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An intuitional hierarchical assembly, metaphorically referred 

to as a “blossom and yield fruit” process, from a discrete 

cluster {[Co14(CH3O)4(dpbt)6Cl12]•14CH3OH, (1)} to 2D 

cluster organic frameworks {[Co14(CH3O)10(dpbt)6 

Cl6]•12CH3OH, (2)}, has been established. The magnetic 10 

ordering of 2 were improved obviously compared with 1.  

Polynuclear coordination clusters and metal−organic 

frameworks are two families of functional materials that are 

fascinating due to their enormous potential in envisioned 

technological applications in heterogeneous catalysis, host-guest 15 

chemistry, nanotechnology and magnetic materials.1,2 Of 

particular interest is combining the structural features and 

functionality of both clusters and MOFs, as this would allow the 

creation of a special class of cluster−organic frameworks (COFs) 

with unusual topologies and a strong size dependency, different 20 

from those of the corresponding bulk materials and the lower 

nuclearity clusters.3 The study of the assembly and reactivity of 

nanosized clusters has also emerged as an exciting new branch of 

supramolecular chemistry.4 While remarkable successes have 

been made, and “hierarchical assembly” hypotheses have been 25 

invoked by Yaghi, Férey, Zaworotko, Zhou, et al, to illuminate 

the mechanism of the assembly of porous MOFs, starting from 

polyhedral cluster cores. There exists very little overlap between 

the two for the insoluble intermediate polynuclear clusters.5,6  

 30 

 

An interesting observation is the incorporation of small anionic 

species in many nanosized clusters so-obtained. These include 

halides, oxide, hydroxide and methoxo, either present in the 

original reaction mixture or generated in situ due to 35 

hydrolysis/alcoholysis reactions. These species are good 

bridginggroups to aggregate metals and a series of impressive 

giant clusters, consisting of Fe64, Mn84,
 Co32,

 Er60,
 Ni54Gd54,

 and 

Gd12Mo4,
 had been isolated.7-10 Likewise, these species contribute 

to the exciting cluster growth and studies have established their 40 

indispensible role in templating the assembly of the clusters. 

We reported here the self-assembly of a discrete [Co4Co10] 

cluster with Td symmetry, [Co14(CH3O)4(dpbt)6Cl12]•14CH3OH 

(1) as blue-green strip crystals, obtained by a solvothermal 

reaction using a mixture containing a new bis-triazolate ligand 45 

5,5'-di(pyridin-2-yl)-3,3'-bi(1,2,4-triazole) (H2dpbt), CoCl2·6H2O 

and triethylamine in methanol/ethanol at 130 °C for 72 h. 1 self-

assembles from lower concentrated triethylamine (Et3N) solution, 

while at high concentrations, a novel cluster-based framework, 

namely, [Co14(CH3O)10(dpbt)6Cl6]•12CH3OH (2) as yellow 50 

hexagon crystals, has been isolated. Remarkably, 2 features a 

novel example of honeycomb-type assembly from the large 

Cluster-Based Units (CBU), showing a nanosheet with thickness 
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of ca. 1.97 nm. We also show whether changing the 

concentration of the triethylamine solution can drive structural 

transformation between 2 and 1 (Scheme 1). Starting from as-

prepared sample of 1 and high concentrated triethylamine in 

methanol, interestingly, the procedure of the conversion from 1 to 5 

2 have been tracked by SEM (Scanning Electron Microscope). 

