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Abstract
We investigated the effect of linker defects induced by recycling MOF-508, a metal–
organic framework with dual linkers, for the catalytic cycloaddition of the CO2 
reaction. MOF-508 catalysts are characterized using various analytical techniques 
such as powder XRD, FT-IR, FE-SEM, HR-TEM, TGA, BET, NH3- and CO2-TPD, 
NMR, and CO2 adsorption isotherm. MOF-508 catalysts could perform the coupling 
reaction between epoxide and CO2 with > 99% selectivity toward cyclic carbonates 
under solvent-free and moderate reaction conditions. After the cycloaddition reac-
tion, the recycled MOF-508 exhibited higher catalytic activity than freshly prepared 
MOF-508 at all the temperature ranges. The origin of increased cyclic catalytic 
activities was attributed to the creating of additional catalytic active sites from the 
linker defects. Molecular modeling techniques were used to elucidate the catalytic 
mechanism and quantify the degree of linker defects in MOF-508.
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Introduction

Metal–organic frameworks (MOFs) are now well-established porous materials syn-
thesized from secondary building blocks (SBUs) and organic ligands [1–4]. Due 
to their modular nature, which affords rational tuning of the pore size and high 
micropore volume, MOFs have been widely investigated for their potential appli-
cations in gas storage, separation, and catalysis [5–11]. One such application of 
MOFs is their utility for catalytic fixation of CO2 into a five-membered ring, such 
as propylene carbonate, via cycloaddition reaction [12–21]. The generally accepted 
mechanism of MOF-catalyzed CO2 cycloaddition involves the synergistic interplay 
between the Lewis acid sites of metal centers and the nucleophilic anion of tetraal-
kylammonium halide co-catalyst, such as tetrabutylammonium bromide (TBAB).

The catalytic active sites in MOFs, such as open metal sites and functional 
groups, are evenly dispersed throughout the structure and exposed on the crystal 
surface. Depending on the identity of SBU used in the MOF synthesis, the open 
metal sites are commonly formed by removing the coordinated residual solvents, 
defect formation during synthesis, post-synthetic degassing, or post-catalytic recy-
cling steps [22–26]. The degree of MOF defects during synthesis and activation and 
their impact on the material’s performance have been extensively explored [27–31] 
in the literature. However, less work has been focused on the characterization of 
framework defects resulting from catalyst recycling and its impact on catalytic 
performance.
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In this work, we prepared one of the dual-linker MOFs, MOF-508 [Zn(BDC)
(4,4′-Bipy)] (where BDC = 1,4-benzenedicarboxylic acid, 4,4′-Bipy = 4,4′-bipyri-
dine) [32] as a model catalyst to investigate the CO2 fixation reaction from frame-
work defects resulting from catalyst recycling. MOF-508 consists of a Zn pad-
dlewheel SBU with two different types of organic ligands (Fig.  1) and has been 
investigated for the CO2 cycloaddition reaction [33] at various reaction conditions.

The dual-linker nature allows us to quantitatively characterize types of ligand 
defects in MOF-508 via the acid digestion method. For example, the removal of 4,4′-
Bipy ligand creates open metal sites, while the removal of the BDC ligand creates 
‒OH functional group, which could act as active sites for the cycloaddition of CO2 
and allyl glycidyl ether (AGE) (Fig. 2). Three different MOF samples were prepared 

Fig. 1   a Schematic representation for the synthesis of MOF-508. b 3D porous structure of MOF-508b 
and twofold interpenetrated structure. Zn, purple; O, red; N, blue; C, gray; H, white. (Color figure online)

Fig. 2   The pristine and defective structures of MOF-508b. a pristine MOF-508b, b defective MOF-508b 
with missing BDC linker, c defective MOF-508b with missing 4,4′-Bipy linker
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and labeled as MOF-508a (MOF-508 with solvents inside the pore), MOF-508b (F, 
freshly activated), and MOF-508b (R, 3rd reused). These materials were further 
characterized using various experimental and simulation characterization tools, such 
as PXRD, FT-IR, FE-SEM, HR-TEM, density functional theory (DFT), and grand 
canonical Monte Carlo (GCMC) simulations.

GCMC and the DFT simulations were carried out to quantify the degree of linker 
defects in MOF-508b and to investigate the reaction mechanisms at the active sites 
of the catalyst induced by the defects, similar to our previous work [14]. GCMC 
simulation is a useful tool for estimating the degree of internal defects by compar-
ing N2 saturation loadings, because the saturation loading increases as the degree 
of defects increases in the structure. DFT method has been used in the literature 
to investigate plausible reaction mechanisms for CO2 cycloaddition reaction at dif-
ferent active sites such as open-metal sites (OMS) [7, 16, 19]. Based on the DFT 
calculations, the structures and energies of the reaction intermediates and transition 
states can be determined, which leads to the prediction of the reaction mechanism 
and activation energy of the reaction pathway.

