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Due to variation in ligand’s conformation, metal node’s connecting geometry, and secondary building process by anions, bat-

like, dumbell-like, diamondoid, or pillar-layer topologies are achieved. 
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ABSTRACT 

Available online Five transition metal coordination polymers, {[Cu(4-pmntd)2(NO3)2]∙2CHCl3}n (1), {[Cu(4-pmntd)2(NO3)2]∙3C7H8}n (2), 

{[Cu(4-pmntd)2(CF3SO3)(H2O)]∙CF3SO3∙H2O∙CH3OH}n (3),[Cd(4-pmntd)2]n∙nSiF6∙x(CH3OH)∙y(CHCl3) (4), and [Zn(4-pmntd)2(CF3SO3)2]n∙x(solvent) 

(5), have been obtained from a ditopic ligand, N,N'-bis(4-pyridylmethyl)naphthalene diimide (4-pmntd). Either sql- or dia- structures are generated 

from four connecting coordination nodes of the metal centers. While delicate interpenetration and structural tuning in these complexes is achieved by 

the different conformations and spatially extending geometries adopted by the ligand and “secondary building process” induced by pillar-like anions. 
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The construction of one-, two-, and three-dimensional (1-D, 2-D, and 3-D) coordination polymers has resulted in porous materials 

with various kinds of structures and potential applications in different fields [1-3]. Among which, multi-layers of (4,4) nets [4-6] and 

diamondoid network topologies [7,8] stand out because of their desirable and predictable conformations in possessing large cavities or 

channels and potential structural transformations subject to variations in solvents, counter anions or guest species. The study of 

relationship between interpenetrated and non-interpenetrated frameworks between (4,4)-sql grids and multi-interpenetrated 

diamondoid (dia) networks provides an approach to better understanding the mechanism of supramolecular self-assembly [9,10]. In 

general, (4,4)-sql network can be constructed from a square-planar nodal point propagated in four directions on a plane, while dia- 

framework can be fabricated by propagating a tetrahedral (Td) nodal point in all four directions in three dimensions. Furthermore, the 

different geometry parameters involved in the square or tetrahedral coordination nodes will determine the shapes and dimensions of the 

cavities inhabited in the grids or frameworks. Other ways known from literatures to be able to tune the interpenetration and cavity size 

in coordination polymers include preparation of charged networks, introduction of strong interactions between the networks, 

clathration of guest molecules, utilization of large building blocks, design of inherently porous network topology, and so on [11]. 

We have reported multidentate ligands comprising a rigid central arene group as spacer and two or more flexible donor pendants, 

such as pyridyl (Py), imidazolyl (Im) and benzimidazolyl (Bim) groups, as arms to assemble discrete cyclic or cage structures as well 

as infinite polymeric structures [12,13], which can take different coordination modes in assembling targeted structures. In this paper, 

we report the assembly of the semirigid “arm-spacer-arm” type ligand, N,N'-bis(4-pyridylmethyl)naphthalene diimide (4-pmntd, 

Scheme S1 in Supporting information) with different transition metal salts, giving five non-interpenetrated (4,4) layers or multi-

interpenetrated diamondoid coordination polymers. Tuning of crystal structures is achieved by the different conformations and 

spatially extending geometries adopted by the ligand and the introduction of pillar-like anions or guest molecules. 

Complex 1 ({[Cu(4-pmntd)2(NO3)2]·2CHCl3}n) crystallizes in the monoclinic system with the space group P2(1)/c. The Cu(II) 

centers are hexa-coordinated, as shown in Fig. 1a. This hexa-coordinated CuN4O2 environment is composed of four nitrogen atoms 

from four independent 4-pmntd ligands and two oxygen atoms from two NO3
-. Due to Jahn-Teller effects, the axial O atoms have 

longer distances from Cu center of about 2.58 Å, while the distances from equatorial N atoms are shorter, being 2.01-2.03 Å. In this 

