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Graphical Abstract 

 

Synthesis, structures and magnetic properties in 

3d-electron-rich isostructural complexes based on 

chains with sole syn-anti carboxylate bridges 

 

Feng Su
a
, Liping Lu*

a
, Sisi Feng

a
, Miaoli Zhu*

a,b
 and Zengqiang Gao

c
, Yuhui Dong

c
  

 

A series of isostructures based on 2,2',4,4'-biphenyltetracarboxylic acid have been 

synthesized via solvothermal reaction, whereas magnetic studies reveal the polymers 

with isostructural features and a uniform chain model with sole syn−anti carboxylate 

bridges show different magnetic behaviors. 
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Synthesis, structures and magnetic properties in 3d-
electron-rich isostructural complexes based on 

chains with sole syn-anti carboxylate bridges 

Feng Sua, Liping Lu*a, Sisi Fenga, Miaoli Zhu*a,b, Zengqiang Gaoc and Yuhui Dongc  

To evaluate magnetic properties of isostructural compounds, a series of 3D carboxylate coordination 

polymers [M(H2bpta)]n, (H4bpta = 2,2',4,4'-biphenyltetracarboxylic acid, M = Fe(II) (1), Ni(II) (2), Cu(II) (3) 

and Zn(II) (4)), have been synthesized in H2O/CH3CN or H2O solvents, respectively. Structurally, 

complexes 1 4 have isostructural features with (5,5)-connected 3D framework, wherein the M(II) 

centre takes octahedral coordination environment consisting of six oxygen atoms from carboxylates of 

ligands. The M(II) sites are linked by syn-anti carboxylates to form chains with a M···M separation of 

4.880(2) (M = Fe), 4.784(2) (M = Ni), 4.541(2) (M = Cu), and 4.607(2) Å (M = Zn), respectively. The 

shortest M···M distances between inter-chains locate 9.122(4), 9.077(3), 9.361(3) and 8.767(2) Å, 

respectively. Magnetically, the isostructural polymers show different magnetic behaviors due to 

different spins of central ions. Theoretical analysis indicates that couplings between magnetic ions 

obey uniform chain models. The magnetic susceptibility of 1 and 2 are perfectly fitted by the modified 

Fisher model to yield an effective intra-chain exchange coupling constant of 0.81(1) and 3.67(2) cm 1, 

respectively. For 3, a Heisenberg ferromagnetic S = 1/2 chain included the intrachain magnetic 

exchange interaction (J = 9.28(1) cm 1, and zj′ = 0.068(3) cm 1) reports weak ferromagnetic 

interactions in intrachains and weak antiferromagnetic interactions between interchains. The 

phenomena of 1 3 accord with the common view that the exchange interaction between two 

magnetic M(II) ions bridged by the syn-anti carboxylate bridge is dominantly weak ferro- or 

antiferromagnetic interactions. In addition, the M O C O M spin exchange interactions  |J| of M2(CO2)2 

(M = Mn(3d5)20, Fe(3d6), Co(3d7)20, Ni(3d8), Cu(3d9)) decrease strengthes with Cu2(CO2)2 > Ni2(CO2)2 > 

Co2(CO2)2 > Fe2(CO2)2 > Mn2(CO2)2, consistent with the orbits order. 

Introduction 

Coordination polymers (CPs) have gathered considerable 

attention for decades not only because of their intriguing 

diversity of architectures and topologies,1 but also due to the  
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potential applications in selective guest inclusion, chirality, 

catalysis, nonlinear optics, luminescent, magnetism, and 

possible applications in other areas.2 Rational selection of metal 

centers and organic ligands plays a significant role in the 

assembly of CPs with exhibiting targeted chemical and physical 

properties.3 Usually, the flexible diamagnetic ligands are used 

to link magnetic d or f metal ions into extend networks, 

facilitating magnetic exchange in one-, two-, and three-

dimensions.4 In the CPs, there are self-assemblies of 

isostructural or isotopological5 compounds, which provide 

variations of magnetic anisotropy and spin quantum numbers 

that affect the magnetic behavior of such isostructural systems, 

such as [Ni2(1,4-bib)2(m,p-bpta)(H2O)2] (M = Co(II), and 

Ni(II); m,p-bpta = 3,3',4,4'-biphenyltetracarboxylic acid, and 

1,4-bib = 1,4-bis(imidazol-1-yl)benzene)6a,  [M(l-tartrate)]n (M 

= Mn(II), Co(II), Fe(II), and Ni(II); l-tartrate = (2R, 3R)-(+)-

tartrate)6b, [M(HL)(hfac)]n (M = Mn(II), Ni(II), and Cu(II); hfac 

= hexafluoroacetylacetonate anion)6c, M(HCOO)2(4,4'-

bpy)·nH2O (M = Co(II), and Ni(II))6d, and [M(L)(N3)]n·3nH2O 

(M = Mn(II), Co(II), and Ni(II); L− = 1-(4-carboxylatobenzyl-

pyridinium-4-carboxylate)6e. The magnetic interactions 
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between transition metal centers usually is mediated through 

two types of spin exchange paths, namely, M–L–M super-

exchange and/or M–L···L–M super-superexchange paths. 7 As 

for the former, M–L–M superexchange is important in 

magnetic orbits of metal ions, in which the nd-orbits of metal 

ions are combined out-of-phase with the np-orbits of ligands. 

