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A dual-walled cage MOF as an efficient heterogeneous catalyst for 

the conversion of CO2 under mild and co-catalyst free conditions  

Yun-Hu Han,
a, b

 Zhong-Yuan Zhou,
a, c

 Chong-Bin Tian
 a

 and Shao-Wu Du*
a
 

A novel 3D→3D interpenetrated Zn-polyhedral MOF [Zn6(TATAB)4(DABCO)3(H2O)3]·12DMF·9H2O (1) (H3TATAB = 4,4',4''-s-

triazine-1,3,5-triyl-tri-p-aminobenzoic acid, DABCO = 1,4-diazabicyclo[2.2.2]octane) based on a dual-walled icosahedral 

cage has been assembled by incorporating zinc paddlewheel units with nitrogen-rich tritopic carboxylate ligands. Owing to 

the high density of Lewis acid active sites and affinity to CO2 of the cage, this material exhibits excellent catalytic efficiency 

in the cycloaddition of propylene oxide with CO2 into propylene carbonate under mild conditions (100 °C and ambient CO2 

pressure) with a high yield of 99% over 16 h. Moreover, the catalytic reaction is friendly to environment without any need 

for co-catalysts and solvents.  

 

Introduction 

The development of efficient, environmental-friendly catalysts 

for CO2 transformation into economically competitive products 

has been a longstanding goal for chemists, because CO2 is 

inexpensive and an abundant renewable C1 feedstock.1, 4f 

However, CO2 is also a significant risk to the global climate. 

There are several possible approaches to reduce the levels of 

CO2 in the atmosphere which include removal of CO2 from air 

or post-combustion industrial point sources (i.e. flue-gas 

capture) and transform it into desirable products.2 A promising 

strategy for CO2 fixation is the coupling with epoxides to form 

five-membered cyclic carbonates, which are valuable 

chemicals currently used in numerous applications such as 

electrolyte components in lithium batteries, and intermediates 

for the production of plastics, pharmaceuticals, polar aprotic 

solvents, and fine chemicals.3 Although some homogeneous 

catalysts have been used for the formation of cyclic carbonates 

in industry under mild conditions, catalyst separation and 

disposal presents both environmental and economic 

drawbacks.4 Meanwhile, heterogeneous catalysts e.g. metal 

oxides, zeolites, titanosilicates, and ion-exchanged resins have 

also been explored to catalyse the cycloaddition of CO2 with 

epoxides.5 However, those catalytic reactions are usually 

performed under high temperatures (>100oC) and/or CO2 

pressures (>30 atm of CO2), which increase the cost of reaction 

processes and energy loss.5 Therefore, to explore high 

efficiency heterocatalysis for the coupling reactions of 

epoxides with CO2 under mild conditions is a priority to 

minimize costs and reduce environmental pollution. 

Metal-organic frameworks (MOFs), in particular those 

composed of high-connectivity metal-organic polyhedral cages 

have recently shown great potential for CO2 chemical 

conversion. Polyhedral MOFs have unique advantages 

including the available control of pore shape and 

dimensionality, tailored chemical environment and extra-large 

surface area.6 Most importantly, these materials contain 

confined nanospace that allows the facile access of substrates 

to the catalytically active sites located within the cage.7 

Although several polyhedral MOFs have been evaluated as 

heterogeneous Lewis acid catalysts for chemical conversion of 

CO2, the catalytic processes usually require either high 

temperature and/or pressure to achieve good reaction yields,8 

or the presence of co-catalysts such as nBu4NBr (TBAB), which 

is considered to be an environmentally unfriendly reagent.9 

The underlying cause of this low activity could be the low 

density of Lewis acid active sites in these MOF materials. One 

way to overcome this is to increase the density of Lewis acid 

active sites by decorating the vertexes, and/or edges, and/or 

faces of polyhedral cages in MOFs with catalytically active 

centers.10 For example, Ma et al. have succeeded in raising the 

density of catalytically active sites by substitution of the facial 

ligand in the cage of MOF-505 with a metalloporphyrin 

ligand.10a The modified cuboctahedral cage shows high 

catalytic activity for the cycloaddition of CO2 and epoxide 

under ambient conditions, with twice the efficiency of its 

prototypal MOF-505.10a However, a co-catalyst TBAB was still 

needed in this case. Herein, we report a novel 3D→3D 
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interpenetrated Zn-polyhedral MOF, 

