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[Co(H2O)6]
2+ 

and H3O
+
 encapsulated in a unique 3D 

anionic Co(II)-framework with hydrophilic hexagonal and 

circular channels 

Jun Zhao,a Bo Liu,b Ya-Pan Wu,a Liang Bai,a Jian Zhanga and Dong-Sheng Li*a

A new metal−organic framework, 

[Co(H2O)6·(H3O)]·3[Co2(L)(H2O)2]·0.5H2O (1) has been constructed from 

Co2 clusters and a biphenyl-pentacarboxylate ligand with open 

hydrophilic channels, uniquely, the [Co(H2O)6]
2+ and H3O

+ as guest 

cations coexist in the channels. Magnetic study indicates that the title 

compound shows significantly antiferromagnetic interaction. 

In recent years, considerable attention has been paid in design 

and synthesis of a class of new crystalline porous materials 

known as metal–organic frameworks (MOFs), due to their large 

surface area and tuneable pore environments,1 making them 

promising applications in many fields.2 Numerous MOFs with 

interesting structures have been synthesized, and novel 

architectures have been developing continuously. Among these 

MOFs, the study of cationic/anionic frameworks is relatively 

less, while recent studies have shown that they are promising 

for various important applications,3 for which their performance 

can be further enhanced by encapsulating functional species, 

such as magnetism or luminescent guest molecules, within the 

frameworks.4 

To data, many cationic/anionic MOFs have been reported, 

meanwhile some of them show exciting functional properties.5 

Notably, most of these reported frameworks only contain one 

kind of counter ions to balance the charges. For example, the 

Co(H2O)6
2+ form as counterion often exists in the pores or 

channels of structures or serves as template in the assembly of 

the special network.6 However, two or more kinds of 

counterions reside in one structure is rarely obtained. The study 

of such MOF may be able to give us more understanding of the 

synthesis of crystals. 

In this work, we fortunately obtained a unique framework, 

[Co(H2O)6][H3O]·3[Co2(L)(H2O)2]·0.5H2O (1), which 

constructed from a new biphenyl-2,4,6,3',5'-pentacarboxylic 

acid (H5L), containing Co(H2O)6
2+and H3O

+ ions in different 

channels. To the best of our knowledge, this is the first example 

that two different countraions, namely Co(H2O)6
2+and H3O

+, 

were obtained in Co-based MOFs. 

Solvothermal reaction of Co(ClO4)2·6H2O with H5L in a 2:1 

molar ratio in H2O-EtOH mixed solvent at 140ºC for 3  days 

afforded rod-shaped crystals of 

[Co(H2O)6·(H3O)]·3[Co2(L)(H2O)2]·0.5H2O (1). Single-crystal 

X-ray diffraction analysis (Table S1†) reveals that 1 crystallizes 

in the trigonal space group P31c, showing a 3D anionic 

framework encapsulating both [Co(H2O)6]
2+ and H3O

+ 

counterions built on Co2(II) clusters and L5-. The asymmetric 

unit of 1 consists of two independently Co(II) ions, one L5-, and  

 
Fig. 1 Coordination environment of Co2+ ions in 1. 
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Fig. 2 (a) The 3D framework of 1 filled by H3O+ (yellow) and [Co(H2O)6]

2+ ions 
(purple), (b) and side-view of the 1D triangular channel. 

four coordinated H2O molecules, as well as one third 

[Co(H2O)6]
2+ which is lies on a three-fold axis, one third H3O

+ 

(O15) which also lies on another three-fold axis, and one other 

lattice H2O  molecule  (O16) on the same threefold axis with 

half-occupancy. As shown in Fig. 1, Co1 is coordinated by five 

O atoms (Co1-O: 1.991(4)-2.263 (5) Å) from four carboxylate 

groups of four L5-, and Co2 is bound to six O atoms (Co2-O: 

2.036 (4)-2.196 (4) Å) from four carboxylate groups of four L5- 

and two aqua ligands. All the Co−O bond distances (Table S2†) 

are comparable to those documented values in the previous 

literature.7 

The carboxylate groups of fully deprotonated µ8-L
5- exhibit 

η1:η2-µ2, η1:η1-µ1, η1:η0-µ1, η1:η1-µ2, and η1:η1-µ2 bridging 

fashions, at the same time, displaying three configurations of 

syn-trans, syn-syn, and syn-syn-trans (Fig. S1†). Co1 and Co2 

are combined by two η1:η1-µ2, two η1:η0-µ1, and oneη1:η2-µ2  

bridging carboxylate groups, resulting into a 

[Co2(O2C)5(H2O)2] dimer unit with the Co···Co separations of 

3.318 (9) Å, and the Co···O···Co angles is 101.2º. The Co2 

dimers are extended by carboxylate groups of µ8-L
5- to form a 

complex 3D porous framework (Fig. 2a), and this arrangement 

leads to form hydrophilic hexagonal and circular channels 

generated along the c-axis. The circular channel decorated by 

coordination water (O11) in the in wall, sizes of ca. 9.9Å in 

diameter, and surrounded by six hexagonal channels. While the 

hexagonal channel surrounded by three hexagonal channels and 

three circular channels, showing alternating large cages with 

coordinated carboxylate-O (O1,O7 and O9) in the wall and 

small necks, the most diameters of cage and neck are ca. 12.1 

and 8.0 Å, respectively (Fig. 2b). 

 
Fig. 3 Topological net of 1. 