The latter can be much weaker than M–L–M superexchanges in 

leading to magnetic interactions. The orbital interaction plays a 

significant role in the spin Hamiltonian for a given magnetic 

system. Indeed, a pretty large number of coordination polymers 

with magnetic properties have been reported, due to the use of 

constitutive open-shell transition metal ions within the 

framework of the structure. The strength of a given M–L···L–

M spin exchange may be apparently determined by the 

shortness of the M···M distance.8 

With this in mind, the aromatic acids seem to be an excellent 

choice toward building blocks of higher-nuclearity structures4a, 

9 and an efficient magnetic exchange pathway in paramagnetic 

dinuclear or polynuclear transition-metal complexes.10 Over the 

last decades, a huge number of metal complexes with diverse 

bridging modes such as μ2-η
2 and μ2-η

1:η1 (syn-syn/syn-

anti/anti-anti) modes of COO– and various types of structures 

from chains, layers, and networks have been reported,5b, 7c, 8d, 11 

which exhibit different structures and interesting magnetic 

properties. As a result, the polycarboxylic acid ligands contain 

several hard O,O-chelating sites, which can bond to a great 

number of metal ions to form metal ion clusters.12 In addition, 

the carboxylic groups can assume many kinds of bridging or 

multidentate chelating modes to construct CPs. One of them, 

2,2',4,4'-biphenyl-tetracarboxylic acid (H4bpta) with C2 

symmetry has recently attracted attention owing to its above 

advantageous, which accessibility connects metal ions to form 

indefinite ribbon chain structure due to the ortho-carboxyl 

chelation. Thus, the magnetic system described by a Heisenberg 

spin Hamiltonian undergoes a 1D long-range magnetic order. 

To our knowledge, only a few Cu(II) complexes with sole syn-

anti carboxylate-bridged have been reported so far,13 which 

usually exhibit ferromagnetic exchange coupling and in a few 

instances exhibit antiferromagnetic coupling, whereas, 

magneto-structural studies on similar Fe(II)/Ni(II) complexes 

are scarce. As compared to the very similar compound 

[Fe(pyoa)2]n (pyoa = 2-(pyridin-3-yloxy)acetate)14, the Jahn-

Teller effect in an octahedral geometry plays a vital role to 

magnetic behavior. 

Herein, to analyze magnetic properties of isostructural 

complexes as well as sole syn-anti carboxylate bridging manner 

leading to magnetic effects, we succeeded in obtaining four 

new three-dimensional polynuclear complexes [Fe(H2bpta)]n 

(1), [Ni(H2bpta)]n (2), Cu(H2bpta)]n (3), and [Zn(H2bpta)]n (4) 

with one-dimensional uniform chain, in which the carboxylate 

shows syn-anti basal-basal bridging mode. The variable-

temperature magnetic measurement reveals that the complex 1 

shows a weak antiferromagnetic interaction and both 2 and 3 

exhibit ferromagnetic exchange interaction through the syn-anti 

bridging mode.  

Experimental 

General Methods and Materials 

H4bpta = 2,2',4,4'-biphenyltetracarboxylic acid was received 

from Jinan Camolai Trading Company, China. Other reagents 

and solvents were of standard commercial grade and directly 

used without further purification. IR spectra were obtained on a 

BRUKEP TENSOR27 spectrometer with KBr disks. Elemental 

analysis was performed by CHNO-Rapid instrument. Powder 

X-ray diffraction (XRD) data were collected on a Bruker D8 

Advance X-ray diffractometer with Cu Kα radiation (λ = 1.5418 

Å). Thermogravimetric (TG) studies were carried out on a 

Dupont thermal analyzer with temperature range 25−825 °C 

under air flow with a heating rate of 20 °C min−1. Magnetic 

susceptibility measurements data were obtained with SQUID 

magnetometer (Quantum MPMS) in the temperature range 

2.0−300 K by using an applied field of 1000 Oe.  

Synthesis of Complexes  

[Fe(H2bpta)]n (1). A mixture of H4bpta (33.0 mg, 0.1 

mmol), Fe2(SO4)3 (80.0 mg, 0.2 mmol), H2C2O4(18.0 mg, 0.2 

mmol) and 6 mL of H2O/CH3CN (2:1, v/v) was placed in a 13 

mL Teflon-lined stainless steel autoclave. The mixture was 

heated under autogenous pressure at 160 °C for 72 h and then 

cooled to room temperature. Yellow block-shaped crystals of 1 

were collected by filtration, washed with H2O, and dried in air. 

Yield ~57%. Anal. Calcd for C16H8O8Fe: C 50.03, H 2.10. 

Found: C 49.98, H 2.12. IR (cm−1, s for strong, m medium, w 

weak): 3519m, 3166m, 2642m, 1699s, 1611m, 1561w, 1419s, 

1281m, 1215m, 1102w, 1005w, 775m, 677w, 651w. 

[Ni(H2bpta)]n (2). A mixture of H4bpta (33.0 mg, 0.1 mmol), 

NiCl2·6H2O (47.4 mg, 0.2 mmol) and 8 mL of water was 

placed in a 13 mL Teflon-lined stainless steel autoclave. The 

mixture was heated under autogenous pressure at 150 °C for 72 

h and then cooled to room temperature. Green block-shaped 

crystals of 2 were collected by filtration, washed with H2O 

followed by acetone, and dried in air. Yield ~64%. Anal. Calcd 

for C16H8O8Ni: C 49.67, H 2.08. Found: C 49.69, H 2.03. IR 

(cm−1): 3440w, 3080w, 2362w, 1922w, 1635s, 1551m, 1474m, 

1417s, 1370s, 1293m, 1243s, 1169w,1050w, 851w, 811w, 

698m, 527m. 

[Cu(H2bpta)]n (3). Following the procedure adopted from 

NiCl2·6H2O to CuCl2·2H2O with everything else kept the same 

as in 2, azury block-shaped crystals of 3 were formed. Yield 

~54%. Anal. Calcd for C16H8O8Cu: C 49.05, H 2.06. Found: C 

49.01, H 2.10. IR (cm−1): 3435w, 3072w, 2886m, 1684s, 

1608m, 1569m, 1540s, 1476m, 1428s, 1396m, 1371s, 1270m, 

1231s, 1123m, 932w, 729w, 692m, 651m, 515m. 

