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Two novel clusters [CoII
14(µ6-O

2-)(sbha)12(sba)2 

(DMF)7(DMA)]·(DMF)8 (1) and [NiII
14(µ6-O

2-

)(sbha)12(sba)2(DMF)8] (2) (sH2bha = 4-bromo-benzohydroximic 

acid; sHba = 4-bromobenzene carboxylic acid; DMF = N,N-

dimethylformamide; DMA = dimethylamine ) have been 

synthesized. The novel body-centred µ6-O
2- bridged Co14 and 

Ni14 clusters are packed in distorted face-centered cubic (FCC) 

patterns with different symmetry. Magnetic studies confirmed 

the antiferromagnetic exchange interactions between magnetic 

centers. 

High-nuclearity transition-metal clusters have grown in the past 

decade in relation to their potential applications associated with 

aesthetically pleasing structures and their rich physical and chemical 

properties.1-8 These materials display magnetic hysteresis below a 

blocking temperature, which motivated both physicists and chemists 

to further explore their potential applications in date storage, 

quantum computing or spintronics.3 The nature of the ligands is 

crucial in governing the nuclearity and arrangement of the resulting 

molecular aggregates.1 Indeed, several organic ligands have been 

used to date, from simple and flexible carboxylates2 to more bulky 

and robust polyalcohols,3 azidos,4 oxime, 5 phosphonates6 and Schiff 

bases,7 all leading to interesting structural motifs with different 

physical properties. Transition metal clusters of these polydentate 

ligands displayed a surprising variety of structure, consisting of 

wheel Co12,
2 phosphonate cage Ni8,

6 “bowls” Ni20,7 

metallomacrocycle Zn7,8 cyclic Cu16,
9 etc. 

 To seek a new route to the synthesis of polynuclear clusters, we 

recently begun to employ the polydentate ligand 4-bromo-

benzohydroxamic acid (Scheme 1),  which possessing two O- and 

one N- donors and could be an ideal choice for the synthesis of high-

nuclearity coordination clusters. Notably, the hydroxamate 

ligands have keto-enol tautomerism, so they are capable of forming 

complexes with beautiful structures. The reported transition mental 

clusters of hydroxamate ligands are only confined to the butterfly-

like Co4 and Ni4,10  a rich variety of coordination modes Ni7,11 face-

centered cube with two wings Co16
12 and metallahelicate Cu28.

13 

However, hydroxamate bridged Ni14 or Co14 clusters have never 

been reported. Based on other ligands, a family of Ni14 clusters was 

reported by end-on azido/oximate bridges4 and a Co14 cluster was 

synthesised with a new bis-triazolate ligand.14 Herein, we 

demonstrate two novel Co14 and Ni14 clusters. They are packed in a 

distorted face-centered cubic patterns, with six metals on the faces 

are bridged by the novel body-centred µ6-O
2-. To the best of our 

knowledge, this is the first structurally characterized Co14/Ni14 

cluster in hydroxamate chemistry. 
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Scheme 1. (a)The keto-enol tautomerism of hydroxamate ligand and 

(b) Coordination modes found in 1-2 (M=Ni or Co) 

 

The self-assembly reaction of sH2bha, dppz (dipyrido[3,2-a:2ʹ,3ʹ-

c]phenazine) , transition metal nitrate and Et3N in 2:1:2:4 molar ratio 

in MeOH, EtOH, DMF and H2O (10:5:5:2 v/v) yielded black (Co14) 
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(c) 

and green (Ni14) block crystals, [CoII
14(µ6-O

2-)(sbha)12(sba)2 

(DMF)7(DMA)]·(DMF)8 (1) and [NiII14(µ6-O
2-)(sbha)12(sba)2(DMF)8] 

(2) (sH2bha = 4-bromo-benzohydroximic acid; sHba = 4-

bromobenzene carboxylic acid; DMF = N,N-dimethylformamide; 

DMA = dimethylamine) (Scheme 2). Without adding dppz, no Ni14 

or Co14 cluster was isolated in all tested conditions, the dppz may be 

the mineralizing agent because the presense of them slows the 

crystallization dynamics. X-ray diffraction experiments were 

employed to identify their structural properties. 

