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Predicting and creating 7-connected Zn4O 
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metal-organic framework with nanoscale cages 
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Chen, Linhong Weng, and Yaming Zhou* 

 

A 7-connected Zn4O unit has been theoretically predicted based on the 

model of basic zinc acetate [Zn4O(CH3COO)6], which was then 

experimentally extended into three-dimensional structure featuring three 

kinds of nanocages in a unit cell. 

Crystal engineering of metal-organic frameworks (MOFs, or porous 

coordination polymers, PCPs) has been the subject aimed at creating 

novel crystalline porous materials with intriguing artificial architectures 
[1, 2] and/or functionalities for potential applications. [3-10] During the past 

decades, it has been witnessed that the reticular synthesis strategy based 

on secondary building units (SBUs) have greatly led to the proliferation 

of MOFs. It now comes to realize that SBUs are essential to the design 

of directionality for the construction of MOFs since they serve as the 

organizing concept for the classification of structures into their 

underlying topologies. [11, 12] Taking the 6-connected [Zn4O(O2C)6] 

(Zn4O-6) SBU for an example, [13] it has been extended to numerous 

porous structures including 6-connected pcu net, (3,6)-connected ttu or 

act net, [14-15] (4,6)-connected cor net. [16]  

It is expected that the continued incremental increases of MOFs can 

be achieved by the strategy of using these well-defined SBUs with 

different organic struts. [17, 18] However, the kinds of frameworks may 

ultimately meet limitations, since the organic struts have limited 

geometries to extend the SBUs (nodes) into more nets. In addition, the 

SBUs with extending degree in even numbers are commonly observed 

among the reported structures, whereas even-connected nodes, in some 

cases, are preferred to form interpenetrated nets (such as pcu, dia) when 

longer linkers are used, consequently leading to low degrees of 

porosity. [19, 20] 

An alternative strategy to achieving novel frameworks meanwhile 

avoiding the interpenetration in MOFs is to address SBUs. Several 

groups have shown a way by expanding the sizes of SBUs. [21-25] Here, 

in this paper, we introduce another way for the construction of novel 

frameworks by tuning the extending degree of a well-defined SBU. 

This idea is borrowed from the phenomenon of the ligand addition 

reaction of a mononuclear complex. With the additional ligand 

coordinates to the metal center, the coordination geometry will change 

with the process, leading to the formation of a new structure. 

Considering the SBUs for MOF structures, if a pair of metal ions in a 

SBU changes their coordination numbers synchronously by addition 

reaction of a bridging ligand, it will leads the changes of the extending 

degree of a certain SBU. With this in mind, an energy stable 7-

connected [Zn4O(CH3COO)7]
¯ SBU (Zn4O-7) was predicted by 

theoretical simulation of the reaction from the classic basic zinc acetate 

[Zn4O(CH3COO)6] (Zn4O-6) with additional acetate ligand. Then we 

experimentally demonstrate how the predicted 7-connected vertices be 

assembled into a MOF structure, 

{[(Zn4O)2(H2O)2(bptc)3.5]·2CH3NH3·xG}n (1, H4bptc = [1,1'-biphenyl]-

3,3',5,5'-tetracarboxylic acid, CH3NH3 = protonated methanamine, G = 

guest water molecules) , which features a novel (4,7)-connected net 

with a symbol point of (44.62)4(4
10.611)2 and contains three kinds of 

cages with sizes range from micro to meso scales. 

To vary the extending degree of a certain SBU, the existence of 

metal ion with variable coordination number is prerequisite. In the case 

of Zn4O-6, each Zn ion is in four-coordinated tetrahedral geometry. 

Previous reports have shown that the coordination numbers of Zn ions 

in this prototype SBU were variable, for examples: 6-connected Zn4O-6 

SBU with one of the Zn(II) ions in six-coordinated octahedral 

geometry, [26] 12-connected [Zn4O(CO2)6]2·H2O SBU built of two Zn4O 

SBU with a µ-H2O through two Zn(II) ions in trigonal bipyramidal 

geometries, [27] and 10/12-connected Zn7O2 SBU based on two Zn4O 

SBUs by sharing one Zn(II) in six coordinated octahedral geometry. [28] 

Taking the previous reports in consideration, a simulated model 

based on optimized structure of basic zinc acetate (Zn4O-6) with 

addition of η1-CH3COO- ligand was built (Fig S1 and Table S1). 