[Zn6(TATAB)4(DABCO)3(H2O)3]·12DMF·9H2O (1) (H3TATAB = 

4,4',4''-s-triazine-1,3,5-triyl-tri-p-aminobenzoic acid, DABCO = 

1,4-diazabicyclo[2.2.2]octane) based on a dual-walled Zn48 

cage. The high density of Lewis acid active sites in the dual-

walled cage and the enriched CO2-philic groups in the ligand 

enable 1 to function as efficient catalyst for the cycloaddition 

of propylene oxide with CO2 into propylene carbonate under 

mild and co-catalyst free conditions. 

Experimental section 

General information  

All reagents were commercially purchased and used without 

any further purification. The purity of all gases is 99.999%. The 

TGA were performed on a TGA/NETZSCH STA449C instrument 

heated from 40 to 800ºC under a nitrogen atmosphere at a 

heating rate of 10°C/min. Powder X-ray diffraction was 

recorded on a PANalytical X'pert PRO X-ray Diffraction using 

Cu-Kα radiation in the 2θ range of 5–50°. The Fourier 

transform infrared spectra using KBr pellets were collected on 

a Spectrum-One FT-IR spectrophotometer in the range of 

4000–400 cm–1. Elemental analyses (C, H, N) were measured 

with an Elemental Vairo EL III Analyser. Gas adsorption 

measurement was performed in the ASAP (Accelerated Surface 

Area and Porosimetry) 2020 System. Gas chromatography (GC) 

measurements were analysed using a GC-Smart (SHIMADZU) 

spectrometer and a flame ionization detector (FID). Products 

were checked by Gas Chromatography-Mass Spectrometry 

4000GC-MS (Varian-Agilent).  

Preparation of [Zn6(TATAB)4(DABCO)3(H2O)3]·12DMF·9H2O (1) 

A mixture of Zn(NO3)2·6H2O (0.60 mmol, 178.20 mg), H3TATAB 

(0.45 mmol, 218.25 mg) and DABCO (0.3 mmol, 66.06 mg) was 

sealed in a 20 mL of Teflon-lined stainless steel vessel with 6 

mL of N,N'-dimethylformamide (DMF). The mixture was 

heated to 115°C in 4 hours and kept at this temperature for 3 

days. Then the reaction system was cooled slowly to room 

temperature during another 3 days. The colorless cubic 

crystals of 1 were collected, washed with DMF and CH2Cl2 and 

dried in air (yield 85% based on Zn(NO3)2·6H2O). Elemental 

analysis calcd. (%) for 1 C150H204N42O48Zn6 (3755.79): C 47.97, H 

5.47, N 15.66; found: C 47.89, H 5.22, N 15.45. FT-IR (KBr, 

cm−1) (see supporting information Fig. S1): 3289s, 1602s, 

1490s, 1377vs, 1305s, 1244s, 1176s, 1053w, 1014w, 918w, 

898w, 860s, 802s, 786s, 734w, 705w, 619w, 595w, 568w, 

507w, 470w, 424w. 

Single-crystal X-ray Diffraction Study 

Single-crystal X-ray diffraction data were collected on a Rigaku 

Diffractometer with a Mercury CCD area detector (Mo Kα: λ = 

0.71073 Å) at room temperature. Crystal Clear software was 

used for data reduction and empirical absorption correction. 