[Zn(H2bpta)]n (4). Following the procedure adopted from 

NiCl2·6H2O to ZnCl2·6H2O with everything else kept the same 

as in 2, pale yellow block-shaped crystals of 4 were formed. 

Yield ~61%. Anal. Calcd for C16H8O8Zn: C 48.82, H 2.05. 

Found: C 48.87, H 2.04. IR (cm−1): 3436w, 3080w, 2404m, 

1898m, 1647s, 1560s, 1418s, 1371s, 1294m, 1244s, 1167w, 

1004m, 851m, 804m, 771m, 694m, 524m. 
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X-ray Crystallography 

The data of the complex 1 was collected on a Bruker Smart 

Apex II diffractometer equipped with 1 K CCD instrument by 

using a graphite monochromator utilizing Mo-Ka radiation (λ = 

0.71073 Å) at RT. Cell parameters were determined using 

SMART software.15 Data reduction and correction was 

performed using SAINTPlus.16 Absorption correction was 

made via SADABS.17 

  Single-crystal X-ray diffraction data for complexes 2−4 were 

collected in Beijing Synchrotron Radiation Facility (BSRF) 

beamline 3W1A which mounted with a MARCCD-165 detector 

(λ = 0.72000 Å) with storage ring working at 2.5 GeV. A single 

crystal of 2−4 of size approximately 0.1 × 0.1 × 0.1 mm3 were 

selected for the data collection. In the process, the crystals were 

protected by liquid nitrogen at 173(2) K. Data were collected 

by the program MARCCD and processed using HKL 2000.18 

All the structures were solved by direct methods employed in 

the programs SHELXS-9719 and refined by full-matrix least-

squares methods against F2 with SHELXL-97.19 All the non-H 

atoms were refined anisotropically. Hydrogen atoms attached to 

C and O atoms were placed geometrically and refined using a 

riding model approximation, with C−H = 0.93−0.96 and O−H = 

0.82 Å. A summary of the crystallographic data and data 

collection and refinement parameters for all compounds are 

provided in Table 1. Crystallographic data in CIF format were 

deposited with the Cambridge Crystallographic Data Center as 

CCDC 1032513−1032516 for 1−4, respectively.  

Table 1  Crystal data and structure refinement parameters for compounds 1−4 

Compound 1 2 3 4 

CCDC 1032513 1032514 1032515 1032516 

Formula C16H8O8Fe C16H8O8Ni  C16H8O8Cu C16H8O8Zn 

Fw 384.07 386.93 391.76 393.59 

Temp (K) 298(2) 173(2) 173(2) 173(2) 

Wavelength(Å) 0.71073 0.72000 0.72000 0.72000 

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

Space group Pbcn Pbcn Pbcn Pbcn 

a (Å) 15.772(2) 15.680(3) 16.160(3) 15.147(3) 

b (Å) 9.1710(14) 9.1490(18) 9.4550(19) 8.8340(18) 

c (Å) 9.6050(14) 9.4150(19) 8.9840(18) 9.0620(18) 

Vol (Å
3
) 1389.3(4) 1350.6(5) 1372.7(5) 1212.6(4) 

Z 4 4 4 4 

Dc (g/cm
3
) 1.836 1.903 1.896 2.156 

μ(mm
−1

) 1.134 1.486 1.640 2.081 

F(000) 2288 2192 960 462 

R1 [I>2σ(I)], wR2 (all data) 0.0384, 0.0983 0.0297, 0.0763 0.0362, 0.1014 0.0678, 0.1689 

GOF on F2 1.097 1.278 1.104 1.116 

ρmax, min,e (eÅ
−3

) 0.281/−0.338 0.540/−0.726 0.572/−1.211 2.293/−2.039 


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Scheme 1 Diagram of synthesis and known relative complexes 

Results and discussion 

Sythesis and Characterization of 1−4 

In the initial recipes, we were going to employ the H4bpta 

ligand to coordinate to first transition metal ions. The self-

assembly process of 1−4 with 3d-electron-rich metal ions was 

achieved as set out in Scheme 1, in which we merged search 

results from previous literature20. A rational approach to the 

design and synthesis of complexes is critical. In the process of 

the synthesis, the complex 1 is different from the others due to 

the redox reaction for Fe(II)/Fe(III) to avoid impurity of Fe(III). 

Hence, the complex 1 was synthesised by Fe2+ added H2C2O4 in 

the H2O/CH3CN solvent. 2−4 were successfully achieved by a 

mixture of MCl2 (M =Ni, Cu, and Zn), and H4bpta in aqueous 

solution. Unfortunately, we failed to receive suitable crystal 

products of other metal ions with 3d1-4 electronic configuration 

although great efforts made. 

IR spectra of the complexes were examined and given in Fig. 

S1 (Supporting Information), in which the absorption bands 

show the characteristic stretching vibrations of COO−, O−H and 

aromatic C−H groups. The fact that the COO− is coordinated 

with its asymmetric ν(OCO)assym (1650, 1637, 1686, 1646 and 

1643 cm−1, respectively) and symmetric ν(OCO)sym (1413, 1418, 

1431, 1418, and 1401 cm−1, respectively) stretching appearing 

at 1686–1637cm−1 and 1431–1401 cm−1 for the complexes 1−4, 

respectively. The Δν(ν(OCO)assym − ν(OCO)sym) is 219–255 cm−1, 

showing the presence of bidentate linkage of carboxylate in the 

anion ligand. Compared with free ligand, the broad band at 

3443 cm−1 indicates the stretching vibration of ortho/para-

position carboxyl groups O−H , which consists with the partial 

deprotonation of the carboxylic groups of the H4bptc ligand in 

the complexes 1−4. The band at about 3084 cm−1 is attributed 

to the stretching vibration of the aromatic C−H groups. These 

various frequencies may be related to the bridging mode of the 

carboxylate functions of H2bpta2− in these complexes. 