Geometries of predicted reactants, products, and transition states for the 

ligand addition reaction in this model are shown in Fig. 1. The 

CH3COO- in the reactant model tends to have carbonyl group directed 

at the electron hole of Zn4O-6 SBU, and gradually changed from η1 to 

µ1,2-coordination model by binding on another metal ion (Fig.1d, e, f). 

This process is different from the ligand displacement reaction of Zn4O-
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6 induced by water molecule, [29] where the water molecule ends up one 

of µ1,2-carboxylate with its oxygen bonded to the metal and its proton 

pointing at the displaced oxygen atom of the carboxylate. Here, the 

ligand addition reaction of Zn4O-6 happens because of the strong 

electro donor-acceptor interaction between carbonyl and Zn(II). The 

c a l c u l a t e d  r e s u l t s  d e m o n s t r a t e  t h e  

 
Fig. 1. (a) geometry optimized structure of basic zinc acetate; (b) and (c) the 
frontier molecular orbital profiles; (d) and (e) the snap structures of transition 
states of the ligand addition reaction; (f) and (g) the geometry optimized product 

of [Zn4O(CH3COO)7]
- and [Zn4O(CH3COO)8]

2-. 

generation process of the Zn4O-7 SBU is exothermic (Table 1). 

Moreover, the Gibbs free energy for this reaction shows that the 

formation of the Zn4O-7 SBU is spontaneous because of the negative 

value. While further ligand addition reaction leads to Zn4O-8 seems not 

favourable because of the positive value (Table S2 and S3). It should be 

mentioned that the predicted Zn4O-8 is different from the previously 

reported one, in which there are only four carboxylate groups in µ1,2-

bridge model. [30] The results indicate that creating Zn4O-7 is favourable 

for the construction of novel MOF structures. 

Table 1. The theoretically calculated enthalpy and Gibbs free energy of the 
ligand addition reaction. 

 ∆G (kcal/mol) a ∆H (kcal/mol) a 
Zn4O-7 Zn4O-8 Zn4O-7 Zn4O-8 

PW91 -31.275 5.708 -43.673 -18.448 
BP -23.755 28.183 -37.804 -1.100 
PBE -33.193 6.215 -42.367 -15.878 
BLYP -28.931 / b -35.969 / b 
a Zn4O(CH3COO)6 + n CH3COO → [Zn4O(CH3COO)6+n]

n- , n = 1 for Zn4O-7 and 

n = 2 for Zn4O-8. 
b The energy didn’t converge in 100 SCF steps 

Based on the simulation results, the experimental construction of 

Zn4O-7 in MOFs were carried out by using bptc as the ligand. After 

careful screening the synthetic conditions (Table S4), colourless bulk 

crystal samples of 1 were finally obtained by solvothermal reaction of 

Zn(OAc)2 and H4bptc in the solution of DMF and HNO3 at 140 °C for 

three days (ESI †). Pure crystal phase of bulk samples was confirmed 

by X-ray powder diffraction (Fig. S2). Single-crystal X-ray diffraction 

analysis reveals that 1 crystallizes in the cubic system I3-a space group 

with the cell parameter of a = b = c = 52.62 Å (Table S5), which is built 

of Zn4O(COO)7 (SBU-I), Zn4O(COO)7(H2O)2 (SBU-II) together with 

bptc ligands (Fig. 2a-c). Both of these two SBUs have the same 

extending geometry as the theoretical prediction. The difference 

between SBU-I and SBU-II stems from the coordination geometries of 

the paired Zn(II) ions. In SBU-I, Zn(1) and Zn(2) locate in five-

coordinated trigonal bipyramidal geometries, while Zn(5) and Zn(6) are 

in six-coordinated distorted octahedral geometries in SBU-II because of 

coordinated water molecules (Fig. S3, Table S6 for detailed bond 

distances). Since the 1-negative charge of Zn4O-7, the framework has a 

net 2-negative charge per formula unit. Two methylammonium cations 

(products of DMF decomposition) per formula unit reside in the pores 

to balance the charge as evidenced by single crystal and elemental 

analysis data. 

