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Introduction 

A rapid expansion has been realized in the synthesis, structural 

characterization, and application of materials known as metal–

organic frameworks (MOFs) during the past decades.1 MOFs 

have emerged as an extensive class of crystalline materials not 

only because of their intriguing architectures and topological 

structures2 but also for their potential applications in the areas 

of catalysis3, gas adsorption4, nonlinear optics5, magnetism 

materials6, and other possible applications.7 So far, impressive 

progress has been made on the theoretical forecasts and 

practical approaches of relationship between the structures and  
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properties of metal–organic frameworks.8 For instance, the 

magnetic properties of MOFs are greatly affected due to 

influences of the metal assemblies, the bridging ligands and 

hydrogen bond interaction9. The main emphasis on the 

principle of design is to search for good bridging ligands that 

can effectively mediate the magnetic coupling between the 

local spin carriers. whereas magnetic susceptibility 

measurements can help to elucidate the connectivity between 

the metal centers.10  

Ligands containing polycarboxylates have been the most 

widely used as linkers of metal ions in the design of 

polynuclear complexes with interesting magnetic properties.  

4a,5b,10b,11-13 Some of them, biphenyl-tetracarboxylic acids 

(H4bptas) with C2 symmetry have recently attacted attention 

owing to their advantageous supramolecular self-assembly and 

complexation of metal ions.14 Biphenyltetra-carboxylic acid  

have distinctive features, such as (i) due to availability of more 

coordination sites, they can bond to a great number of metal 

ions15, thereby forming layer structures and interpenetration 

structures; (ii) the carboxylic groups can assume many kinds of 

bridging or multitooth chelating modes to construct rich and 

colorful MOFs; and (iii) they can act as hydrogen-bond 

acceptors or donors to form supramolecular structures by 

hydrogen bonding interactions.6a,16 Remarkably, a series of 

metal-organic structural motifs, including bilayer, ladder, 
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hexagonal nanotube, rod, and hourglass, have been deliberately 

designed by employing bridging biphenyl 

polycarboxylate.16b,17-19 Searching for new linkers forming 

chain, network, or interpenetrating structural complexes and  

predicting magnetic properties is still a challenge in the fields 

of molecular magnetism and crystal engineering. 

1,4-Bis(imidazol-1-yl)benzene (1,4-bib, Scheme 1) with C2 

symmetry is a N-donor rigid ligand, which makes a space of 

13~14 Å between two metal ions.20 Thus, these considerations 

inspired us to explore new metal–organic frameworks of 1,4-

bib with 2,2',5,5'-biphenyl-tetracarboxylic acid (H4(o,m-bpta), 

Scheme 1), 3,3',5,5'-biphenyltetra-carboxylic acid (H4(m,m-

bpta), Scheme 1), and 3,3',4,4'-biphenyltetra-carboxylic acid 

(H4(m,p-bpta), Scheme 1) ligands in the presence of metal ions. 

Herein, the self-assembly of five coordination polymers, 

namely, [Ni2(1,4-bib)3(o,m-bpta)(H2O)2] (1), [Ni2(1,4-bib)3 

(HCO2)4(H2O)2]·5H2O (2), [Co2(1,4-bib)2(m,m-bpta)(H2O)4] 

(3), and [M2(1,4-bib)2(m,p-bpta)(H2O)2] ((4) M = Ni, and (5) M 

= Co) is reported. They exhibit a systematic variation of 

architectures with 1D chain, 2D sheet, or 3D interpenetrating 

network. Interestingly, complexes 4 and 5 being isostructural 

but not isoelectronic species present different magnetic 

properties. 

Experimental 

Materials and Methods 

1,4-Bis(imidazol-1-yl)benzene, 2,2',5,5'-biphenyltetracarbo-

xylic acid, 3,3',5,5'-biphenyltetracarboxylic acid, and 3,3',4,4'-

biphenyltetracarboxylic acid are received from Jinan Camolai 

Trading Company, China. Other reagents and solvents were 

obtained from commercial sources and used without further 

purification. Powder X-ray diffraction (XRD) data were 

collected on a Miniflex-Rigauku II diffractometer with Cu Kα 

radiation (λ = 1.5418 Å). The carbon, nitrogen, and hydrogen 

contents of the complexes were determined by CHNO-Rapid 

instrument. IR spectra of the compounds were recorded within 

the 4000-400 cm−1 region on a BRUKEP TENSOR27 

spectrometer with KBr disks. Thermogravimetric (TG) studies 

were carried out on a Dupont thermal analyzer with 

temperature range 25−800 °C under air flow with a heating rate 

of 5 °C min−1. Magnetic susceptibility measurements data were 

performed by a MPMS RSO Measurement in the temperature 

range of 1.8−300 K by using an applied field of 2000 Oe. All 

magnetic data have been corrected for diamagnetism by using 

Pascal’s constants. 