TG/DSC analysis results (Fig. S2, Supporting Information) 

indicate that the complexes 1−4 are stable until about 424, 446, 

365, and 407 °C, respectively, which corresponds to the 

endothermic peak at 468, 487, 415, and 434 °C on the DSC 

curves for 1−4, respectively.  

Powder X-ray diffraction (XRD) patterns of 1−4 were 

determined at room temperature, which match well with those 

simulated from their X-ray single crystal diffracting data, and 

the well purity of the complexes 1−4 (Fig. S3, Supporting 

Information) can be confirmed. 

Description of the Crystal Structures [M(H2bpta)]n 

The structures of the complexes 1−4 are isostructural, and thus, 

only the structure of representative complex 1 will be described 

in detail below. Complex 1 crystallizes in the orthorhombic 

space group Pbcn with the Fe(II) ions sitting on a 2-fold axis, 

which encompasses a half Fe(II) ion, and a half H2bpta2− anions 

in the asymmetric unit. In 1, the Fe(II) ion is surrounded by six 

oxygen atoms from five H2bpta2− ligands to present an 

octahedron geometry. Wherein Fe(II) ions bridged the ortho-

position carboxylate groups to form a slight “V-shaped” array 

of three Fe(II) ions (Fe1···Fe1′···Fe1″ = 159.5(1)°, Symmetry 

codes: ′ 1 − x, −y, −z; ″ x, y, 1 + z). (Fig. 1a) Each H2bpta2− 

ligand connects five metal atoms, with both two full 

deprotonated carboxylate groups (2,2'-COO−) in the trans 

conformation adopting μ2-η
1:η1 modes to chelate one Fe(II) ion 

and both two nondeprotonated carboxylate moieties (4,4'-

COOH) adopting monodentate fashions. Due to steric 

Page 5 of 13 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

hindrance, the dihedral angles of the phenyl ring planes along the pivotal 1,1'-bond (C7-C7A) of ligands is 73.6(4)°.  

 

 

     

   

Figure 1 (a) Perspective view of the coordination of the Fe(II) ion for 1 with ‘V-

shaped’ array of three Fe(II) ions. (Symmetry codes: A 1 − x, y, 1/2 − z; B 1 − x, 

y, −1/2 − z; C 1 − x, −y, −z; D x, −y, −1/2 + z; E 1/2 − x, 1/2 − y, −1/2 + z; F 1/2 + x, 

1/2 − y, −z; ′ 1 − x, −y, −z; ″ x, y, 1 + z) (b) One-dimensional rob-like chain 

running along [001]. (c) Packing architecture hex-type rod-packing architecture 

(hydrogen atoms omitted for clarity). (d) A schematic representation of the 

(5,5)-connected topological network. 

There is a common feature in these complexes, namely, all 

chelate carboxylates are sole syn−anti bridging mode. As 

shown in Fig. 1b, the Fe(II) ions are in-turn linked together by 

double syn−anti bridge carboxyl groups of H2bpta2−, resulting 

in the 1D rod-like arrangement of [Fe2(CO2)2]n (separation of 

Fe···Fe, 4.880(2) Å) running along [001]. The Fe−O bond 

lengths are in the range of 2.100(2)−2.192(2) Å. The O−Fe−O 

angles are in the range of 84.07(8)−96.51(8)°. The 

[Fe2(CO2)2]n rods are propagated by H2bpta2− ligands to form 

grid packing architecture (Fig. S4b, Supporting Information). 

It is worth noting that each [Fe2(CO2)2]n rod connects six 

equivalent [Fe2(CO2)2]n rods bridged by the carboxylate 

groups to generate the hexa-like rod-packing architecture via 

double organic spacers along the c axis. Ultimately, the 

structure represents a unique example of 3D networks with 

[Fe2(CO2)2]n chains spaced by the H2bpta2− ligand. (Fig. 1c) In 

addition, such close hydrogen-bonding interactions between 

O3 atom and O2F atom (symmetry code: F x + 1/2, −y + 3/2, 

−z + 2) with a separation of 2.532(3) Å can efficiently strong 

intramolecular hydrogen bonds increase the stability of 1 

(Table 2). 

The coordination polymers of 2,2',4,4'-

biphenyltetracarboxylate bound to 3d-electron-rich metal ions 

contain two types linear chains based on M−O−C−O−M or 

M−O−M9a, 21 connections. The chains can be either separated 

or interlinked into 3D frameworks by multi-carboxylate 

ligands. In contrast, the bond lengths (M−O) for the 

complexes almost decrease with the increase of d-electronic 

number (Table 2) until full fill of d-electrons, agreeing with 

the radius variation of the metal ions, but the copper complex 

singularly occurred due to the Jahn-Teller effect. Meanwhile, 

two adjacent metal ions are linked by the double carboxyl 

bridges to form a [M2(CO2)2] ring with slight differences in 

the M···M distances (4.951(2) for Mn(II)20, 4.880(2) (Fe(II)), 

4.781(2) (Co(II))20, 4.784(2) (Ni(II)), 4.541(2) (Cu(II)), & 

4.607(2) Å (Zn(II)), respectively), (Table 2) which are all in 

agreement with reported values for the first transition metal 

multi-carboxyl complexes.12d, 12e, 22 The shortest inter-chain 

M···M distances are 9.103(3), 9.122(4), 9.088(2), 9.077(3), 

9.361(3) and 8.767(2) Å, respectively. Comparing with the 

different distances, the short intra-chain distances between the 

metal ions make the magnetic interaction more efficient and 

may lead to the 1D long-range order along the c-direction. 