complex, L adopts Z-mode configuration, with the two semi-flexible pyridyl arms bending to the opposite sides of the rigid 1,4,5,8-

naphthalene diimide spacer with an average distortion angle of 64.8o, and acts as a bridge between two Cu(II) ion. In another respect, 

each Cu(II) is connected to four  ligands, which are stretching in a plane, resulting in two-dimensional sheets in ab plane having bat-

like M-L connection mode, which could be represented by (4,4)-sql topology using Cu(II) centers as the nodes (Fig. 1b). The size of 

the M4L4 square is about 1.9×1.9 nm2. Layers and layers are further stacked in an edge-to-edge way to result in non-interpenetrated 3D 

framework (Fig. 1c), in which the solvated chloroform molecules are existed, showing no obvious intermolecular interactions with the 

host (Fig. 1d). The potential solvent volume is up to 35.3% as estimated by Platon [14]. 

 

_#1 _#1

     
Fig. 1 The crystal structures of complex 1, (a) coordination environment of Cu(II) ion and atom labeling scheme, (b) the bat-like M-L connection mode and (4,4) net 
represented, (c) edge-to-edge packing of (4,4) layers, and (d) solvent molecules existed between the layers. 

 

Complex 2 ({[Cu(4-pmntd)2(NO3)2]·3C7H8}n) has the coordination environment resembling that in 1, in which the Cu(II) 

center is hexa-coordinated by four N atoms from four independent 4-pmntd ligands and two oxygen atoms from two NO3
-, as 

shown in Fig. S1a (Supporting information). The Cu-N and Cu-O bond lengths are averaged 2.334(5) Å and 2.352(5) Å, 

respectively, and the distortion angles between four pyridyl rings to naphthalene diimide spacer are ranged from 64o to 85o. The 

bat-like M-L connected two-dimensional sheets and represented (4,4) topological nets in complex 2 are also similar to that in 

complex 1 (Fig. S1b in Supporting information), which are stacked in an edge-to-edge offset way, giving rise to an infinite 3D 

framework. The layers are sustained by the hydrogen bonds formed between the O atoms on NO 3
- and naphthalene diimide from 

one layer, and the CH- groups on naphthalene diimide from another layer, with distances from 3.2 Å to 3.5 Å, as shown in Fig. 

S1c (Supporting information). Furthermore, guest toluene molecules are hosted between the layers, through π…π interactions 

(with centroid distance of 3.4 Å) and C-H…O bonds (Figs. S1d and e in Supporting information). The potential solvents volume 

in complex 2 is 35.3%. 

In complex 3 ({[Cu(4-pmntd)2(CF3SO3)(H2O)]·CF3SO3·H2O·CH3OH}n), L adopts the U-mode configuration to connect the Cu(II) 

metal centers, which are hexa-coordinated by four nitrogen atoms from four independent 4-pmntd ligands, one oxygen atom from 

CF3SO3
- and one oxygen atom from H2O, as shown in Fig. 2a. Due to the different conformation adopted by the ligand, a dumbbell-

like M-L connected pattern is formed, and can also be represented by (4,4) topological grids when metal centers are used as nodes (Fig. 

(a) (b) (c) (d) 
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2b). The M4L4 rhombic grid has an average edge length of 15.0 Å, in which another non-coordinated CF3SO3
- ion is located. The 

torsion angles between four pyridyl groups and naphthalene diimide spacer are ranged from 68o to 78o. In the dumbbell-like 

connections, two opposite ligands share a strong π···π interaction between the naphthalene diimide planes (with centroid distance of 

3.338 Å) to lower the energy, as shown in Fig. 2c. Layers and layers are further stacked in an offset style into 3D frameworks, 

stabilized by C-H…O bonds formed between the O atoms on the ligand from one layer and the CH- groups on naphthalene diimide 

(3.17-3.22 Å), pyridyl groups (3.31 Å) and methylene groups (3.46 Å) from the ligand in an adjacent layer (Fig. 2d and Fig. S2 in 

Supporting information). Solvated water and methanol molecules are located between the layers, also through the connection of C-

H…O bonds (3.46 Å). Compared to complexes 1 and 2, the U-mode of the ligand in complex 3 results in smaller inner cavities between 

the grids and denser packing modes among the layers, so the potential solvent volume in the complex is only 12.5%. 