Synthesis of compounds 1−5  

[Ni2(1,4-bib)3(o,m-bpta)(H2O)2] (1). A mixture of 1,4-bib 

(0.20 mmol, 0.042 g), H4(o,m-bpta) (0.10 mmol, 0.033 g), 

nickel(II) nitrate hexahydrate (0.20 mmol, 0.048 g), KOH (0.30 

mmol, 0.0168 g) in 6 ml of H2O/DMF (5:1 volume ratio) was 

placed in a Teflon-lined stainless steel vessel, heated to 160 °C 

for 3 days, followed by slow cooling to room temperature. 

Green block crystals of 1 were obtained. Yield of 69% (based 

on Ni). Element Anal.(%, EA) Calcd. for C52H40N12O10Ni2: C 

56.35, H 3.46, N 15.17. Found: C 56.47, H 3.34, N 14.98. IR 

(cm−1, vs for very strong, s strong, m medium, w weak): 

3125.66m, 1586.70vs, 1532.00vs, 1386.73s, 1269.53m, 

1134.90w, 1074.92m, 960.92s, 961.83w, 827.02m, 790.18w, 

658.39w. 

[Ni2(1,4-bib)3(HCO2)4(H2O)2]·5H2O (2). A mixture of 1,4-

bib (0.20 mmol, 0.042 g), H4(m,m-bpta) (0.10 mmol, 0.033 g), 

nickel(II) nitrate hexahydrate (0.20 mmol, 0.058 g) in 8.0 ml of 

H2O/DMF ( 3:2 volume ratio ) was placed in a Teflon-lined 

stainless steel vessel, heated to 160 °C for 3 days. After the 

mixture was slowly cooled to room temperature, green block 

crystals of 2 were obtained. Yield of 78% (based on Ni). 

EA(%) Calcd. for C40H54N12O16Ni2: C 45.57, H 4.59, N 15.94. 

Found: C 45.48, H 4.71, N 15.76. IR (cm−1): 3244.61s, 

1626.26vs, 1532.19vs, 1407.57vs, 1360.56s, 1061.21m, 

959.35m, 829.80s, 782.07m, 655.50m, 617.98w, 526.10w. 

[Co2(1,4-bib)2(m,m-bpta)(H2O)4] (3). The same synthetic 

procedure as for 3 was used except that cobalt(II) nitrate 

hexahydrate was replaced by nickel(II) nitrate hexahydrate, 

giving pink block crystals of 3. Yield of 36% (based on Co). 

EA(%): Calcd. for C40H34N8O12Co2: C 51.29, H 3.66, N 11.96. 

Found: C 51.06, H 3.58, N 11.72. IR (cm−1): 3233.57s, 

3149.14s, 1629.62vs, 1530.48vs, 1448.31s, 1410.03vs, 

1356.27vs, 1056.61s, 831.84s, 707.19s. 

[Ni2(1,4-bib)2(m,p-bpta)(H2O)2] (4). A mixture of 1,4-bib 

(0.20 mmol, 0.042 g), H4(m,p-bpta) (0.10 mmol, 0.033 g), 

nickel(II) nitrate hexahydrate (0.20 mmol, 0.058 g), and 13 mL 

of H2O was placed in a Teflon-lined stainless steel vessel, 

heated to 160 °C for 3 days, followed by slow cooling to room 

temperature, giving green block crystals of 4. Yield of 78% 

(based on Ni). EA(%) Calcd. for C40H30N8O10Ni2: C 53.37, H 

3.36, N 12.45. Found: C 52.74, H 3.41, N 12.30. IR (cm−1): 

3107.99vs, 1607.17vs, 1529.18vs, 1388.67vs, 1320.92s, 

1247.11m, 1068.12s, 834.79m, 653.01w, 538.59w. 

   [Co2(1,4-bib)2(m,p-bpta)(H2O)2] (5). This complex was 

prepared in procedure to 4 except that nickel(II) nitrate 

hexahydrate was replaced by cobalt(II) nitrate hexahydrate, 

giving pink block crystals of 5. Yield of 53% (based on Co). 

EA(%) Calcd. for C40H30N8O10Co2: C 53.35, H 3.36, N 12.44. 

Found: C 53.40, H 3.39, N 12.41. IR (cm−1): 3117.46vs, 

1562.41vs, 1532.47vs, 1398.65vs, 1252.65s, 1072.04s, 

962.56m, 833.55m, 661.02w, 551.90w.  