 

 

 

 

 

 

 

 

 

Scheme 2. Synthetic Routes for Complexes 1 and 2. 

Complex 1 crystallizes in the orthorhombic space group Aea2 

with C2v-symmetry operation. Its molecular structure (Fig.1b) 

consists of one µ6-O
2-, twelve doubly deprotonated sbha ligands, two 

sba (Scheme 1), seven DMF, one DMA, as well as eight 

uncoordinated DMF molecules. The O2- comes from deprotonated 

water. The sHba (4-bromobenzene carboxylic acid) was assumed to 

be originated from the hydrolysis of sH2bha12. DMA (dimethylamine) 

was originated from the hydrolysis of DMF under alkaline condition. 

There are eight crystallographically independent CoII sites 

possessing distorted trigonal bipyramidal geometries (Co2, Co3, Co4) 

and distorted octahedral geometries (Co1, Co5, Co6, Co7, Co8) (Fig. 

1b) for complex 1. The five-coordinated Co2 and Co4 connect two 

oxygen atoms from one sbha bridge and two nitrogen atoms from 

two sbha bridges, and one oxygen atom from DMF, resulting in a 

distorted [CoO3N2] trigonal bipyramidal coordination geometry. The 

coordination environment of Co3 is [CoO4N], provided by four 

oxygen atoms from two sbha bridges and one nitrogen atom from 

another sbha bridge. The [CoO5N] environment of Co1 has one more 

oxygen atom from sba bridge compared with the [CoO4N] 

environment of Co3. The six-coordinated Co5, Co6, Co7 and Co8 

ions have similar distorted octahedral coordination environments. 

They connect with four oxygen atoms from four sbha bridges, one 

(µ6-O2-), one oxygen atom from sba bridge or DMF or one nitrogen 

atom from dma (Fig. S3). The Co-N (sbha) and Co-O (sbha) 

separations span the range 2.010~2.174 Å and 1.918~2.248 Å. The 

average Co-O (µ6-O
2-) bond distance is 2.148 Å. The Co-O (sba) 

bonds are 1.990 and 2.204 Å. The Co-O (DMF) bond distance span 

the range 2.055~2.078 Å. Co1~Co6 have their symmetric CoII ions 

(Co1ʹ~ Co6ʹ), together with Co7 and Co8 which have no symmetry. 

The fourteen CoII ions are packed in a distorted face-centered cubic 

(FCC) pattern, Co1~ Co4 and Co1ʹ~ Co4ʹ ions occupy the FCC 

vertexes, while Co5, Co6, Co5ʹ, Co6ʹ, Co7 and Co8 ions are placed 

at the center of the FCC faces (Fig. 1c).  

The cage-like [Co14N12O13] core of complex 1 contains twelve 

η1:η1:η3:µ4-sbha bridges, two η1:η1:µ2-ba bridges and one (µ6-O
2-) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) The asymmetric unit and (b) perspective views of complex 1. (c) Perspective views of the core structure of complex 1. (d) Metallic 

skeleton in 1 showing its face-centered cube topology with C2v symmetry planes. (e) Views of structure of complex 1 with only one sbha one 

sba bridging ligands shown for clarity.  Color key: Co, sky blue; O, red; N, blue; C, grey; Br, yellow. The color of the bonds of sba ligands 

is violet. H atoms are omitted for clarity.  