          
Fig. 2 The crystal structures of complex 3, (a) coordination environment of Cu(II) ion and atom labeling scheme, (b) the dumbbell-like M-L connection mode 

and (4,4) net represented, (c) … interactions between the dumbbell-like M-L connection, (d) edge-to-edge packed layers.  

 

   Complex 4 {([Cd(4-pmntd)2]n·nSiF6·x(CH3OH)·y(CHCl3)} is crystallized in tetragonal crystal system with P4/n space group, 

which also uses the U-mode conformation of the ligand and forms dumbbell-like M-L connection patterns in which the Cd(Ⅱ) 

centers are hexa-coordinated by four nitrogen atoms from four independent 4-pmntd ligands, and two fluorine atoms from SiF6
2- 

anions, as shown in Fig. 3a. The axial F atoms have longer distances from Cd center of about 2.44 Å (Cd(1)-F(3)) and 2.40 Å 

(Cd(1)-F(6)), while the distances from equatorial N atoms are shorter, being 2.29 Å, due to Jahn-Teller effects. Different from 

the close packing in complex 3, the layers in complex 4 comprised by dumbbell-like M-L connectors on ab plane which can be 

represented by (4,4) topology are supported by pillar-like SiF6
2- anions through strong Si-F coordination bonds along c direction, 

resulting in spacious square channels (dimensions: 3×3 Å2) between the layers (Figs. 3b and c). Helpfully, the potential solvent 

volume is greatly enlarged to 50.8%, which are occupied by large quantities of solvent molecules.  

_#1
_#2

N1_#3

Cd1

         
 

_#1_#1

                   
Fig. 3 The crystal structures of complexes 4 (a-c) and 5 (d-f). (a) Coordination environment of Cd(II) ion and atom labeling scheme, (b) dumbbell-like M-L 

connection mode and layer packing (solvents and anions omitted), and (c) schematic view of adjacent layers supported by SiO6
2- anions (represented by green 

pillars). (d) Coordination environment of Zn(II) ion and atom labeling scheme, (e) 3-fold interpenetrating dia-network, and (f) channels along c axis and 
occupied solvents in space-filling mode. 

 

Complex 5 {[Zn(4-pmntd)2(CF3SO3)2]n·x(solvent)} crystallizes in the monoclinic crystal system with the space group C2/c. The 

Zn(II) centers are hexa-coordinated, forming ZnN4O2 environment, which is composed of four nitrogen atoms from four independent 

4-pmntd ligands, and two oxygen atoms from CF3SO3
-, as shown in Fig. 3d. In this complex, the ligands take Z-mode configuration to 

connect the Zn(II) centers into 3D diamond-like (dia) networks. Due to the spacious nature of the net, there are in fact three identical 

complementary networks, interpenetrating to each other, as shown in Fig. 3e. If the guest molecules are omitted, channels with an 

opening size of 4×3 Å2 are clearly visible along the crystallographic c axis as shown in Fig. 3f, and the potential solvent volume is up 

to 28.8％.  

(a) (b) (c) (d) 

(a) (b) (c) 

(d) (e) (f) 
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     Form the structures discussed in complexes 1-5, we can find that the semirigid ligand 4-pmntd, as depicted in Scheme 1, may take 

on U or Z conformations to participate in coordination with metal ions. Since the energy barrier required for interconversion between 

these two different conformations is expectably small, the ligand can display specific conformation mainly adaptive to the metal 

center’s coordination environment subjected to influence from counter anions in the assembly process. Generallly, the ligand prefers to 

connect the metal centers in Z-mode, as the cases in complexes 1, 2 and 5, which will result in either relatively loose packing of non-

interpenetrated bat-like type (4, 4) nets or lead to multi-interpenetrated diamondoid networks. In contrast, in some special conditions, 

such as introducing large CF3SO3
- anions into the coordination sphere or using pillar-like anions like SiF6