X-ray Crystallography 

Diffraction data were collected on a Bruker Smart Apex II with 

a CCD area detector diffractometer Mo-Kα (λ = 0.71073 Å) at 

room temperature. Absorption corrections were applied by 

using the multi-scan program SADABS.21 The structures were  
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Table 1  Crystal Data and Structure Refinement Parameters for Compounds 1−5 

Compound 1 2 3 4 5 

CCDC 999236 999235 999234 999233 999232 

Formula C52H40N12O10Ni2 C40H48N12O15Ni2 C40H34N8O3Co2 C40H30N8O10Ni2 C40H30N8O10Co2 

Fw 1110.38 1054.32 936.62 900.14 900.58 

Temp (K) 298(2) 298(2) 298(2) 298(2) 298(2) 

Wavelength(Å) 0.71073 0.71073 0.71073 0.71073 0.71073 

Size 0.15×0.1×0.1 0.22×0.19×0.15 0.3×0.25×0.25 0.25×0.20×0.20 0.30×0.20×0.15 

Crystal system Monoclinic Monoclinic Monoclinic Triclinic Triclinic 

Space group C2/c C2/c P21/c P-1 P-1 

a (Å) 24.579(5) 24.344(1) 11.065(2) 8.159(2) 8.157(3) 

b (Å) 11.834(2) 12.291(4) 12.609(2) 9.341(1) 9.405(4) 

c (Å) 18.816(3) 18.868(8) 15.087(2) 12.734(1) 12.802(8) 

α (°) 90 90 90 105.254(2) 105.220(8) 

β (°) 121.090(5) 121.3369(10) 119.371(8) 98.139(2) 98.276(8) 

γ (°) 90 90 90 107.777(2) 107.826(6) 

Vol (Å
3
) 4686.8(1) 4820(3) 1834.4(4) 865.2(2) 874.9(7) 

Z 4 4 2 1 1 

Dc (g/cm
3
) 1.574 1.453 1.696 1.728 1.709 

μ(mm
−1

) 0.881 0.859 0.987 1.167 1.026 

F(000) 2288 2192 960 462 460 

R1,wR2 [I>2σ(I)] 0.0751,   0.2206 0.0583, 0.1464 0.0402, 0.0722 0.0592,  0.1375 0.0324, 0.0699 

R1,wR2 (all data) 0.1322, 0.2673 0.1017, 0.1743 0.0770, 0.0854 0.1183, 0.1717 0.0445, 0.0751 

GOF on F2 0.997 1.028 1.011 0.851 1.053 

ρmax, min,e (eÅ
−3

) 0.849,   −0.570 0.891,   −0.323 0.284,   −0.320 0.571, −0.605 0.311,   −0.338 


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solved by the direct methods and refined by the full-matrix 

least-squares technique using the SHELXS-97.22 All non-

hydrogen atoms were refined anisotropically. Hydrogen atoms 

attached C were generated geometrically. H atoms of water 

molecules were located from difference Fourier maps and 

refined from their global Uiso values. The detailed 

crystallographic data and structure refinement parameters for 

the compounds are summarized in Table 1. 

Results and discussion 

Synthesis and Characterization 
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Scheme 1 Schematic drawing of 1,4-bib and H4bptas, as well as the self-assembly process of 1-5 

The self-assembly processes of complexes 1−5 were 

achieved from Scheme 1. Namely, they were obtained from 

1,4-bib and H4bptas reacting with the nickel/cobalt salts  under 

hydrothermal and solvothermal conditions. In general, the 

coordination polymers were crystallizated to accorded with 

designing routes except complex 2 being gotten from 

hydrolysis of DMF. The IR spectra of the compounds 1−5 and 

ligands are shown in the Supporting Information (Figure S1). 

The infrared absorption spectra showed that the broad band in 

the range of 3500−3200cm-1 (3269 cm-1 for 1, 3232cm-1 for 2, 

3230cm-1 for 3, 3409cm-1 for 4, and 3423cm-1 for 5) indicate 

O−H stretching of the coordinated water molecules. The strong 

absorption peaks located at 1305 cm-1 (1318 cm-1 for 1, 1412 

cm-1 for 2, 1320cm-1 for 3, 1324cm-1 for 4, and 1328 cm-1 for 5) 

should be attributed the C=N stretching vibration of the 1,4-bib. 

The characteristic bands of the carboxylate groups in 1−5 

appeared in the region at 1629−1527cm-1. Furthermore, The 

values occur red-shifted relative to the carboxylate group of 

H4bptas and formate ligands, which are consistent with their 

structural features from the results of crystal structures. 

