygen atom from Hnip
−
 group, and two hydroxyl oxygen atoms {Fig. 1(a)}. In 1, two 

symmetrically related μ3-OH
−
 groups (symmetry code: −x + 1, −y + 1, −z) connect four Zn(II) 

atoms to form a rhombic [Zn4(μ3-OH)2]
8+

 cluster subunit. Such cluster is held together by six 

carboxylate groups, thereby constituting the tetranuclear [Zn4(μ3-OH)2(COO)6] cluster. Within the 

cluster, four Zn(II) ions are totally coplanar, and the different Zn···Zn clusters measure 3.139 

(Zn1···Zn2), 3.599 (Zn1···Zn2A), and 3.217 Å (Zn2···Zn2A) {Fig. 1(b)}.  

Two kinds of deprotonated H2nip anions exist, (μ2-η
1
:η

1
)-Hnip

−
 and (η

1
)(μ2-η

1
:η

1
)-nip

2−
 [14]. 

Two nip
2−

 ligands bridge two neighboring tetramers with carboxylate groups in a monodentate 

and mono/bidentate (syn–syn) bridging mode, whereas Hnip
−
 terminal ligands act as side arms, 

generating a neutral 1D [Zn4(μ3-OH)2(Hnip)2(nip)4] ribbon along the a axis {Fig. 1(c)}. The 

Zn4···Zn4 distance separated by the nip linker is 10.915 Å. The ribbons are parallel to one another 

and are further interlinked into 2D 4,4′-layer by 4-bpdb ligands with a ribbon–ribbon distance of 

approximately 18.363 Å {Fig. 1(d)}.  

Further investigation of the crystal packing reveals that these parallel 4,4′-nets are extended 

through a staggered disposition, and terminal Hnip
−
 ligands are embedded in the square grids of 

adjacent layers. As a consequence, such arrays are interdigitated with the presence of interlayer 

strong O–H···O contacts where uncoordinated carboxyl oxygen atoms (O3) interact with 

uncoordinated Hnip
−
 carboxyl oxygen atoms (O9) of adjacent layers with bond lengths of 2.588 Å 

(O3···O9) (Figs. S1 and S2).  

Remarkably, cluster-based CPs with 2D frameworks are few. The complex 

[Zn4(μ3-OH)2(5-NIP)4(TBPE)2] (where 5-NIP = 5-nitro isophthalic acid and TBPE = 

trans-4,4′-bipyridylethylene), possesses a 2D structure similar to 1, as reported recently. However, 

[Zn4(μ3-OH)2(5-NIP)4(TBPE)2] was incorrectly described as a 3D complex [15]. 

  
(a)                            (b) 

 
(c) 

Fig. 2 (a) Coordination environment of Zn(II) atoms of 2 (Symmetry codes: (A) −x + 1, y, −z + 1/2; (B) x, y + 1, z; 

(C) x + 1/2, −y + 1/2, z + 1/2). (b) The cuboidal box of 2. (c) Schematic illustration of the parallel polycatenation in 

2. 
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Substituted groups in polycarboxylates may influence the resulting structures of the final 

products. Products with different topological structures may be obtained by rational design and 

tuning of the substituted groups of the polycarboxylate ligands [16]. Thus, another substituted 

group, –C(CH3)3, was considered because of its large steric hindrance and H2tbip was involved in 

the construction of compound 2. Single-crystal X-ray diffraction reveals that 2 shows a 2D + 2D 

→ 3D parallel polycatenated framework, which contains 2D bilayers with cuboids as the 

fundamental building units. The compound crystallizes in the monoclinic space group C2/c, the 

asymmetric unit of 2 contains one Zn(II) atom, one and a half 4-bpdb ligands, one tbip
2−

 anion, 

and one uncoordinated methanol molecule. Each Zn(II) center has a slightly distorted {ZnN3O3} 

octahedral coordination sphere and coordinated by two nitrogen atoms from two 4-bpdb ligands 

occupying the axial positions, whereas the equatorial positions are defined by two oxygen atoms 

from the chelating carboxylic group of a tbip
2−

 ligand, one oxygen atom from a monodentate 

carboxylic group of a second but symmetry related tbip
2−

 ligand, and one nitrogen atom of 4-bpdb 

ligand (Fig. 2 (a)).  

The Zn(II) centers are first linked by the 4-bpdb linkers to form 1D double-chain ladders 

consisting of cationic [Zn(4-bpdb)1.5]
2+

 squares with Zn···Zn distances of 15.771 and 15.433 Å 

(Fig. S3).Then, the square units of the ladders are joined by tbip
2−

 bridges with the carboxylate 

groups in the monodentate (η
1
) and chelating (η

2
) modes, resulting in a 2D bilayer motif with 

cuboidal box consisting of eight Zn(II) atoms at the corners {Fig. 2(b)}. Thus, 2 is a 

five-connected uninodal net with a point symbol of (4
8
·6

2
) [17].  