(Fig. S4, Supporting Information) Due to the 2,2'-carboxylate 

chelation, the neighboring phenyl rings are tilted to form 

dihedral angles of 70.85(2), 73.59(4), 75.70(3), 74.72(4), 

86.36(4), and 75.61(1)° for Mn to Zn, respectively. 
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Table 2  Comparing the bond distances (Å) and angles () around the metal centers in the isostructural polymers 

 Mn(II) Fe(II) Co(II) Ni(II) Cu(II) Zn(II) 

M−O1 2.144(2) 2.100(2) 2.065(4) 2.053(3) 1.971(1) 1.977(1) 

M−O2B 2.181(2) 2.126(2) 2.077(3) 2.060(4) 1.981(4) 2.011(1) 

M−O4D 2.210(2) 2.192(2) 2.161(5) 2.114(4) 2.439(5) 2.093(1) 

MM 4.951(2) 4.880(2) 4.781(2) 4.784(2) 4.541(2) 4.607(2) 

O1−M−O1A 94.00(1) 94.36(2) 92.27(1) 91.21(6) 88.58(3) 92.35(4) 

O1A−M−O2B 86.78(2) 86.68(2) 87.86(3) 87.82(4) 89.07(5) 87.84(4) 

O2B−M−O2C 92.47(1) 92.38(1) 92.21(1) 93.33(6) 93.76(7) 92.15(6) 

O1−M−O4D 85.65(8) 84.07(8) 83.17(7) 82.64(5) 81.92(5) 83.45(4 

O1A−M−O4D 95.03(8) 96.51(8) 97.62(7) 98.16(5) 99.90(5) 98.34(4) 

O2B−M−O4D 93.36(8) 93.53(8) 93.75(7) 94.34(4) 93.27(4) 93.46(4) 

O2C−M−O4D 85.95(8) 85.88(8) 85.46(7) 84.88(4) 85.00(4) 84.76(4) 

∠Ph−Ph 70.85(2) 73.59(4) 75.70(3) 74.72(4) 86.36(4) 75.61(1) 

H-bond(DA) 2.521(2) 2.533(3) 2.497(2) 2.498(4) 2.619(0) 2.422(1) 

Ref  20 This work 20 This work This work This work 

Symmetry transformations used to generate equivalent atoms: A −x + 1, y, −z − 1/2; B x, −y, z − 1/2; C −x + 1, −y, −z; D −x + 1/2, −y + 1/2, z − 1/2 

From topological point of view, the frameworks of 

complexes 1−4 can be simplified by the application of a (5,5)-

connected topological approach (Fig. 1d). Adjacent two metal 

ions are defined one inorganic node with 5-connected, and the 

H2bpta2− ligand is also 5-connected. Therefore, the 3D 

framework resulting from the adequate connection of organic 

nodes can be represented as a (4.64.8.43.66.86) net.  

Magnetic Properties  

In order to insight the magnetic changes in the isostructural 

polymers, magnetic measurements were carried out on well-

crushed crystalline samples of 1−3 except complex 4 with 

diamagnetism. As carboxylate bridging unsaturated d-

electronic metal ions can propagate magnetic properties, the 

complexes 1−3 were subjected to variable-temperature 

magnetic susceptibility measurements in the 2.0−300 K range 

with an applied magnetic field of 1000 Oe. As noted previous 

magneto-structural studies for the complexes with bridging 

syn-anti carboxylate groups have evidenced the magnitudes of 

the exchange-coupling constants are small and the exchange is 

ferro- and antiferromagnetic interactions.5a, 23 

[Fe(H2bpta)]n (1). As shown in Fig. 2. At 300 K, 

the TM value of complex 1 is 4.03(1) cm3 mol−1 K, which is 

larger than the spin-only TM of 3.00 cm3 mol−1 K expected 

for one isolated high-spin Fe(II) ion (g = 2.0 and S = 2). It is 

indicated that Fe(II) ions have a high spin state and a higher 

value than is presumably due to the orbital contribution. Upon 

cooling, the values of TM gradually decrease to reach 

0.036(3) cm3 K mol−1 at 2.0 K, which indicates the presence 

of an antiferromagnetic interaction in 1. In the temperature 

range of 2.0 to 300 K, the magnetic susceptibility obeys the 

Curie−Weiss law, χ = C/(T − θ) with a Curie constant, C = 

4.09(1) cm3 mol−1 K, and a Weiss temperature, θ = −7.59(1) K. 

(Fig. 2, inset). 
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Figure 2 Temperature dependence of M , TM , and 1/ M collected in an 

applied field of 1000 K for complex 1. The red solid line represents the best 

fittings. 

 

Scheme 2 The Magnetic exchange of intrachain via syn-anti bridging mode of 

the carboxylate ligand along the c axis of 1−3. 

As described above, the 3D structure encloses hexa-

coordinated Fe(II) ions bound to H2bpta2- ligands. From 

magnetic point of view, the structure can be considered as a 

pseudo-one-dimensional linear spin-chain along the c axis 

with Fe(II) ions (distances of Fe…Fe, 4.880(2) Å, Scheme 2a 

and Fig. S4a, Supporting Information) linked by the bridges of 

2,2'-dicarboxylates assumed that the coupling of the long 

bridging spaces (2,4 or 2',4'-dicarboxylic acids, distances of 

Fe…Fe, 9.122(4)) in adjacent chains in a given bc or ac layer 

of complex 1 (Figs. S4b and S4c, Supporting Information) 

being in a quasi negligible strength or molecular field 

approximation.  