Description of the Crystal Structures 

{[Ni2(1,4-bib)3(o,m-bpta)(H2O)2]}n (1). Complex 1 

crystallizes in the monoclinic space group C2/c, with an 

independent Ni(II) ion, a half fully deprotonated o,m-bpta4− 

ligand, one and half 1,4-bib ligands and one coordinated water 

molecule in the asymmetric unit. As shown in Figure 1a, the six 

coordinated geometry also can be described as a slightly 

distorted octahedron with coordination angles in the rang of 

84.5(2)°−179.8(1)°. The basal positions are occupied by three 

oxygen atoms (O1, O2, & O5) from one carboxylic group 

adopting μ1-η
1:η1 and one coordinated water molecule, as well 

as one nitrogen atom (N5) from 1,4-bib ligand. The apical 

positions are occupied by two nitrogen atoms (N1, & N4B, 

symmetry code: B −1/2+x,1/2+y,z) from two 1,4-bib ligands. 

The Ni−O and Ni−N bond lengths are in the range of 

2.06(3)−2.18(1) Å and 2.06(1)−2.08(4) Å, respectively, 

comparable with those of Ni(II) complexes.15c,23 As shown in 

Figure 1b, four Ni(II) centers are linked by 1,4-bib ligands to 

yield a rhombic loop with Ni···Ni separation of 13.577(2) and 

13.640(2) Å, respectively. Finally, these [Ni4(1,4-bib)4] loops 

are further connected by o,m-bpta4− ligands to generate a 3D 

framework with A and B channels viewed toward b axis 

directions. Scrutinizing the crystal structure reveals that the 

alternate arrangement of the helical chains along a axis exists 

over a 2D layer and all helical hains in a 2D sheet have the 
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Figure 1 A description of the structure of 1:  (a) The coordination environment 

of Ni(II) ions. H atoms were omitted for clarity (Symmetry codes: A -x, y, -1/2-z; 

B -1/2+x,1/2+y,z). (b) View of the 2D layer along the a axis. (c) The 3D 

interpenetration network structure. (d) Schematic representation of 3-fold 

interpenetrating 3D 4-connected net of 1. 

same handedness. The Ni(II) ions are linked to form infinite 

Ni−1,4-bib−Ni−(o,m-bpta4−)−Ni helical chain with a pitch of 

11.834(2). The polymeric Ni(II) coordination framework of 

the complex 1 displays a unique 3D entangling arrangement 

with 3-fold interpenetration of the nets (Figure 1c). In 

isolation, the network topology could be described as having 

the 4-connected network with the Schläfli notation of 

(4.62)2(42.62.82). The most interesting structural feature of 1 is 

that three such networks interpenetrate in a (3D/3D) parallel 

fashion give rise to a 3D polythreading network (Figure 1d).24 

{[Ni2(1,4-bib)3(HCO2)4(H2O)2]·5H2O}n (2). Ligand 

H4(m,m-bpta), was employed in the prescription of synthesis, 

 

Figure 2 A description of the structure of 2: (a) The coordination environment 

of Co(II) atoms. (Symmetry code: A 1/2+x,-1/2+y,z). (b) View of the 1D ladder-

like chain interpenetration structure along the c axis. (c) The 3D honeycomb 

framework with channels via interpenetration. The red balls show the lattice 

water molecules. 

but it was replaced by formate groups in the products. The 

formate derives from hydrolysis of DMF.25 Thus, a new 

compound 2 with a distinct 1D ladder-like chain 

interpenetration structure was obtained. The asymmetric unit 

consists of one crystallographically independent Ni(II) ion, 

two COO− anions, one and half 1,4-bib ligands, and some 

water molecules. Each Ni(II) center in 2 also adopts a 

octahedral coordination geometry made up of three nitrogen 

atoms(N1, N5 & N4A, symmetry code: A 1/2+x, −1/2+y,z) of 

three 1,4-bib ligands and three oxygen atoms(O1, O3, & O5) 

from two COO− anions and one coordination water molecule 

(Figure 2a). Four 1,4-bib ligands connect four Ni(II) ions 
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forming a [Ni4(1,4-bib)4] parallelogram unit with Ni···Ni 

separation of 13.504(6) and 13.635(4) Å (Figure 2b), 

respectively. These parallelograms are linked with each other 

by the 1, 4-bib ligands forming a linear 1D infinite ladder type 

chain parallel to the crystallographic plane (66-1). In the 

crystal packing, these chains are strongly binded with each 

other via the terminal water molecules and the carboxyl 

oxygen with O···O distances of 2.704(7) Å and form 2D plane 

supramolecular network. The layers are stacked and 

interlocked with the two nearest neighboring ones (Figure 2b). 