As a matter of fact, these cavities are not empty and contain 

the [Co(H2O)6]
2+ counterions in hexagonal channels and H3O

+ 

and lattice H2O in the circular channels. The water molecules of 

the counterions and lattice water molecules, respectively, give 

rise to hydrogen bonds with coordinated carboxylate-O 

(O13···O1: 2.715 (1) Å, O14···O9: 2.727 (5) Å and O13···O7: 

2.781 (6) Å ) of the hexagonal channel in wall and the 

coordinated water (O15···O11: 2.806 (8) Å; O15···O16: 2.885 

(3) Å) of the circular channel  in wall. Thus, it is reasonable for 

us to conceive that [Co(H2O)6]
2+and H3O

+serve as a template in 

the assembly of the 3D network, especially in the formation of 

different channels. Although, the ability of [Co(H2O)6]
2+ to 

serve as a counterion in complexes has been documented,6 

cases of it acting as a template in the cavity of the network 

remain rare. Recently, a famous example has been reported by 

Bu et al,8 which is a polynuclear cobalt complex with a [Co24] 

macrocycle in the presence of [Co(H2O)6]
2+. To the best of our 

knowledge, this is the first example that the [Co(H2O)6]
2+ and 

H3O
+ ions were captured in anionic Co(II)-MOFs, which not 

only acts as a counterion to balance the negative charge of 

complex 1, but also may serve as a template in the assembly of 

3D MOFs with different channel through hydrogen-bond 

interactions. Excepting the H3O
+, lattice H2O, and [Co(H2O)6]

2+ 

ions, the effective free volume of 1 is calculated by PLATON 

analysis9 to be 40.3% of the crystal volume (1595.2 Å3 of the 

unit-cell volume of 3961.4 Å3). Topologically, both L5- and 

[Co2(O2C)5(H2O)2] can be simplified as 5-connected nodes, 

thus the framework of 1 gives a 5-connected acs-44·66 net (Fig. 

3). 

The PXRD pattern of the bulk sample of 1 matches the 

simulated pattern from the single-crystal structure, showing the 

phase purity of the as-synthesized product (Fig. S2†). The 

binding energy of the cobalts in 1 was measured by XPS (Fig. 

S3† and Fig. 4), and the two major peaks appearing at 782.1 eV 

and 797.6 eV are assigned to Co 2p3/2 and Co 2p1/2, 

respectively, of the Co(II) phase (Fig. 4). Two obvious satellite 

peaks were observed at 786.2 eV and 802.6 eV, and they can be 

ascribed to a coupling between unpaired electronsin the atom 

(multiplet splitting) or a multiple electron excitation (the so 

called ‘shake up’). The O1s XPS spectra peak with a binding 

energy (BE) of approximately 533 eV corresponds to oxygen 

species in the spinel cobalt(II) oxide phase. Thus, from BE 

measurements for O1s and Co2p core levels and the spectral 

shape of the XPS spectra, it is clear that the only presence of 
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Co(II) is observed in 1, indicating the valence of the counterion 

[Co(H2O)6] with occupying ratio of 1/3 is +2.The valence of all 

cobalt centres had been calculated to be +2 by the BVS method 

(Table S3†), which confirmed the electronic configuration of 

d7. Therefore, based on the total 1 negative charges of the anion 

in 1 and the H-bond configuration of O15, the encapsulated 

O15 molecular should be H3O
+ with occupying ratio of 1/3. 

 
Fig. 4 X-Ray photoelectron spectrum of 1 showing the region of Co 2p3/2 and Co 
2p1/2 peaks. 

The TGA curve of 1 shows the first mass loss of 15.01% 

below 200 °C due to the release of the lattice and coordinated 

H2O molecules (calcd 14.27%) (Fig. S4†). The Powder X-ray 

diffraction (PXRD) experiments under different temperatures 

were also performed to investigate the thermal stability of 1 

upon the removal of all guest molecules according to the TG 

analysis. The PXRD patterns indicate that the framework starts 

to decompose at approximately 240 oC and the PXRD pattern 

after the removal of all guest molecules is obviously changed 

compared with that of the as-synthesized sample of 1 (Fig. 

S5†). 

 
Fig. 5 Plots χMT and 1/χM versus T for 1, solid lines represent fits to the data. 

The variable-temperature magnetic susceptibilities (χM) of 1 

was examined in a 1000 Oe field in the range 1.8−300 K. As 

shown in Fig. 5, the value of χMT at 300 K is 6.71 cm3 mol−1 K, 

which is much higher than the calculated spin-only value for 

two magnetically isolated spin-only S = 3/2 Co2+ systems (3.75 

cm3 K mol−1), which is as expected because of the significant 

orbital contribution of high-spin Co2+ ion in an octahedral 

coordination environment.10 Upon cooling, the χMT value 

declines monotonously and reaches 3.83 cm3 K mol−1, 

indicating a significantly antiferromagnetic exchange between 

the magnetic centers in Co2 dimer. The antiferromagnetic or 

ferromagnetic interaction for the Co2+-carboxylate dimers is 

closely related to the Co−O−Co exchange angles and Co···Co 

distances. In the Co2 unit of 1, the magnetic coupling between 

two Co2+ centers is transmitted through on µ2-Ocarboxylate and 

two µ1,3-carboxylate bridges. The big Co−Ocarboxylate−Co 

angle of 101.2º and the long Co···Co distance of 3.318 (5) Å 

are responsible for the antiferromagnetic interaction in 1.11 

In summary, an interesting Co-based 3D framework has been 

prepared, which possesses two kinds of 1D channel. In 

particular, 1 exhibits a rare example that the [Co(H2O)6]
2+ and 

H3O
+ ions not only act as the counterion to balance the negative 

charged structure, but also may serve as a template in the 

assembly of framework. This work may give more insight on 

anionic framework. 
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Graphical abstract: 

 

An interesting Co-based 3D framework exhibits a rare example that the [Co(H2O)6]
2+ 
and H3O

+ 

ions not only act as the counterion to balance the negative charged structure, but also may serve as 

a template in the assembly of anionic framework with open hydrophilic channels. 
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