The syn-anti M−O−C−O−M could be dominating pathway 

to carry magnetic exchanges within the intrachain over the 

measured paramagnetic domain. The temperature dependence 

of the magnetic susceptibility of 1 is perfectly fitted by the 

modified Fisher model for a one-dimensional Heisenberg 

chain of S = 2 spins. The corresponding equation is given (eq 

1)24: 















u1

u1

3

)1(
22

kT

SSgN BA
chain


        (1) 

where u is the Langevin function: 

)1(

)1(
cothu







SS

kT

kT

SJS
             (2) 

J is the parameter of exchange interaction between two 

Fe(II) ions bridged by the carboxylate. An additional coupling 

parameter (zj′) represents the magnetic behaviour through 

H2bptc2− ligands interaction between the Fe–carboxylate linear 

spin-chain. The total magnetic susceptibility is: 

22

2
1

BA

chain

chain

gN

jzM












                      (3) 

The best-fit well reproduces the experimental data over the 

whole temperature range with g = 2.25(2), J = −0.81(1) cm−1, 

and zj′ = −0.036(1) cm−1, and the agreement factor defined by 

  2

exp

2

exp )(/)( R TTxT McalMM  is 8.9 × 10−4. The g value is 

also in accord with expectation for Fe(II) complexes.4e, 25 The 

negative θ and J values indicate the presence of weak 

antiferromagnetic interaction between adjacent Fe(II) ions.  

According to the literature,26 it can be deduced that the 

unpaired spin in eg orbitals favor ferromagnetic interactions, 

whereas those in t2g orbitals favor stronger antiferromagnetic 

interactions, with only one unpaired electron in a t2g orbital 

being enough to dominate the overall superexchange. 

Therefore, Fe(II) complexes should show antiferromagnetic. 

Our result is in good agreement with these expectations.8a In 

addition, the low value of the exchange coupling constant, J, 

can be related to the nature of the bridge between neighboring 

Fe(II) ions. Comparing to recent studies of [Fe(pyoa)2]n (pyoa 

= 2-(pyridin-3-yloxy)acetate)14, we consider that weak 

ferromagnetic phenomenon might also exist in 1, but it is 

opposite magnetic behavior. This can be related to the Jahn–

Teller distortion. In [Fe(pyoa)2]n, a closer examination of the 

structural data strongly suggests that the origin of this sign 

reversal may be Jahn–Teller distortion, which is likely the 

main reason that the reorientation of the ordered spin state due 

to the movement of the domain wall,27 so that an overall 

ferromagnetic behavior is observed. Whereas in complex 1 the 

Fe−O bond distances (see Table 2) are nearly close, thus not 

allowing for obvious Jahn–Teller distortion exits in the 1. The 

value (J = −0.81(1) cm−1) of the antiferromagnetic exchange 

interactions is somewhat less negative for the complex 1, 

which is consistent with the syn-anti carboxylate bridge 

mediating weak magnetic coupling. Nevertheless, magneto-

structural studies on hexa-coordinated Fe(II) complexes with 

the syn-anti carboxylate as a bridge are scarce, the authors can 

only compare their results with the one available Fe(II) 

compound with sole syn-anti coordination mode. 

[Ni(H2bpta)]n (2). As shown in Fig. 3, the TM value of 1.45 

cm3 K mol−1 at 300 K is a little larger than the spin-only value 

(1.00 cm3 K mol−1, g = 2.0 and S = 1) expected for isolated 

high-spin Ni(II) ions, assuming that the Ni(II) ion in the 

octahedral environment also has a small orbital contribution to 

the total magnetic moment.  

The TM  value increases smoothly up to 1.81 cm3 K mol−1 

from room temperature to 20 K, and then the value rapidly 

increases to a maximum value of 5.11 cm3 K mol−1 at 2.0 K. 

On the other hand, the magnetization value reaches 2.22 μB at 

60 KOe (Fig. S5, Supporting Information), which is slightly 

below the saturation value of 2.83 μB expected for a spin-only 

Ni(II) ion. It also corroborates the ferromagnetic coupling 

between Ni(II) ions. The data in the temperature range of 
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2.0−300 K obeys the Curie−Weiss law χ = C/(T − θ) with C = 

1.43 cm3 K mol−1 and θ = 3.20 K. The deduced Curie constant 

per mole of Ni(II) agrees with the theoretical value of an S = 1 

free ion (C = 1 cm3 K mol−1 for isolated Ni(II)).  

 

Figure 3 Temperature dependence of M , TM , and 1/ M collected in an 

applied field of 1000 K for complex 2. The red solid line represents the best 

fittings. 

Thus, the positive θ value is indicative of weak ferromagnetic 

interactions between adjacent Ni(II) ions in the network 

structure of 2. Similarly, compared with the magnetic structure 

of 1 (Scheme 2b and Fig. S4, Supporting Information), 2 may 

be considered as uniform (J) coupling chains. The curve of 

magnetic susceptibility for 2 is perfectly defined via the Fisher 

infinite chain model (eq 1). The best-fit well reproduces the 

experimental data over the whole temperature range with g = 

2.38(1), J = 3.67(2) cm−1, zj′ = −0.070(2) cm−1, and 

  2

exp

2

exp )(/)( R TTxT McalMM  is 5.5 × 10−4. The g value is 

also in accord with expectation for Ni(II) complexes.5a The 

θ > 0 and J > 0 values indicate the presence of a weak 

ferromagnetic exchange between Ni(II) centers in 2. The 

Ni…Ni interactions between the spins S = 1 are transmitted 

through the syn-anti carboxylate bridges, and gives rise to a 

low ferromagnetic contribution. The syn-anti carboxylate 

bridging moiety has been observed in some Ni(II) complexes 

with ferromagnetic interactions reported elsewhere.28 Whereas 

for Ni(II) system, the number of complexes with only syn-anti 

carboxylate conformations is much more less. Because the 

great tendency of Ni(II) ions to have, together with the 

carboxylate bridging ligands, other bridging ligands, like -

oxo, -hydroxo, or -N3.
29 Thus, the ferromagnetic coupling 

of the complex 2 with sole syn-anti carboxylate configuration 

seems to be in agreement with the results reported for 

copper(II) complexes.30 

[Cu(H2bpta)]n (3). The temperature dependence 

of TM for complex 3 is shown in Fig. 4. At room 

temperature, the TM value is about 0.54 cm3 mol−1 K, which 

is slightly larger than the spin-only value (0.375 cm3 mol−1 K) 