Ultimately, these 1D ladder type chains are mutual 

interpenetration with independent frameworks forming a 1D + 

1D → 3D fascinating honeycomb framework with prismatic 

channels viewed along the c axis.26 Despite interpenetration, 

there are still enough void spaces in the structure occupied by 

water molecules as guests (Figure 2c). PLATON 

calculations27 after the removal of the guest molecules show 

that the guest accessible volume (912.7 Å3 per unit cell) 

comprises 18.9% of the unit cell volume. 

{[Co2(1,4-bib)2(m,m-bpta)(H2O)4]}n (3). The crystal 

structure analysis reveals that complex 3 crystallizes in the 

monoclinic system with P21/c space group. The asymmetric 

unit possesses one crystallographically independent Co(II) 

ion, a half of completely deprotonated m,m-bpta4− ligand, one 

1,4-bib ligand, and two coordinated water molecules. As 

shown in Figure 3a, both Co(II) centers have distorted 

octahedral geometries and are bridged by two carboxylic 

groups with μ1,3-O,O modes, the equatorial plane of which 

comprises four oxygen atoms (O1, O5, O6 & O2B, symmetry 

code: B 1–x, 2–y, 2–z) from two equivalent m,m-bpta4− anions 

and two terminal coordination water molecules; two nitrogen 

atoms (N1 & N4A, symmetry code: A x+1, y, z+1) from two 

1,4-bib ligands occupying the apical sites. The Co−O and 

Co−N distances are in the ranges of 2.041(2)−2.179(2) and 

2.109(3)−2.146(3) Å, respectively. The carboxylic groups of 

m,m-bpta4− ligands in 3 are completely deprotonated and 

exhibit μ2-η
1:η1 coordination modes to bond four Co(II) ions. 

Two carboxylic groups bridge two Co(II) centers to form a 8-

membered Co2(CO2)2 ring structure unit with the Co···Co 

distance of 4.388(1) Å, which generates a 1D chain in the 

direction of b-axis. The Co···Co distance is slightly longer 

than the previously reported analogous complexes.28 The 1D 

chain is further linked by 1,4-bib spacers resulting in the 

formation of a final complicated 2D square grids (Figure 3b), 

which are finally assembled into a 3D framework via 

hydrogen bonds (Figure 3c). From a topological perspective, 

the complex 3 can be simplified as 4-connected square planar 

nodes (Figure 3d). 

{[Ni2(1,4-bib)2(m,p-bpta)(H2O)2]}n (4) and {[Co2(1,4-bib)2 

(m,p-bpta)(H2O)2]}n (5). The single-crystal X-ray diffraction 

data report that compounds 4 & 5 are isomorphism and 

crystallize in the triclinic system with space group P-1, herein, 

only the structure of 5 is discussed as a representation.  

As shown in Figure 4a, Co(II) ion is hexa-coordinated with 

one terminal coordination water  molecule (O5) and three O 

  

Figure 3 A description of the structure of 3: (a) The coordination environment 

of Co(II) ions. (Symmetry codes: A x+1, y, z+1; B 1–x, 2–y, 2–z; C x, y+1, z; D 1–x, 

1–y, 2–z; E –x, 2–y, 1–z) (b) View of the 2D sheet with square grids along the a 

axis. (c) Infinite 3D framework assembled from hydrogen bonds viewed along 

the a axis. (d) (4, 4)-connected 2D layers for 3. 

atoms (O1, O1A & O3A) from the carboxyl of m,p-bpta4− 

ligand and two nitrogen atoms (N1 & N4C) from two 1,4-bib 

ligands to form a slightly distorted octahedral coordination 

geometry, and O1, O1A, O3A and O5 composethe equatorial 

plane, while N1 and N4C at the axial site. The Co−O and 

Co−N distances are in the ranges of 2.061(3)−2.171(3) and 

2.133(2)−2.146(2) Å, respectively, which are all within the 

reported values of Co(II) complexes.17a, 29 Each deprotonated 
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Figure 4 A description of the structure of 5: (a) The coordination environment 

of Co(II) ions. (Symmetry codes: A 1 − x, − y, 1 − z; B x, y − 1, z − 1; C x, y + 1, z + 

1; D, 1 − x, 1 − y, 2 − z). (b) View of the 2D 4-connected layer along the a axis. 

(c) The 3D network structure assembled from hydrogen bonds interactions. 

(m,p)bpta4− anion coordinates to four Co atoms, with 

carboxylic groups adopting μ2-η
2:η0 and μ1-η

1:η0 coordination 

modes. Two Co(II) ions are combined with two carboxylic 

bridges from two deprotonated (m,p)bpta4− anions, forming a 

dinuclear structural unit Co2(CO2)4 with Co1−Co1A distances 

of 3.268(1) Å , light longer than the Ni1−Ni1A distance in 4 

(3.229(1) Å, Table S1, Figure S2). 