Large regular 1D channels are evident in 2 (Figs. S4 and S5). The large channels result in an 

interesting and peculiar structural feature of 2, that is, each layer motif polycatenated with two 

adjacent (the upper and the lower) and parallel identical motifs (DOC = 2) [18] result in a 2D + 

2D → 3D polycatenated framework {Fig. 2(c)}. In addition, the effective free volume (7.01%, 

440.9 Å
3
 out of the 6,245.3 Å

3
 unit cell volume) [19] remains even after interpenetration and 

becomes occupied by uncoordinated methanol molecules (Fig. S6).  

       

                           (a)                                  (b) 

                         

                               (c)                                 (d) 

Fig. 3. (a) Coordination environment of the Ni(II) atom (symmetry codes: (A) x, y, −z + 1; (B) x + 1/2, y − 1/2, −z). 

(b) A view of the 2D 44-sql layer in 3. (c) Catenation through Hopf links in the parallel–parallel (p–p) arrangement 

in 3. (d) Schematic of the inclined polycatenation in 3. 

Single-crystal X-ray analysis reveals that compound 3 crystallizes in the centrosymmetric 

tetragonal P42/n space group. The asymmetric unit contains one Ni(II) atom, one 1,3-bdc
2−

, one 
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4-bpdb ligand, one coordinated water molecule, and two lattice water molecules squeezed by 

PLATON software [20]. Ni1 is in a slightly distorted [NiN2O4] octahedral coordination sphere 

and coordinated by three carboxylate oxygen atoms from two 1,3-bdc
2−

 anions and one water 

oxygen molecule at the equatorial plane, and the axial position is occupied by two nitrogen atoms 

from two 4-bpdb molecules {Fig. 3(a)}. The Ni–O and Ni–N bond lengths are all within the 

normal ranges.
 

Further expansion of the structure occurs through the monodentate/bridging and chelating 

1,3-bdc
2−

 anions, and 4-bpdb ligands create a (4,4) rhomboid grid CP layer {Fig. 3(b)}. Within 

each layer, the rhomboid windows have dimensions of 10.16 Å× 15.48 Å with angles of 94.61° 

and 85.39° (defined by Ni···Ni distances and Ni···Ni···Ni angles).  

Packing of the layers generates two sets of layers oriented toward different directions. The 

large size of the grids in the two individual (4,4) nets allows interpenetration. Further insight into 

one window of a layer reveals that each window is catenated with four other windows from two 

different layers in the other set through Hopf links in a p–p arrangement with the density of 

catenation = (4/4) {Figs. 3(c) and 3(d)}. Thus, the entanglement of these two sets of 2D 4
4
-sql 

layers results in a 2D + 2D → 3D-inclined polycatenated framework [5, 21]. 

As shown previously, the simultaneous use of the conformational freedom 4-bpdb ligand and 

polycarboxylic acids produce various CPs of novel architectures. Generally, the diverse structures 

are mainly attributed to the different geometric requirements of metal centers and various 

coordination modes and conformations of the two kinds of ligands. For example, considering 1 

and 2, the two kinds of dicarboxylate (Hnip
−
 and nip

2−
 in 1 and tbip

2−
 in 2) with different 

substituents lead to different coordination geometries of the carboxylates and result in totally 

different architectures. In addition, bpdb ligands with conformational freedom are important in the 

assembly of the terminal structures of the complexes. Regarding 2 and 3, although carboxylic acid 

ligands in the two CPs are different (H2tbip in 2 and 1,3-H2bdc in 3), the coordination geometry of 

the metal ions is similar. The difference in the structures is mainly attributed to the rotational bpdb 

ligands. Notably, the two pyridyl rings of 4-bpdb are not coplanar and form a dihedral angle of 

32.5° in 2 and 136.5° in 3 through the rotation of the diaza group R–C=N–N=C–R (Scheme S1). 

The thermal behavior of Complexes 1–3 was investigated under nitrogen atmosphere 

a heating rate of 10 °C min
−1

 by TGA to characterize their thermal stabilities (Fig. S7). 

Complex 1 remained stable up to approximately 340 °C; then, the framework collapsed. 

The TG curve for 2 shows a gradual weight loss between 78 °C and 115 °C, which can be 

ascribed to the removal of free methanol molecules (observed, 4.92%; calculated, 5.19%). 

The removal of organic ligands starts at 350 °C. The remaining weight corresponds to the 

formation of ZnO (observed, 13.01%; calculated, 13.49%). For 3, the initial weight loss 

between 40 °C and 210 °C is attributed to the release of lattice water and one coordinated 

water molecule (observed, 11.79%; calculated, 11.10%). The decomposition of the 

anhydrous composition occurs at 325 °C to 420 °C. The 17.56% residue at 800 °C is 

assigned to nickel oxide residue (calculated, 15.33%). 

The solid-state photoluminescence properties of d
10

 metal Complexes 1 and 2 as well 

as 4-bpdb ligand have been investigated in their solid state at room temperature (Fig. S8). 