The structure was solved by direct method using SHELXTL and 

refined by full-matrix least-squares on F
2 using SHELX-97 

program.11a Metal atoms in the compound were located from 

the E-maps, and other non-hydrogen atoms were located in 

successive difference Fourier syntheses. All non-hydrogen 

atoms were refined anisotropically. The organic hydrogen 

atoms were positioned geometrically. The cavities were filled 

with highly disordered lattice solvent molecules that could not 

be completely mapped by single-crystal X-ray diffraction, 

which is often observed in high-symmetry structures.12 Thus 

SQUEEZE routine of PLATON was applied to remove 

contributions to scattering from solvent molecules. In addition, 

because some atoms (C1, C2) of DABCO lie in the special 

position, the atoms are statistical distribution in the special 

position. The reported refinements are of guest-free structure 

by SQUEEZE routine.11b The final formula of 1 was calculated 

from the squeeze result combined with the elemental analysis 

and TGA data. The elemental analysis suggests that there are 

48 DMF and 36 H2O molecules located in the cavity per unit 

cell (2280 electrons) which is well consistent with the squeeze 

result (2303 electrons calculated using Platon Software). Also, 

the formula can be further supported by the TGA results (vide 

infra). Crystallographic data and other pertinent information 

for 1 are summarized in Table S2. CCDC number for 1 is 

1450479. 

General procedure for the cycloaddition of CO2 to cyclic carbonate 

catalysed by 1.  

In a 50 mL stainless-steel autoclave with a magnetic stirring 

bar in the absence of solvent and co-catalyst under CO2 

pressure with catalyst 0.21 or 0.42 mol% per paddlewheel 

units (desolvation and dehydration under vacuum at 120°C)  

and epoxides (20 mmol) were added. The reaction was carried 

out at 1 atm CO2 and conducted for the appropriate time upon 

heating at 100°C. The reuse experiments were carried out for 

the cycloaddition of propylene oxide with CO2 under similar 

conditions. The catalyst was retrieved by filtration, washed 

and soaked with DMF and CH2Cl2 (ca. 5 × 10 mL), and 

reactivated as above prior to being used for the next catalytic 

cycle. Products were monitored by GC−Smart (DM-1 column, L 

x I. D. 30 m x 0.25 μm; injector temperature 220°C) and 

identified by the comparison of GC retention times and mass 

spectra with those of the authentic samples. All the yields 

were based on epoxide. 

Results and discussion 

Colorless cubic crystals of 1 were prepared under solvothermal 

conditions via the reaction of Zn(NO3)3·6H2O salt with the 

organic linkers H3TATAB and DABCO at 115°C in DMF. Single 

crystal X-ray diffraction study reveals that 1 crystallizes in the 

highly symmetric cubic space group Im-3. The asymmetry unit 

of 1 consists of two quarters of Zn2+ ion, one third of a TATAB3– 

ligand and one fourth of a DABCO and a coordinated water 

molecule. It also contains 3/4 DMF and 3/4 water solvent 

molecule, as determined by CHN elemental analysis and TGA 

results. The two crystallographic independent Zn2+ ions both 

adopt a square pyramidal coordination geometry with the 

basal plane being occupied by four carboxylate oxygen atoms 

and the apical position being taken by a nitrogen atom from 
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DABCO in Zn1 or a coordinated water molecule in Zn2 (see 

supporting information Fig. S2). The Zn1 and Zn2 atoms are 

bridged by four bridging carboxylate groups from four 

different TATAB3– ligands, forming a {Zn2(O2C)4} paddlewheel 

secondary building unit (SBU) with a short Zn–Zn distance of 

2.94 Å.  

The most fascinating topological feature of 1 is the dual-

walled cage motif, in which one cage is encapsulated by 

another cage (Fig. 1c), a result from the interpenetration of 

two independent but identical 3D cage nets. Compound 1 is 

built from a icosahedral Zn24 cage (denoted as Zn24-A) where 

the paddlewheel {Zn2(O2C)4} dimers residue at its twelve 

vertexes and TATAB3– ligands occupy eight of the twenty 

trigonal planes (Fig. 1a). The cubic packing of non-space-filling 

icosahedral cages through face- and edge-sharing creates 

anther Zn24 cage (denoted as Zn24-B) in the gap of each eight 

neighbouring Zn24-A cages. Compared to Zn24-A, the Zn24-B 

cage is also defined by twelve {Zn2(O2C)4} dimers and eight 

TATAB3– ligands, except that six pairs of adjacent {Zn2(O2C)4} 

vertices each is further connected by an additional DABCO 

ligand, resulting in a highly distorted icosahedral cage (Fig. 1b).  