The Co dimeric units linked by (m,p)bpta4− ligand are 

12.802(8) Å, generating a 1D infinite ladder-chain along the c 

axis. The 1D chains are further stacked with 1,4-bib spacers 

acting as double bridges, with Co···Co distance of 13.752(6) 

Å, therefore, giving rise to the formation of a 2D 4-connected 

lamellar framework (Figure 4b). It is noteworthy that the 

adjacent layers are linked by the hydrogen band of oxygen 

atoms of coordination water molecules and carboxylic groups 

O5−H5AO3 of H4(m,p)bpta. The Co(II) ions are linked in 

the [100] direction to form an infinite alternating subloop 

chain by intermolecular hydrogen bonds (Figure S2). In the 

crystalline state, the adjacent layers are further linked to form 

3D network structure through hydrogen-bonding interactions 

between coordination water and carboxylic group along the c 

axis (Figure 4c). 

PXRD and Thermal Stability 

To confirm the phase purity of complexes 1-5, the PXRD 

patterns were carried out at room temperature. As shown in 

Figure S3 (Supporting Information), the peak positions of the 

experimental PXRD patterns are in good agreement with the 

simulated data based on single crystal diffraction results, 

demonstrating the high phase purity of all complexes. 

Thermogravimetric analysis (TGA) was checked thermal 

stability of the compounds (Figure S4, Supporting 

Information). For compound 1, the TGA curve shows a 

gradual weight loss in the temperature rang 25−240 °C, 

corresponding to the loss of one coordinated water molecule 

(Obsd 3.8%, Calcd 4.0%). The framework starts to decompose 

after 240 °C. Compound 2 begins to lost water molecules from 

150°C. Water was completely lost at 297 °C; 11.5 % (Calcd 

12.0%) weight loss corresponds to two and a half lattice water 

molecules and one coordinated water molecule; then the 

structure decomposed over 297 °C. Compound 3, the first step 

occurs in the range of 25−190 °C, amounting to about 8.0% 

and corresponding to the escape of two water molecules 

(Calcd 7.7%). The compound remains a stable plateau until 

ending at 335°C, where the second weight loss starts. 

Compound 4 was found to be stable up to 210 °C; the first 

step weight loss of 4.6 % (Calcd 4%) from 210 to 261 °C 

could be due to the loss of the water molecule, and the second 

step weight loss of 52.3% (Calcd 47.6%) in the temperature 

range of 261−451 °C is due to the decomposition of the 1,4-

bib ligand, and the remaining organic ligands start burning 

above 450 °C. Compound 5 is well stable up to 225 °C; then 

after losing the coordinated water molecule (Obsd 3.8%, 

Calcd 4.0%), it starts losing weight sharply ~50.2% observed 

between 392 to 495 °C, which can be attributed to the loss of 

1.4-bib linkers (calcd 47.6%) and finally decomposes to 

product Co2O3. The TGA curves of compounds 1−5 exhibit 

high thermal stability for their host frameworks. 

Magnetic Properties  

Variable-temperature magnetic susceptibilities of five 

compounds were measured in the temperature range of 

1.8−300 K with an applied magnetic field of 2000 Oe. For 1, 

as shown in figure 5, the χMT value of 2.33 cm3 K mol−1 at 300 

K is larger than the spin-only value (2.00 cm3 K mol−1, g = 2.0 

and S = 1) expected for high-spin [Ni(II)]2 ions. Upon cooling, 

the χMT value gradually increases to the maximum value of 

2.42 cm3 K mol−1 at 60 K, which indicates the presence of a 

ferromagnetic interaction in 1. Temperature dependence of the 

reciprocal susceptibilities (1/χM) obeys the Curie−Weiss law 

above 60 K with C = 2.304 cm3 K mol−1, θ = 4.654 K. Taking 

into account the above consideration, the experimental 
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Figure 5 Temperature dependence of χMT and 1/χM collected in an applied field 

of 0.2 T for compound (a) 1, (b) 2, (c) 3, (d) 4, and (e) 5. 

magnetic data can be properly fitted using the following 

equation, where N, g, β, and k have their usual meanings and 

x=|J|/kT. 

 
 


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





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222

834.5232.3346.40.3

777.0019.00.2

xxx

xx

kT

gN
chain


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                 (1) 

Eqn. (1) has been modified to (2) to include the molecular-

field approximation and temperature in dependent 

paramagnetism (Nα). 
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a

chain

chain
M N

gNzJ
2

])/'(1[ 22










                 (2) 

The best simulated values are g = 2.235(5), J = 0.906(1) 

cm−1, zJ′ = 0.084(1) cm−1 and R = 3.79 × 10−3. The moderately 

positive θ value and the small J > 0 value indicating the 

presence of a weak ferromagnetic exchange between adjacent 

Ni(II) centers in 1. 