4-bpdb displays a broad band with a maximum peak at 530 nm and two shoulder peaks at 

approximately 475 and 496 nm (λex = 375 nm). Presumably, the peaks originate from the 

π* → π transition. To the best of our knowledge, the emission of dicarboxylate belongs to 
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π* → n transitions, which are weaker than that of the π* → π transition of the bpdb. Thus, 

the dicarboxylate has almost no contribution to the fluorescent emission of the 

as-synthesized complexes. Complex 1 displays photoluminescence with maximum 

emission at 470 nm (λex = 305 nm). Meanwhile, excitation at 375 nm leads to three intense 

fluorescent emission bands with the peak at approximately 473/484/494 nm for Complex 2. 

The emissions for 1 and 2 can be tentatively assigned to the π* → π intraligand 

fluorescence [10a, 22] because of their close resemblance to the emission band.  

Variable-temperature magnetic susceptibility measurements were performed on powdered 

crystalline samples of Complex 3 in a 1,000 Oe field in the 2 K to 300 K range. The obtained data 

for Complex 3 are shown as the χM
−1

 (inset), χM, and χMT versus T plots in Fig. 4. From the data of 

the χM
−1

 versus T plot, the magnetic behavior of the complex follows the Curie–Weiss law, χM = 

C/(T − θ), in the entire range of temperature with a Curie constant (C) value of 1.292 cm
3
 K mol

−1
 

and a Weiss temperature θ of −2.532 K. The perfect linear relationship in the plot reveals a system 

with weak antiferromagnetic interactions. From the χMT versus T plot of 3, the χMT value is 1.29 

cm
3
 mol

−1
 K at room temperature. Overall, the χMT value decreases with the decrease in 

temperature, and the value slowly decreases from approximately 300 K to 20 K. However, a 

dramatic decrease in the value below 20 K to 0.54 cm
3
 mol

−1
 K at 2 K was observed. The data 

were analyzed, assuming the presence of isotropic Heisenberg pairwise interactions between 

nickel ions in a linear chain and using the following equations: 
2 2

2 2

M

Ng S(S+1) (1 )
'

3kT (1+ )

2 ( 1)
coth[ ]

kT 2 ( 1)

'/ [1 ( ' '/ )]

u

u

JS S kT
u

JS S

zj Ng




   





 



 

 

The best fit to the experimental data gives g = 2.25, J = −0.8176 cm
−1

, zj′ = 0.0551 cm
−1

, and 

R = 6.1 × 10
−5

 (R is defined as Σ[(χM)obs − (χM)calcd]
2
/Σ(χM)obs

2
). The fitting results confirm that 

weak antiferromagnetic coupling exists between Ni(II) ions. The fitting result is comparable with 

those reported for Ni(II) CPs [23]. 

 
Fig. 4. Temperature dependence of the χMT (Δ) and χM (□) products at 1,000 Oe for 3. The solid lines correspond 

to the theoretical fits. 

In summary, we successfully synthesized and characterized three unique coordination 

polymers based on conformational freedom of 4-bpdb ligand and angular dicarboxylate 

ligands.The complexes exhibit a 2D network with rhombic {Zn4} clusters, a parallel and a 

inclined 2D → 3D polycatenated framework, respectively. In addition, the photoluminescent 

properties of 1 and 2 and the magnetic properties of 3 were investigated. 

Acknowledgement  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

This work was supported by NSFC (Projects 21371151, 21461029 and 21561033) and NSF of 

Yunnan Province (Project 2016FB023).  

Appendix A. Supplementary data 

CCDC reference numbers 1442218 (1), 1442219 (2), and 1442220 (3) contain the supplementary 

crystallographic data for this paper. These data can be obtained free of charge via 

www.ccdc.can.ac.uk/data_request/cif (or from the Cambridge Crystallographic Centre, 12 Union 

Road, Cambridge CB21EZ, UK; Fax: (+44) 1223-336033; or deposit@ccdc.cam.ac.uk). 

Crystallographic data, selected bond lengths and angles, additional structural figures, thermal 

stabilities, photoluminescence, IR, PXRD patterns for 1–3, these data can be found in the 

supporting file. Supplementary data associated with this article can be found in the online version, 

at http   . 
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Graphical abstract-Synopsis 

Three coordination polymers are reported: compound 1 exhibit a 2D network with rhombic {Zn4} 

clusters, while 2 and 3 possess a parallel and a inclined 2D → 3D polycatenated framework, 

respectively. 
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Highlights 

(1) Complex 1 has a unique 2D double-layered framework containing rhombic tetrameric Zn(II) 

of mixed Td and Oh geometries.  

(2) Complex 2 shows a 2D + 2D → 3D parallel polycatenated framework which contains 

two-dimensional bilayers with cuboids as the fundamental building units.  

(3) Complex 3 possess an interesting 2D → 3D inclined polycatenation net based on 4
4
-sql 

subunits.  

(4) The photoluminescent properties of 1 and 2, and magnetic properties of 3 were studied. 