 

(b) 

(a) 

(d) (e) 
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bridge (Fig. 1d, Fig. 1e and Fig. S2). The CoII ions are bridged by 

the sbha ligands, the Co-O-N and Co-N-O bond angles span the 

range 108.6-125.9º and 108.5-111.4º. Co1 on the vertex and Co5 on 

the face are also bridged by the sba ligand, with the Co-O-C bond 

angles are 124.5º and 128.7º (Fig. 1e). The six CoII ions on the faces 

were bridged by the body-centred (µ6-O
2-), forming a regular 

octahedral geometry (Fig. 1c). For the CoII ions on the adjacent faces, 

the Co-(µ6-O
2-)-Co bond angles show values 85.8º-94.1º. For the 

CoII ions on the opposite faces, the Co7-(µ6-O
2-)-Co8 angle is 180.0 

Å, while the Co5-(µ6-O
2-)-Co5ʹ and Co6-(µ6-O

2-)-Co6ʹ angles are 

172.8 Å and 171.7 Å.  

The interesting feature of complex 1 is that the regular octahedral 

geometry bridged by the body-centred (µ6-O
2-) is trapped in a 

distorted cubic geometry hole as a “guest”. The distorted cubic 

geometry Co-Co edge dimension and Co-Co-Co angles span the 

range 4.768-5.080 Å and 80.67-99.21º, and the dihedral angles of 

adjacent faces span the range 86.5-97.8º. The regular octahedral 

geometry Co-Co edge dimension and Co-Co-Co angles span the 

range 3.075-3.176 Å and 58.54-61.78º. The distances of the two Co 

on the opposite faces are 4.284-4.485 Å, slightly shorter than the 

cubic geometry Co-Co edge dimension (Fig. 1c). 

Complexes 1 and 2 all contain fourteen transition metal ions, but 

the structures of them are different. Complex 2 crystallizes in the 

triclinic space group P-1 with no symmetry, which molecular 

structure (Fig. 2a) consists of one (µ6-O
2-) bridge, twelve doubly 

deprotonated sbha ligands, two sba ligands, as well as eight DMF. 

Complex 2 has fourteen crystallographically independent NiII sites, 

of which six NiII ions are five-coordinated with distorted trigonal 

bipyramidal geometries and eight NiII ions are six-coordinated with 

distorted octahedral Geometries. The Coordination environments of  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 (a) Perspective views of complex 2. (b) Metallic skeleton in 2 

showing its face-centered cube topology. Color key: Ni, green; O, 

red; N, blue; C, grey; Br, yellow. The color of the bonds of sba 

ligands is violet. H atoms are omitted for clarity. 

 

the metal atoms are shown in the sopporting information(Fig. S5). 
The cage-like [Ni14N12O13] core of complex 2 contains twelve 

η1:η1:η3:µ4-sbha bridges, two η1:η1:µ2-sba bridges and one body-

centred (µ6-O
2-) bridge. The fourteen NiII ions are packed in a 

distorted face-centered cubic (FCC) pattern. Ni1-Ni8 ions occupy 

the FCC vertexes, while Ni9-Ni14 ions are placed at the center of the 

FCC faces(Fig. S4).  

    The NiII ions are bridged by the sbha ligands, the Ni-O-N and 

Ni-N-O bond angles span the range 108.3-125.2º and 106.8-108.6º. 

The NiII ions (Ni1, Ni6) on the vertexes and ones (Ni9, Ni11) on the 

faces are also bridged by the sba ligands, with the average Ni-O-C 

bond angle is 126.5º (Fig. S4a). Six NiII ions on the faces are bridged 

by (µ6-O
2-) with (µ6-O

2-)-Ni bond distance span the range 2.147-

2.171 Å, forming a regular octahedral geometry (Fig. 2b). To the 

best of our knowledge, no clusters based on body-centred (µ6-O
2-) 

bridged [Ni6(µ6-O
2-)] has been reported to date. For the NiII ions on 

the adjacent faces, the Ni-(µ6-O2-)-Ni bond angles show values 

89.3º-90.7º. For the NiII ions on the opposite faces, the Ni-(µ6-O
2-)-

Ni angles are 179.2-179.4 Å. The distorted cubic geometry Ni-Ni 

edge dimension and Ni-Ni-Ni angles span the range 4.723-4.892 Å 

and 76.31-102.52º. The dihedral angles of the distorted cubic 

geometry span the range 89.3-91.1º. Complex 2 is much closer to 

regular FCC structure compared with complex 1. The regular  

octahedral geometry Ni-Ni edge dimension and Ni-Ni-Ni angles 

span the range 3.044-3.065 Å and 59.53-60.40º (Fig. 2b).  