For 2, the experimental χMT value 2.56 cm3 mol−1 K at 300 

K is higher than the expected spin-only value of 2.0 cm3 mol−1 

K for isolated [Ni(II)]2 ions due to the orbital contribution to 

the magnetic moment. As the temperature is lowered from 300 

K, the χMT value gradually drops to 0.32 cm3 mol−1 K at 1.8 

K. The molar magnetic susceptibility rang from 300 to 1.8 K 

obeys the Curie−Weiss law with C = 2.703 cm3 mol−1 K and θ 

= −11.62 K. The negative Weiss constant and the decrease of 

χMT with a decrease of the temperature can be referred to the 

presence of typical antiferromagnetic interaction among 

adjacent Ni(II) ions. Ni(II) ions are bridged by the 1, 4-bib 

ligand forming a linear 1D infinite chain. To quantify 

magnetic interaction behavior, the magnetic data were fit with 

the above Eqn. (1) over the entire temperature rang . The best 

fit values were g =2.327(4) and J = −3.877(1) cm−1, with R = 

3.3×10−3; The negative J value indicates that there is weak 

antiferromagnetic interaction between adjacent Ni(II) centers.  

   The χMT values of 3 and 5 at room temperature are 4.83 and 

5.33 cm3 K mol−1, respectively, considerably larger than 

expected value of 3.75 cm3 K mol−1 for the spin only value of 

two uncoupled Co(II) ions with S = 3/2 ion and g = 2.0. Along 

the cooling temperature, the values of χMT slightly decrease 

and then fall very rapidly below 70 K to reach 3.03 and 3.16 

cm3 K mol−1 at 1.8 K, respectively. This smoothly decrease 

indicates the occurrence of antiferromagnetic coupling. The 

decrease at high temperature should be due to a larger orbital 

contribution arising from the 4T1g ground state of Co(II). 

Fitting of the 1/χM vs T data using the Curie−Weiss law 

(1.8−300 K) obtained the value for C = 4.912 and 5.362 cm3 K 

mol−1 and θ = −2.824 and −3.631 K for 3 and 5, respectively. 

From the magnetic point of view, the Co···Co distances in 

complexes 3 and 5 are very close ranges. The distances of 1,4-

bib bridging modes are 13.649(2) and 13.752(6) Å, 

respectively. Synchronously, those of bpta4− bridging modes 

are 12.609(1) and 12.802(8) Å. The long distances of Co···Co 

both complexes might exclude an efficient direct exchange 

between the Co(II) ions. From the features of crystal structures 

of 3 and 5, there are obviously differences of bridging modes 

between two Co(II) dimers, namely, 1,3-O,O bridges with 

Co···Co separation of 4.388(1) Å in 3 and 1,1-O bridges with 

relative 3.268(1) Å in 5. But these distances are very smaller 

than those of not only 1,4-bib but also bpta4− bridges. Thus, 

we may presume that the main magnetic interactions of both 

the complexes should mainly limit in Co2(1,3-COO)2 and 

Co2(1,1-COO)2 dimers. On account of the distorted 

octahedron geometry of the Co(II) center, the spin 

Hamiltonian of  the Co(II) dimer coupling should be written as 

21 SSJH


 , where J is the intradimer interaction parameter 

of Co(II) ions. Thus, the magnetic data of 3 and 5 are fitted by 

Eqn. (3)30:  

 
 
















753

1452
61012

61022

dim xxx

xx

er
eee

ee

kT

gN


                (3) 

wherein x = J/kT. The least squares fit of the experimental 

data in the range of 1.8-300 K to the Eqn(3) led to g = 

2.041(1), J = −0.1164(1) cm−1, R = 1.0 × 10−3 for 3 and g = 

2.035(1), J = −0.100(1) cm−1, R = 2.2 × 10−3 for 5. The facts 

of θ < 0 and J < 0 indicate that there are weak 

antiferromagnetic interactions between neighboring Co(II) 

ions for both the complexes.  

The field dependence of magnetization (M) for 5 has been 

determined at 1.8 K in the range of 0−70 KOe (Figure S5 (b)), 

displaying a gradual increase of the magnetization at low 

fields, and following with a lack of saturation even at 70 KOe. 

The phenomenon indicate the present of antiferromagnetic 

interactions among adjacent Co(II) ions. 