Single-crystal X-ray diffraction studies show that the 

[Co14(CH3O)4(dpbt)6Cl12] unit in 1 consist of three types of Co 

centers according to their coordination modes (Fig. S2-3 in the 

Supporting Information): Four inner Co atoms in distorted N3O3 10 

octahedral environments lie at the vertices of the distorted cubic 

[Co4(CH3O)4] core, held together tightly by four μ3-CH3O
- groups, 

the intracube Co−O distances range from 2.095(5) to 2.156(5) Å, 

the Co−O−Co angles range from 95.6(2) to 98.7(2)°, and the 

Co···Co distances are 3.168(1)−3.207(1) Å, respectively. Another 15 

four ambient Co atoms in distorted N6 octahedral environments, 

are coordinated by six dpbt ligands, to form a classical M4L6 cage 

with Td symmetry,11-12 binding the [Co4(CH3O)4] core. The rest of 

six ambient Co atoms in distorted N2Cl2 tetrahedron, are 

coordinated by six dpbt ligands, and twelve Cl- anions. The cubic 20 

Co4 core, are bridged to exterior ten Co atoms, through six dpbt 

ligands, resulting in the discrete Co14 cluster in which a cubic Co4 

core is encapsulated by a Co10 adamantane periphery. In the 

reactive system of 1, CH3O
- species aggregate metal centers to 

form [Co4(CH3O)4] core. Remarkably, by employing higher 25 

concentrated Et3N solution, the adjacent Co14 clusters are 

mutually interdigitated and two of the metal vertices are further 

linked by two CH3O
- species to yield a honeycomb-type 

nanosheet of 2, with 1.97 nm thickness. Presumably the pH 

environment is the driving force behind the formation of the 30 

cluster−organic framework. Switching by employing the same 

starting materials but Et3N range from 1.5~2.5 and 4~6.5 equiv 

per dpbt, resulted in pure 1 and 2, respectively. It is well known 

that there exists abundent CH3O
- anionic species, when excess 

Et3N was added into methanol, due to the alcoholysis reactions. 35 

In the current case, the CH3O
- species forces the Co14 clusters to 

aggregate and leads to the formation of two [Co2(CH3O)2] units 

between a pair of adjacent Co14 clusters, thereby extending the 

structure to a novel cluster−organic framework (Fig. S4-5). 

Keeping these considerations in mind, we set out to investigate 40 

whether changing the concentration of the Et3N solution can 

drive the structural transformation between 2 and 1. 

    We immersed a few blue-green samples (ca. 20 mg of single 

crystals) of 1 in a sufficient amount of a methanol solution of 

Et3N in a small sealed vial at room temperature, and we observed 45 

that the crystals of 1 get noticeably lighter. Although the strip 

crystals retained their original external forms, there action 

proceeded and 2 was eventually produced (Fig. 1). SEM reveals 

that there are hexagon patterns gradually generated on the surface 

of the strip crystals of 1. The growth of hexagon crystals on 1 50 

allow to form the crystal(hexagon)-on-crystal(strip) phase in this 

case (Fig. 1d-e). As time goes on, some attached shell hexagon 

crystals separated themselves from strip crystal of 1. The crystals 

were picked out and washed with MeOH solvent. To probe the 

structural information of the grown crystals on 1, we cut the outer 55 

parts of the composite crystal(hexagon)-on-crystal(strip) system 

carefullly and performed X-ray crystallography. The Powder X-

ray diffraction (PXRD) studies of the outer part, and the 

subsequent X-ray single-crystal diffraction of the generated 

hexagon crystal  unveiling that the shell crystal is 2 (Fig. S8). 60 

Note that the solvothermal reaction with 1 in this reaction 

condition can also produced 2, further confirmed the conversion 

of 1 to 2. 

2 crystallizes in trigonal system, space group P-3, showing a 

novel nanocluster-based layer structure, in which the metal 65 

vertices of the adjacent clusters are mutually interdigitated from 

three different orientation, to form a honeycomb-type nanosheet 

with thickness of ca. 19.7 Å, leaving hexagon windows. The 

mutually interdigitation of adjacent Co14 clusters make 2 more 

stable than 1. When suspended in CH2Cl2/MeOH (with a volume 70 

ratio of 1:2), 2 dissolved slowly to give a teal solution. The 

electrospray mass spectrometric experiment of 2 was taken to 

explore their solution stability. The ESI-MS and HPLC-MS of 2 

exhibits a series of double charged ion peaks in the range of m/z = 

765-776 and trivalent peaks in the range of m/z = 1147-1165. 75 

Through assigning the fragment ions observed in the MS, and by 

analysing the structural features of the Co14 cluster, we were able 

to propose that the dissociation of the nanosheet into discrete 

species of [Co8((OH)x(CH3O)y(dpbt)6+3H]3+ and [Co8((OH)x 

(CH3O)y(dpbt)6+2H]2+ (x = 0-2, y = 2-4) (Fig. S9-10), which 80 

presumably having a aforementioned Co4L6 cage binding the 

[Co4(CH3O)4] core. And OH-/CH3O
- substitution reaction maybe 

happened in the [Co4(CH3O)4] unit, due to solvation effect.13-14 

The isotope distributions closely match the simulated patterns, 

confirming the Co8 composition, which derived from de-(CoCl2)6 85 

of 1.  

On the basis of these experiment results, the conversion 

mechanism maybe proposed: Cl- can diffuse and be exposed on 

the surface of 1, where they are slowly replaced by CH3O
- ions 

from the alcoholysis reactions. The exchange takes place on the 90 

entire surface. The  crystals of 2 begin to seed on the surface. 