Direct current (dc) magnetic susceptibility measurements were 

performed on fresh samples of complexes 1-2 in the temperature 

range 2-300K, in a magnetic field of 1000 Oe. Fig. 3 shows the plot 

χMT versus T. Alternating current (ac) magnetic susceptibility 

studies show no slow relaxation of magnetization in complex 1 

(Supporting Information, Fig. S9).  

 

 

 

 

 

 

 

 

 

 

Fig. 3 (a) χMT versus T plots of complex 1. (b) χMT versus T plots of 

complex 2. Lines are guide to the eye. 

 

The value of χMT at room temperature for complex 1 is 36.11 cm3 

K mol-1, which is higher than the spin-only value of 14 high-spin, 

S=3/2, CoII ions (26.25 cm3 K mol-1), indicating significant orbital 

contributions of CoII ions. The value of χMT at room temperature for 

complex 2 are 15.40 cm3 K mol-1, which is consistent to the expected 

value for 14 isolated NiII ions (14.0 cm3 K mol-1). The χMT values for 

1 and 2 decrease gradually upon lowering the temperature, reaching 

6.81 cm3 K mol-1 for 1 and 0.34 cm3 K mol-1 for 2. This behavior 

(b) 

(b) (a) 

(a) 
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shows that the magnetic exchange is dominated by antiferromagnetic 

interactions for complex 1 and 2. The reciprocal molar 

susceptibilities in 30-300 K follow the Curie-Weiss Law of 1/χM = 

(T-θ)/C with Curie constants C=34.55 and 20.43 cm3 K mol-1 and 

Weiss constants θ = -92.26 and -123.78 K for complexes 1 and 2, 

respectively (Supporting Information, Fig. S7 and Fig. S8). The 

negative θ value of complex 1 suggests an antiferromagnetic 

interaction between the CoII centers and/or the spin-orbit coupling 

effect of CoII. The negative θ value of complex 2 suggests an 

antiferromagnetic interaction between the NiII centers. Because of 

the large size and complexity of the clusters, however, fitting of the 

experimental magnetic date could not be performed to determine the 

pairwise exchange interactions.   

The electrochemical properties of 1 were examined by cyclic 

voltammetry CH2Cl2 containing 0.1 M n-Bu4NPF6 in the potential 

range from –2 to +2 V with a scan rate of 100 mV s-1 (Fig. S10). The 

complex exhibited one ill-defined irreversible reduction processes at 

approximately –1.25 to –0.5V versus saturated calomel electrode 

(SCE), which may correspond to the reduction processes of the 

ligand. A clear broad oxidation peak at 0.7 V vs. SCE was attributed 

to the irreversible oxidative process of CoII to CoIII.16 Complex 2 

exhibited one ill-defined irreversible reduction processes at 

approximately –1.25 to –0.5V vs. SCE, whereas no visible oxidation 

wave was apparent (Supporting Information, Fig. S11). 

In conclusion, two novel body-centred (µ6-O
2-) bridged Co14 

and Ni14 hydroxamate clusters were synthesized and they were 

packed in face-centered cubic (FCC) patterns. For the 4-bromo-

benzohydroxamic acid ligand, they are the first reported clusters, 

which were characterized by magnetism, cyclic voltammetry, 

electronic absorption spectroscopy, thermogravimetric analysis, X-

ray powder diffraction and IR spectroscopy. Structural investigation 

reveals some interesting geometrical features in the molecular cores 

and the magnetic exchange is dominated by antiferromagnetic 

interactions between magnetic centers. Cyclic voltammetry of 

complex 1 showed an irreversible oxidation at 0.7 V versus saturated 

calomel electrode.  
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