   The χMT value of 4 per Ni(II)2 unit is 2.468 cm3 K mol−1 at 

300 K, which is also larger than the spin only value of two 

uncoupled Ni(II) ions (2.0 cm3 K mol−1 ) with S = 1 and g = 

2.00. Upon cooling, the χMT values increase smoothly and 

reaches a maximum 2.77 cm3 K mol−1 at 8 K, which indicates 

a characteristic feature of ferromagnetic coupling between 

Ni(II) ions. Below 8 K, the χMT value decreases abruptly to 

2.29 cm3 K mol−1 at 1.8 K. The sharp decrease of the χMT 

value at a very low temperature region may be attributed to 

either a zero-field splitting factor or interdimer 

antiferromagnetic interactions. 

The Curies−weiss fit in the range of 1.8 to 300 K affords 

Curie constant of C = 2.518 cm3 K mol−1 and a Weiss constant 

of θ = 0.677 K. In 4, the metal center distance of Ni2(CO2)2 

units is 3.229(1) Å, and the Ni···Ni distances through the 1.4-

bib and (m,p)bpta4− linked are 13.668(2) and 13.336(2) Å, 

respectively. The coupling interactions of the longer distances 

are negligible for magnetic exchange between the Ni(II) ions. 

Thus, the dimer model was used to analyze the magnetic data. 

The hamiltonian describing the situation of the dimer is given 

as 
21 SSJH

 . The expression of magnetic susceptibility, 

derived from the Hamiltonian, is given in Eqn (4)31: 

)/2exp()/4exp(53

)/4exp(5122

dim
kTJkTJ

kTJ

kT

Ng
er







                        (4)     

The interdimer interaction (zJ′) was accounted for by the 

molecular-field approximation: 

a

er

er
M NSS

kT

Ng

gNzJ



 )1(

3)/'(1

22

dim

22

dim 




            (5) 

Page 9 of 12 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

In the Eqn (5), the second item is the contribution of the 

isolated Ni(II) ions. The best-fit parameters obtained from 

minimizing R were g = 2.223(7), J = 2.220(1) cm−1, zJ' = 

−0.807(1) cm−1, and R = 4.749(1) × 10−4. The g value is also 

in accord with expectation for Ni(II) complexes.32 The 

positive θ and J values indicate the presence of weak 

ferromagnetic interaction between Ni(II) ions. 

   For 4, the saturated magnetization of 4.09 Nβ per Ni2 unit at 

the highest field of 70 KOe is close to the expected value of 

4.0 Nβ for two ferromagnetic Ni(II) ions (Figure S5 (a)). The 

observed ferromagnetic interactions should be mainly from a 

magnetic exchange through the O atom bridges.  

Visibly, the magnetic properties of the complex 4 is 

different from those of the complex 5, although they are 

isostructural in crystal structures. To our knowledge, the 

magnetic properties of a complex mostly come from the 

electronic species of metal and non-metal as well as their bond 

modes. In our examples, both the complexes have same 

bridging modes (1,1-COO) with the close M-O-M angles and 

M…M distances in 4 (100.3(2)º, 3.229(1) Å) and 5 (99.7(1), 

3.268(1) Å) and different metal ions (Ni(II) and Co(II)), which 

is not isoelectronic species. Further evaluation of this 

difference might come from the method of neutron diffraction. 

Conclusions 

In conclusion, we have successfully constructed five novel 

coordination polymers with different network structures from 

the different biphenyltetracarboxylate ligands under the 

similar synthetic procedure. Compound 1 is a 3D framework 

with 3-fold interpenetration. In addition, compound 2 is a 1D 

structure with mutual interpenetration chains due to H4(m,m-

bpta) ligand decomposed into the COO− anion. Compounds 

3−5 are all 2D motifs, which are joined via H-bond bridges to 

give different 3D supramolecular architectures. The variable 

attachment position of carboxylic groups plays a vital role in 

the formation of the different structures. Magnetic studies 

indicate the presence of a weak ferromagnetic exchange for 1 

and 4, and antiferromagnetic behavior for the compounds 2, 3 

and 5. We are currently working with such polycarboxylate 

compounds to explore the fascinating structure and properties 

in our laboratory. 
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Graphical Abstract 

Self-assembly and Magnetic Properties of Ni(II)/Co(II) Coordination 

Polymers Based on 1,4-Bis(imidazol-1-yl)benzene and Varying 

Biphenyltetracarboxylates 

Feng Su
a
, Liping Lu*

a
, Sisi Feng

a
, and Miaoli Zhu*

a,b
  

Five complexes of 1,4-bis(imidazol-1-yl)benzene, H4bptas and cobalt/nickel are synthesized via 

solvothermal reaction, both of them with intriguing interpenetrated architectures. 
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