 

Fig. 1 (a) View of the Zn24-A cage (the distance between opposite vertices is ca. 34.4 Å). 

(b) View of the Zn24-cage (the distance between opposite vertices is ca. 30.2 Å). (c) 

View of the dual-walled cage motif of 1. 

Further analysing the structure of 1 reveals that these two 

types of cages are alternatively arranged to form a 3D network 

in which each cage of one type is encircled by eight cages of 

the other type and vice versa (Fig. 2a, 2b). Two identical 3D 

cage networks are interpenetrated in such a complicated way 

that every Zn24-B cage in one net is completely encapsulated 

by a Zn24-A cage of the other net and vice versa, resulted in a 

3D framework with double-walled cages (Fig. 2c). Remarkably, 

each Zn24-A cage in one net is interlaced to eight Zn24-A cages 

belonging to the other net through all its ligand-decorated 

trigonal planes, that is, each ligand defined plane of one Zn24-A 

cage is interlocked by another Zn24-A cage with face-to-face π-

π interactions between the central cores of TATAB3– ligands 

stacked in an eclipsed fashion (centroid-to-centroid distance: 

3.412). The propagation of octuplet polycatenation leads to a 

3D extended polyhedral architecture of 1, which is one of the 

rare examples of 3D polycatenanes by mechanically linking 

coordination cages,13 and is the second example that also 

features a cage-within-cage motif.13f 

 

Fig. 2 (a) View of the Zn24-B (pink polyhedron) generated by eight Zn24-A cages. The 

other four Zn24-A cages behind are not shown. (b) View of the Zn24-A cage generated by 

eight Zn24-B cages. The other four Zn24-B cages behind are not shown. (c) The 

interpenetration of two identical nets of 1, a showing cage-within-cage motif. (d) One 

of the octuplet catenation showing the interlocking between two Zn24-A coming from 

different nets. 

In 1, the dual-walled cage is ca. 3.2 nm in diameter and each 

contains 48 Zn2+ Lewis acid catalytic sites and 48 -NH- Lewis 

base sites that are able to interact with CO2. The combination 

of high density of catalytic sites and CO2-philic groups in 1 may 

guarantee an outstanding CO2 chemical fixation performance. 

Removal of the guest molecules reveals that the effective free 

volume of 1, calculated by PLATON analysis, is 64.5% of the 

crystal volume (15175.9 Å3 of the 23534.6 Å3 unit cell volume). 

The phase purity of 1 was checked by powder XRD recorded at 

room temperature (see supporting information Fig. S3). The 

peak positions of the simulated pattern closely match those of 

the experimental ones, indicating phase purity of the as-

synthesized sample. The TGA and variable temperature XRD 

measurements were performed to study the thermal stability 

of 1. The TGA curve of 1 shows a continual weight loss without 

an obvious plateau from 40 to 500 °C (see supporting 

information Fig. S4). After removing the lattice solvents by 

treating 1 under vacuum at 150 °C for 24 hours, the TGA curve 

of the desolvated sample shows almost no weight loss from 0 

to ca. 300 °C. Thus, the weight loss of 27.1% from 0 to 300 °C 

corresponds to the loss of lattice DMF and water molecules 

(calcd. 27.6%). The variable temperature XRD experiment also 
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indicates that 1 is stable up to ca. 200 °C, above this 

temperature, the framework starts to decompose (see 

supporting information Fig. S3). 

The permanent porosity of 1 was evaluated by measuring N2 

adsorption isotherms at 77 K using activated materials. The 

resulting N2 isotherms exhibited typical type I behaviour, 

indicative of microporosity (see supporting information Fig. S5). 