for S = 1/2. Upon cooling, the TM value increases smoothly 

up to 0.26 cm3 K mol−1 at 25 K, then increases very rapidly to 

reach a extreme value 2.50 cm3 K mol−1 at 2.0 K, which 

indicates a characteristic feature of ferromagnetic coupling 

between Cu(II) ions. The corresponding experimental 

effective magnetization for Cu(II) is 1.14 μB (1.73 μB expected 

for a spin-only Cu(II) ion) at 2.0 K with the increase of the 

field (Fig. S6, Supporting Information).  
 

 
Figure 4 Temperature dependence of M , TM , and 1/ M collected in an 

applied field of 1000 K for complex 3. The red solid line represents the best 

fittings. 

The thermal variation at the range of 2.0−300 K follows the 

Curie-Weiss law with C = 0.54 cm3 K mol−1 and θ = 5.40 K. 

To further evaluate the interaction (J) between Cu(II) ions, we 

employed a Heisenberg ferromagnetic S = 1/2 chain based on 

the Hamiltonian   1iiSS-JH


to consider the intra-chain 

magnetic exchange interaction. where J is the exchange 

interaction parameter of adjacent Cu(II) ions. Thus, the 

magnetic data of 3 is fitted by Eqn. (4): 

3

2
22

4










B

A

kT

gN BA
chain


              (4) 

Wherein A = 1.0 + 5.7979916x + 16.902653x2 + 

29.376885x3 + 29.832959x4 + 14.036918x5, B =1.0 + 

2.7979916x + 7.0086780x2 + 8.6538644x3 + 4.5743114x4, and 

x = J/2kT. 

    

22

2
1

BA

chain

chain

gN

jzM












                 (5) 

The best fit for 3 in the temperature range of 2.0−300 K 

gives g = 2.34(1), J = 9.28(1) cm−1, and zj′ = −0.068(3) cm−1 

with an agreement factor of 

  2

exp

2

exp )(/)( R TTxT McalMM  is 1.8 × 10−4. The facts of 

θ > 0 and J > 0 indicate that there is ferromagnetic interactions 

between neighboring Cu(II) ions for the complex 3. The 

intrachain ferromagnetic coupling in complex 3 is in 

agreement with the well-known ability of the syn-anti 

carboxylate bridge to mediate weak ferro- or 

antiferromagnetic interactions,31 features which have been 

substantiated by density functional theory (DFT) type 

calculations for dinuclear Cu(II) complexes.32 Actually, being 

similar to [Fe(pyoa)2]n (pyoa = 2-(pyridin-3-yloxy)acetate)14, a 

remarkable Jahn-Teller distortion exists in the complex 3. The 
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unpaired electron of the Cu(II) ion is essentially described by 

a magnetic orbital built from the dx
2 

− y
2 metallic orbital and 

located mainly in the basal plane with some possible 

admixture of a z2 type orbital. From the structural analysis, the 

syn-anti coordination modes induce ferromagnetic exchange 

of the order of a few complexes in the basal-basal 

configuration and antiferromagnetic interactions in the range 

of few complexes in the axial-basal configuration.33 In 

addition, For the nonplanar Cu−O−C−O'−Cu' skeleton with a 

syn-anti basal (1.971(1) Å)−basal (1.981(4) Å) bridging mode, 

might cause a reduction of the antiferromagnetic contribution 

to such an extent that the ferromagnetic contribution becomes 

predominant.28a 

Magnetic properties of the isostructures with 3d-

electron-rich metal ions. 

In general, the ordered magnetic structure of a magnetic 

complex is determined by spin exchange interactions, and the 

electronic effects due to the different carboxylate bridge.5a  

 

Scheme 3 The main bridging modes of the carboxylate ligand. 

Magnetic studies on the 3d-electron-rich metal complexes 

with linear chains in the series have indicated spin coupling 

through carboxylate bridges,7c, 34 and the spin exchanges of 

M2(CO2)n (M = Mn, Fe, Co, Ni, Cu) occur through the 

M−O−C−O−M or M−O−M exchange paths between adjacent 

M(II) ion sites.14, 35 Among the exchange pathway between the 

nearest neighboring metal ions, anti- or ferromagnetic 

couplings occur depending on the carboxylate bridging modes 

(Scheme 3) and the geometry characters of the metal ions. 

In the common view, the bridging carboxylic groups with 

anti−anti mode mediate the antiferromagnetic coupling 

between adjacent spin carriers due to the geometry of the 

magnetic orbital.5a Moreover, the exchange interaction 

between two M(II) ions bridged by the double syn−syn 

carboxyl bridges is also dominantly antiferromagnetic, and 

that bridged through the syn−anti carboxyl bridges is weak 

ferro- or antiferromagnetic.8a, 36 Whereas there are a lot of 

copper(II) complexes with syn−anti configuration, , but 

iron(II) and nickel(II) complexes with syn−anti configuration 

of sole M−O−C−O−M bridge model are scarce. As we expect 

that, compared with the reported complexes,37 quite similar 

interactions develop within the ribbon chain of the new 3D 

complexes. 

The complexes of the ligand H2bpta2- bonded to 3d-

electron-rich metal ions (abbreviated [Mn(H2bpta)]n,
20 

[Fe(H2bpta)]n, [Co(H2bpta)]n,
20 [Ni(H2bpta)]n, [Cu(H2bpta)]n) 

have isostructural and sole syn−syn carboxyl bridging features. 