Further diffusion of CH3O
- ions allows the formation of the 

flower-typed hexagon patterns and the crystal(hexagon)-on-

crystal(strip) hybridized system. The newly formed crystals are 

then aggregated onto the 2 crystals rather than onto a new surface 95 

of 1 because the already grown crystals can serve as seeds. In the 

termination step, the  seeds of 1 are completely aggregated and 

the single crystals attached to 1 are librated to give the final 2 

crystals. The overall process can be metaphorically referred to as 

a “blossom and yield fruit” course. The type of stimuli-responsive 100 

synthetic strategy in response to environmental changes, maybe 

future applied in mimicking the aggregation of giant nanoclusters 

with single molecule magnet (SMM) behavior and membrane 

formation.15-16 It also provides us a new synthetic strategy to 

achieve higher dimensional hierarchical assembled arrays, 105 

showing interesting magnetic property, in response to 

environmental changes such as solvent, temperature, and pH. 17-18 
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Fig. 1. Scanning electron microscopy(SEM) images (100 μm) of 

complex 1 (a), 2 (f) and 2/1 phase (b-e). Insets are the 

Photographs of 1 (a), 2 (f), 2/1 (e), and the magnified SEM image 

(20 μm) showing the growth of the hexagon crystals (d). 5 

 

As anticipated, the temperature dependent magnetic 

susceptibilities of 1-2 were measured with an applied field of 

1000 Oe for the fresh samples were displayed in Fig. 2. The χMT 

values decrease gradually from the room-temperature value of 10 

38.08 and 40.94 cm3·K·mol-1 to 4.74 and  3.24 cm3·K·mol-1 at 2 

K for 1-2, respectively. The reciprocal molar susceptibilities in 

20–300 K follow the Curie–Weiss Law of 1/χM =(T-θ)/C with 

Curie constants C = 42.86 and 48.59 cm3·K·mol-1 and Weiss 

Constants θ = -34.06 K and -53.64 K for 1-2, respectively. The 15 

negative θ values suggest an antiferro-magnetic interactions 

between the metal centers and/or the spin–orbit coupling effect of 

Co(II). The larger |θ| of 2 than that of 1 may be mainly attributed 

to the presence of the double μ2-CH3O
- bridges, which 

significantly enhance the inter-clusters antiferromagnetic 20 

interaction of 2. 

To compare the magnetic behavior roughly yet directly with 

those in 1, FC magnetizations of 1-2 were measured under 

different applied fields. The magnetic behavior of 2 is more 

markedly field-dependent, suggests that the local spins adopt a 25 

spin-canting configuration. Further characterization of the weak 

ferromagnetism in 2 shows a hysteresis loop observed at 2 K with 

a coercive field of 101 Oe per cluster and an obvious ac 

susceptibility signal from 4 to 9 K. This behavior confirms the 

presence of the long-range order in 2. Although there is 30 

observable field-dependent behavior, 1 keep silent in hysteresis 

loop and ac susceptibility measurent in the corresponding 

temperature. Thus in 2, the  coexistence of spin canting and long-

range magnetic ordering observed at 4-9 K, may be mainly 

attributed to the presence of the inter-clusters double μ2-CH3O
- 35 

bridges, which have no inversion center but aggregate adjacent 

Co14 clusters to higher dimensional hierarchical assembly.19 
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Fig. 2. Temperature dependence of magnetic susceptibility of 1 (a) 40 

and 2 (c). Inset: FC magnetization of them in different field. And 

the in-phase and out-of-phase ac magnetic susceptibilities for 1 (b) 

and 2 (d).  

 

In summary, an intuitional hierarchical assembly from Co14 45 

clusters to 2-D COFs in response to environmental change, has 

been established. To our knowledge, such “blossom and yield 

fruit” process in the SCSC (single crystal to single crystal)  

hierarchical assembly is seldom. The stability and magnetic 

ordering of 2 were greatly improved compared with those of 1. 50 

More interestingly, the type of stimuli-responsive strategy 

provides a general implications in the control of assembly of 

giant nanoclusters with SMM behavior and membrane formation 

through size augmentation. When soaked into water (Fig. S11), 2 

allows exfoliation of itself from the hexagon yellow crystals. It 55 

may make 2 an attrative candidate to generate a 2D-polymer, 

further confirming the nanosheets of 2 are stable in wet air. The 

preparation of the single nano-layer and detailed studies of their 

magnetic properties are currently under way. 
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