- in complexes 3 and 4, U 

conformation of the ligand can be formed, which will both result in non-interpenetrated packing of dumbbell-like type (4, 4) nets but 

with two opposite tendencies in modifying cavities. One will be densely packed between layers, leaving limited cavities in the 

frameworks (complex 3, 12.5%), while the other will greatly broaden the inner channels by the upholding of SiF6
- pillars (complex 4, 

50.8%).  

Furthermore, although all the metal centers in complexes 1-5 adopt six-coordinated geometry, the spatially stretching mode of the 

four ligands around the metal center will tremendously influence the interpenetrating tendency of the building units and determine the 

cavities shape and size in the complexes as well. If we use a geometry figure to represent the 4-connecting M-L units in complexes 1 

and 5, we can clearly see that in complex 1, the geometry is basically planar, therefore, 2D non-interpenetrated (4, 4) topological nets 

could be formed. Comparatively, in complex 5, the four ligands stretch in three dimensions, resulting in a tetrahedron connecting node, 

so 3D diamondoid topological network will come into being with multi-interpenetration (Scheme 1). 

U mode

Z mode

Complex 1

Complex 2

Complex 3

Complex 4

Complex 5

SiF6
-

Secondary
building
process

 
Scheme 1 Structural tuning modes in complexes 1-5: conformations of ligand, stretching modes of 4-connecting metal centers, and “secondary building 

process” of layer structures into 3D spacious frameworks. 

 

Comparison between complexes 4 and 5 shows that although they both contain U-mode of the ligand and dumbbell-like M-L 

connecting sheets represented by (4,4) topology, the potential solvent volumes of the two complexes are greatly different, with the 

former one only 12.5% and the latter one up to 50.8%, due to the supporting effects of SiF6
- among layers in complex 5. As shown in 

Scheme 1, the assembly of layers through the connection of strong Si-F coordination bonds using SiF6
- as supplementary coordination 

connectors can be called a “secondary building process”, in which secondary ligands or anions can be used to uphold compact layers 

into spacious 3D frameworks with expanded channels [15]. Using this method, pyrazine or 1,4-diazabicyclo[2.2.2] octane which are 

with the similar length to SiF6
- might also have the ability to organize this series of complexes into frameworks with large inner 

channels, and the study is undergoing in our group. 

Priliminary luminescent properties of the ligand and complexes 1-5 are tested and shown in Fig. 4. It can be seen that the 

ligand 4-pmntd having large conjugated system can emit strong blue luminescence (371 nm) at the excitation of 330 nm light. 

The emitting peaks in complexes 1-5 are basically ligand-centered, showing in similar positions at ~400 nm, and with ~30 nm 

red-shift compared with the ligand due to the coordination effect of the metal ions. The nanosecond lifetime (ranged from 2.3  ns 

to 5.0 ns) obtained for the complexes in the time decay experiment also proves the assignment of the luminescence to be ligand-
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Fig. 4 Emission spectra of the ligand and complexes 1-5. 

 

In summary, a semirigid ditopic ligand with two relatively flexible pyridyl arms and its Cu(I I), Cd(II), Zn(II) 

coordination polymers have been synthesized and structurally characterized. When using different metal centers, anions and 

solvents, the ligand can take on Z or U-mode conformations to assemble four-connecting metal nodes and stretch either in a 

plane or in three dimensions, resulting in 2D bat-like or dumbbell-like (4,4)-sql topological or 3D dia- type building units. 

Further non-interpenetrated packing among layers or multi-interpenetration of complementary networks will bring different  

shapes and sizes to the inner cavities. Especially, introduction of pillar anions will lead to “secondary building process” 

among layers of the coordination polymers, and have great effects to tune the interpenetration and cavity size of the 

complexes.   
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