Magnetic data are compared in Table 3. As a result, the 

magnetic members of [M2(CO2)2] with a simple uniform chain 

model show different magnetic behaviors. According to 

previous literature, magnetic studies on the Mn(II) species in 

the series have most indicated antiferromagnetic coupling 

through sole carboxylate bridges.7c The [Mn(H2bpta)]n
 and 

[Fe(H2bpta)]n are considered as antiferrimagnet, agreeing with 

the above-mentioned trend. However, only a few complexes38 

exhibit weak ferromagnetic ordering above 2K related to spin 

canting, which have also been demonstrated in some other 

Mn(II) species with various bridges. 

In octahedral symmetry of Co(II) complexes, high-spin S = 

3/2 Co(II) ions have an orbitally degenerate 4T1g ground 

electronic term. Since the unquenched orbital momentum and 

the consequent spin−orbital coupling intrinsic to octahedral 

Co(II) impart strong magnetic anisotropy to the chain in Co(II) 

complexes, the isotropic classical spin model used for 

complex 1 is not valid for [Co(H2bpta)]n complex. Hence, the 

ultimate ferromagnetic coupling between Co(II) ions, fitted by 

an expression20 for S = 3/2 systems with dominant zero-field 

splitting effects (D), dominates the magnetic properties of 

Co(II) complex. Nevertheless, magneto-structural studies on  

Table 3  Magnetic Parameters Associated with the M−O···O−M Spin 

Exchange Paths in [M(H2bpta)]n (M = Mn(II), Fe(II), Co(II), Ni(II), Cu(II)) 

 Mn(II) Fe(II) Co(II) Ni(II) Cu(II) Zn(II) 

3dn d5 d6 d7 d8 d9 d10 

S 5/2 2 3/2 1 1/2 0 

Ground 

state 

6A1g 
5T2g 

4T1g 
3A2g 

2Eg 
1A1g

 

C 4.29 4.09 4.34 1.43 0.54 — 

θ (K) — −7.59 −42.2 3.20 5.40 — 

g 2.21 2.25 2.69 2.38 2.34 — 

J (cm−1) −0.12 −0.81 0.92 3.67 9.28 — 

zj′ (cm−1) −0.92 −0.036 — −0.070 −0.068 — 

Magnetism1 AF AF F F F D 

Ref 20 This 

work 

20 This 

work 

This 

work 

 

1AF for anti-ferromagnetism, F for ferromagnetism, and D for 

diamagnetism. 

hexa-coordinated Fe(II)/Ni(II) complexes with the syn-anti 

carboxylate bridge are scarce. Ferromagnetic interactions are 

known to be dominant in Ni(II) and Cu(II) complexes with 

very few exceptions. In turn, antiferromagnetic interactions 

have been described for Mn(II) and Co(II) system. 

Generally speaking, carboxylate bridges can efficiently 

mediate either ferromagnetic (FM) or antiferromagnetic 

(AFM) coupling, depending mainly upon the bridging mode 

and the metal ion.Visibly, the magnetic properties of the 

complex 1 are different from those of the complexes 2 and 3, 

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 
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their bond modes. In our examples, the complexes have the 

same syn-anti bridging modes with the different M−O bond 

bond lengths (see Table 2) and M…M distances in 1-3 

(4.880(2), 4.784(2) and 4.541(2) Å, respectively) and different 

metal ions (Fe(II), Ni(II) and Co(II)), which are not 

isoelectronic species. Further evaluation of this difference 

might come from the method of neutron diffraction. 

More studies5c, 7b, 8d, 39 concerned with different double 

bridges chain metal complexes. These correlations indicate 

that M–O–M border line angle of about 100° for the 

magnetism is significant. The difference in the magnitude and 

the sign of the magnetic exchange interactions found for these 

complexes5a can be satisfactorily explained in terms of the 

kind of bridged ligands and the interaction between the metal 

centers and ligands. 

Conclusions 

In summary, we have successfully constructed four new 

isostructural coordination polymers from the 2,2',4,4'-

biphenyltetracarboxylate ligand. Magnetic exchange 

interactions through carboxylate bridges between the 3d-

electron-rich  metal ions are ubiquitous in molecule-based 

magnetism, whereas complexes are scarce via sole syn-anti 

bridge model. Magnetic studies reveal the polymers with iso-

structure features and a uniform chain model show different 

magnetic behaviors due to different spins. The results indicate 

that the presence of a weak antiferromagnetic exchange for 1 

(intra-chain interaction J = −0.81(1) cm−1). The phenomenon 

of 1 is agreement with the view that the exchange interaction 

between two M(II) ions bridged by the syn-anti carboxylate 

bridge is dominantly weak antiferromagnetic,8a and the 

compound 2 represents a new example of the rare Fe(II) 

systems exhibiting the coexistence of antiferromagnetic 

ordering. However, magnetic studies also indicate that the 

presence of a weak ferromagnetic exchange for 2−3 (intra-

chain interaction J = 3.67(2) cm−1 for 2, and 9.28(1) cm−1 for 

3, respectively.), which are in accordance with existing 

complexes.5a In addition, the M–O–C–O–M spin exchange 

interactions |J| of M2(CO2)2 (M = Mn(II), Fe(II), Co(II), 

Ni(II), Cu(II)) decrease strength in the order of Cu2(CO2)2 > 

Ni2(CO2)2 > Co2(CO2)2 > Fe2(CO2)2 > Mn2(CO2)2, consistent 

with the orbits order. The results demonstrate that 2,2',4,4'-

biphenyltetracarboxylic acid ligand can well assemble 3D CPs 

with intriguing architectures and different magnetic behaviors. 
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