From the isotherm, the BET/Langmuir surface area for 1 was 

estimated to be 61.4/87.4 m2 g−1. Single-component gas 

adsorption isotherms (CO2 and N2) were measured at 273 K for 

1. Compound 1 displays a high CO2 capacity (49.1 cm3 g−1) at 

769 mmHg and 273 K (see supporting information Fig. S6). This 

is in contrast to the N2 uptake capacity observed for 1 (5.3 cm3 

g−1) at the same temperature and pressure. Furthermore, the 

initial uptake in the low-pressure region of the CO2 isotherm at 

273 K is much steeper than that observed for N2. These results 

indicate the high affinity to CO2 of the MOF framework, which 

demonstrates the potential of the MOF for CO2 physisorption 

and CO2/N2 separation. The high CO2 uptake of 1 is due to the 

strong hydrogen bonding between the NH group of TATAB3– 

ligand and CO2 molecule.14 

Table 1 Various conditions for converting CO2 into cyclic carbonate a  

Entry 

Catalyst 

(amt   

(mol%)) 

T 

(°C) 

P 

(atm) 

t   

(h) 
Conv. (%) 

Yield
bbbb
 (%, 

based on 

epoxide) 

1 1 (0.42) 100 1 16 100 99 

2 1 (0.42) 100 10 1 100 99 

3 1 (0.21) 100 10 6 99 98 

4 1 (0.42) 100 

1 

(PN2/

PCO2=

8/2) 

16 30 28 

5 1 (0.42) 100 

1 

(PN2/

PCO2=

2/8) 

16 70 67 

6 blank 100 1 16 -- -- 

a Reaction conditions: epoxide (20.0 mmol) with catalyst per paddlewheel units; b 

The yields were determined by GC with n-butanol as an internal standard. 

Given that 1 possess high density of Lewis acid sites and 

excellent affinity to CO2, we decide to investigate the catalytic 

capability of 1 as Lewis acid catalyst for the cycloaddition of 

CO2 with epoxides to form cyclic carbonates. As shown in Table 

1, compound 1 demonstrates highly efficient catalytic activity 

for cycloaddition of propylene oxide with CO2 into propylene 

carbonate at 100 °C under 1 atm CO2 pressure with a yield of 

99% over 16 h without any co-catalyst (Table 1, entry 1). At 10 

atm CO2 pressure, the reaction completes in only one hour but 

finishes in six hours if half the amount of catalyst is used (Table 

1, entry 2, 3). In view of the fact that 1 has a high affinity for 

CO2 and a low affinity for N2, we also carried out the catalytic 

reaction under simulated dry flue-gas conditions. When the 

pressure ratio of N2 and CO2 is 8/2 and the total pressure is 1 

atm, the yield of propylene carbonate is 28% (Table 1, entry 4). 

But when the pressure ratio of N2 and CO2 is 2/8, the yield of 

propylene carbonate is 67% (Table 1, entry 5). These results 

indicate again that 1 can selectively absorb CO2 over N2 and 

the presence of N2 has little interference in the chemical 

fixation of CO2. In the absence of compound 1, no propylene 

carbonate was found (Table 1, entry 6). Significantly, the 

catalytic reaction is environmental friendly as no co-catalyst 

and solvent was needed and the reaction was carried out at 

milder conditions compared to other MOF systems (Table S1).  

Table 2 Various carbonates from different epoxides catalysed by 1 
a 

Entry Epoxides Products Conv. (%) 

Yield
b
 (%,  

based on 

epoxides) 

TON 
c 

1 

  

100 99 246 

2 
 

 

98 95 158 

3 

 
 

92 91 152 

4 

 
 

90 89 148 

5 

  

50 50 83 

6 

 

O O

O

 

8 8 13 

a
 Reaction conditions: epoxides (20.0 mmol), 1 (0.42 mol% per paddlewheel 

units), CO2 (1 atm), 100 °C and 16 hours; b The yields were determined by GC with 

n-butanol as an internal standard; c TON = moles of aimed product/moles of 

active metal sites. 