A prominent structural feature of 1 is the presence of three kinds of  

 
Fig.2. Structural motif of SBU-I (a) and SBU-II (b) and the bptc ligand (c); (d)-(f) 
the three kinds of cage structures formed by Zn4O-7 and bptc ligand; (g) three-
dimensional structure of 1; (f) the cage structures of 1. (green, yellow and blue 

balls shows the cage A, cage B and cage C respectively)  

cages with sizes range from micro to meso scales (Fig. 2d-f). Cage A, 

the 

largest one (Fig. 2d), is made up of 24 Zn4O-7 SBUs and 18 bptc 

ligands; the overall edge length is about 27 Å and the inner diameter 

based on the van der Waals surfaces is about 23 Å. Cage B (Fig. 2e) 

consists of 12 Zn4O-7 SBUs and 8 bptc ligands; the size of cage B is 

about 16 Å with the inner diameter of about 12 Å. The smallest cage C 

(Fig. 2f) contains 8 Zn4O-7 SBUs and 8 bptc ligands, of which the size 

is about 12 Å with the inner diameter of about 8 Å. Finally, in a unit 

cell, each cage A is connected to 6 adjacent cage A, 8 cage B and 12 

cage C by sharing windows. The window sizes are of ~2.8 and ~ 4.6 Å, 

which are filled by guest water molecules and methylammonium 

cations respectively (Fig. S4). After theoretically removing the guests, 

the solvent accessible volume per unit cell is ca. 65 % and the surface 

areas is ca. 881 m2/g (Fig. S5). Such kind of structure consisting of 

three kinds of cages was rarely observed in node-type MOFs. 
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Further insight into this framework is carried out by topological 

analysis. As predicted by the simulation, the SBU-I and SBU-II can be 

considered as 7-connected nodes (Fig. S6). The bptc ligand, is firstly 

regarded as a 3-connected node with one direction connected itself. 

Therefore, the framework of 1 can be regarded as a (3,3,7)-connected 

net. Topological analysis revealed a complex short (Schläfli) vertex 

symbol. Then, the two 3-connected nodes of a bptc ligand is fused into 

a 4-connected node, the framework of 1 thereby transforms into a (4,7)-

connected net with the short (Schläfli) vertex symbol of 

(44.62)4·(4
10.611)2 (Fig. 3). The topology analyses for both (3,3,7) or 

(4,7)-connected net confirms that they are totally novel networks 

without interpenetration, which could be ascribed to the unprecedented 

odd-connected Zn4O-7 SBUs. 

 
Fig.3. (a) Considering the abstraction of the Zn4O-7 SBU as a distorted 
pentagonal bipyramid and the ligand as a square of 1; (d) a (4, 7)-connected net of 
1 after reducing the vertices into nodes; (c)-(e) the cage structures of A, B, C 

given in the node-type forms. 

We then assessed the thermal and air stability of 1 (Fig. S7). A 

weight loss of 16.1 % in the range of 30 ~ 170 oC is observed, which 

could be ascribed to the loss of guest molecules. Then there is no 

obvious weight loss until to 360 °C, where a 28.1 % weight loss is 

followed, indicating the thermolysis of 1 under N2 flow. The air 

stability of 1 was studied in air condition after being exposed for 8 h 

(Fig. S8). The PXRD pattern shows that the diffraction peak at 2θ = 

3.4o is completely disappeared, indicating the phase transformation of 1 

due to the loss of guest solvents. [31] The results indicate that the thermal 

and air stability of 1 is similar to that MOFs built of Zn4O-6 SBUs. [32-34] 

Gas sorption using N2 or Ar as probe molecule was then carried out, 

while no detective BET data were obtained. It can be explained that (i) 

the small window sizes may block the diffusion of probe molecules; (ii) 

the guest molecules are hardly be removed because methylammonium 

cations balance the charges of the framework; (iii) the loss of guest 

molecules may cause the damage of the framework. [35] The 

photoluminescent spectra of as-made 1 (Fig. S9) and the free ligand 

H4bptc in solid states were then measured at room temperature. 1 shows 

a blue emission spectra with a peak at 443 nm upon excitation at 349 

nm, whereas the free ligand exhibits a purple emission with a peak at 

366 nm when it was excitated by 317 nm. The observable red-shift of 

the emission spectra can be ascribed to the ligand-to-metal charge-

transfer (LMCT) effect in 1. [36-39] 

In summary, we report the theoretical prediction of a novel metal-

carboxylate cluster (Zn4O(CH3COO)7
-, Zn4O-7) based on the model of 

basic zinc acetate (Zn4O(CH3COO)6). Extending this odd-connected 

Zn4O-7 vertices by a simple tetrcarboxylate linker, a novel MOF 

structure containing three kinds of nanocages in a unit cell has been 

experimentally isolated, which features a novel (4,7)-connected net 

with a symbol point of (44.62)4(4
10.611)2. Our result shows another 

feasible way to create new kind of MOF structures by varying the 

extending degree of well-defined SBUs based on theoretical prediction.  
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