The excellent catalytic activity of 1 for the chemical fixation 

of CO2 encouraged us to further explore the generality of this 

catalytic system. Chemical fixation of CO2 with epoxides 

substituted with different functional groups under similar 

conditions was investigated (Table 2). A high catalytic activity 

was observed for the cycloaddition of epichlorohydrin and 

butylene oxide with CO2 into butylene carbonates at 100 °C 

and 1 atm CO2 pressure with yields of 95% and 91%, 

respectively over 16 h (Table 2, entry 2 and 3). Even for the 

large styrene oxide, the yield of the cycloaddition is still up to 

89% (Table 2, entry 4). However, further increasing the size of 

epoxide substrates resulted in a dramatic decrease in the yield 

of cyclic carbonates. The yields of cycloaddition were dropped 

down to 50% (Table 2, entry 5) and 8% (Table 2, entry 6) for 

benzyl phenyl glycidyl ether and trans-2,3-diphenylethylene 

oxide. It is speculated that the limited diffusion of the large-

sized epoxide substrate into the void space within the dual-

walled cage of 1 is responsible for these low yields. 13e, 15, 16 

In addition to high catalytic activity, the reusability and 

stability are also very important for heterogeneous catalytic 
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systems. The recycling experiments were conducted using 1 as 

catalyst in the cycloaddition of propylene oxide with CO2 under 

similar conditions. The catalyst after one cycle can be easily 

recovered by centrifugation and subsequently used in the 

successive runs for six cycles without an appreciable loss of its 

catalytic performance (Fig. 3). A 96% yield of cyclic carbonate 

was obtained in the sixth run. The powder XRD of the 

recovered catalyst was identical to that of the freshly prepared 

sample, indicating the stability of 1 during the catalytic 

reaction (see supporting information Fig. S7). The reusability of 

1 was also tested through recycle reaction kinetics for the first 

and second cycle (see supporting information Fig. S8). In both 

reaction cycles, similar activities are clearly exhibited. To 

confirm the heterogeneous nature of 1, the catalytic reaction 

was stopped after 3 hours and the reaction mixture was 

filtered while still hot to remove the catalyst. The reaction was 

then continued for another 13 hours, during which the yield of 

propylene carbonate remained unchanged (see supporting 

information Fig. S8).  

 

Fig. 3 The catalytic cycles of compound 1 for the cycloaddition of CO2 and propylene 

epoxide reaction. 

Besides to the high density of Lewis acid active sites, the 

good catalytic activity of 1 may also be attributed to the 

existence of amine-functionalized ligands. Previous research 

has shown that the introduction of Lewis basic functional 

groups such as amines into MOFs can not only increase the 

CO2 affinity but also improve the carbonate yields due to the 

synergistic effect of the Lewis acid-base pair.17 Accordingly, a 

tentative mechanism can be proposed for the cycloaddition of 

epoxide and CO2 into cyclic carbonate catalysed by 1 bearing 

acid-basic pair. First, CO2 is activated at the basic amine sites 

forming a carbamate species, which then reacts with epoxides 

that are adsorbed on the adjacent Zn2+ Lewis acidic sites to 

form ring opening intermediate. Second, ring-closure through 

an intramolecular nucleophilic attack by the oxy anion at the 

carbon center of CO2 occurs to generate a cyclocarbonate.  

Conclusions 

In summary, we have synthesized a 3D→3D interpenetrated 

polyhedral MOF featuring a fascinating cage-within-cage motif 

and a rarely observed octuplet polycatenation. Due to the high 

density of Lewis acid sites and the excellent affinity to CO2 of 

the cage, compound 1 exhibits good performance for the 

cycloaddition of propylene oxide with CO2 into propylene 

carbonate under mild temperature and 1 atm CO2 pressure 

with a yield of 99% over 16 h. Furthermore, it is the first MOF 

that is able to catalyse cycloaddition of CO2 to epoxides under 

mild and solvent-free conditions without the help of any co-

catalyst.  
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