Experimental

Preparation of catalysts

Synthesis of MOF‑508a (guest‑filled)

MOF-508a was prepared according to a previous reported method [32]. Typically a 
mixture of Zn(NO3)2·6H2O (0.565 g, 1.9 mmol), terephthalic acid H2BDC (0.315 g, 
1.9 mmol), and 4,4′-bipyridyl (0.147 g, 0.944 mmol) was suspended in DMF/etha-
nol (1:1, 160 mL), and heated in a 200 mL Teflon lined autoclave at 90 °C for 24 h. 
The colorless block-shaped crystals formed were collected, washed with DMF and 
hexane, and dried in air.

Synthesis of MOF‑508b (F, fresh, guest‑free)

A sample of MOF-508a was heated at 120 °C under a vacuum for 24 h to produce 
MOF-508b (F).

Characterization of catalysts

Following instrumentations were chosen for the catalyst characterizations: Powder 
X-ray diffraction (PXRD) patterns were obtained in XPERT-PRO powder diffrac-
tometer using Ni-filtered 40 kV CuKα radiation. Fourier transform infrared (FT-IR) 
spectra were obtained on an Avatar 370 Thermo Nicolet spectrophotometer. The 
textural properties of the catalysts were analyzed by recording an N2 isotherm at 
77  K with BET instrument (Micromeritics 3-FLEX). Thermogravimetric analysis 
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(TGA) was performed by raising the temperature from 30 to 800 °C at a heating rate 
of 3 °C/min under an air flow of 100 mL/min. The surface morphology of samples 
were analyzed by using SUPRA40VP field emission scanning electron microscope 
(FE-SEM). The lattice of samples were analyzed by using TALOS F200X high-res-
olution transmittance electron microscope (HR-TEM) at 200 kV. CO2 and NH3-TPD 
profiles were acquired with a chemisorption analyzer (BET-CAT). Nuclear Mag-
netic Resonance (NMR) was performed using a Unity-lnova 500 at 500 MHz.

Cycloaddition of CO2 with allyl glycidyl ether (AGE)

Allyl glycidyl ether (AGE) was selected as a model epoxide in the CO2-epoxide 
coupling reaction since it has high boiling point (154 °C) which is useful for high 
temperature operations. The reactions were performed in a stainless-steel autoclave 
reactor of 25 mL volume equipped with a magnetic stirrer. The calculated amounts 
of catalyst, co-catalyst and AGE were charged into the reactor. The coupling reac-
tions were performed for different time intervals using different temperatures and 
pressures of CO2. After finishing the reaction time, the reaction mixture was allowed 
to cool down in an ice-water bath. The final filtrate was centrifuged to remove the 
catalyst completely and dichloromethane was used as an internal standard for GC 
analysis using a gas chromatograph (GC, Agilent HP 7890), equipped with a cap-
illary column (HP-5, 30 m × 0.25 mm, flame ionization detector) to determine the 
conversion, selectivity and yield of the desired cyclic carbonate.

Computational methods

Defect characterization

To model the defective structures for MOF-508b, we constructed missing linker 
defects in the MOF-508b based on the experimental 1H-NMR analysis. There are 
two different linkers in the MOF-508b: one is BDC linker and the other is 4,4′-
Bipy linker. By removing the two linkers in different numbers, we constructed 
the defective MOF-508b structures with various relative BDC:4,4′-Bipy ratio. 
To closely approximate the relative BDC: 4,4′-Bipy ratio (1:0.42) of MOF-508b 
(R) obtained from the experimental 1H-NMR analysis, the two linkers were 
removed in various combinations (Table  1). PoreMatMod.jl, one of the open-
source Julia package, was used to make missing linker defects in the pristine 
MOF-508b [34]. If a substructure such as a linker and a main structure such as 
MOF-508b were specified, the PoreMatModl.jl finds how many the correspond-
ing substructures exist in the main structure and if the number of substructures 
to be replaced/removed was specified, it removes the substructure or replaces the 
substructure with another substructure such as another linker. When construct-
ing the missing linker defects in the MOF-508b, we removed 4,4′-Bipy linkers 
and replaced BDC linkers with formates. Using PoreMatMod.jl, a total of 8 
defective structures were constructed with different number of missing linkers.
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GCMC simulations were performed to calculate the N2 saturation loadings 
(N2 uptakes at 95,000 Pa) at 77 K for 8 defective structures. The N2 saturation 
loading was used to find how many the linkers were removed in the pristine 
MOF-508b structure. Each GCMC simulation for N2 saturation loading calcula-
tion consisted of 10,000 initialization cycles and 10,000 production cycles for 
ensemble averages. Translation, rotation, reinsertion, and swap (insertion and 
deletion) Monte Carlo (MC) moves for N2 were used for MC sampling with a 
ratio of 1:1:1:1 (equal probabilities). The Peng-Robinson equation of state was 
used to calculate the chemical potential from the gas phase pressure and tem-
perature. The Lennard–Jones 12–6 potential was used to model van der Waals 
interactions between adsorbate–adsorbate and adsorbate-framework. For frame-
work atoms, the Lennard–Jones (LJ) parameters were from the DREIDING force 
field [35]. The TraPPE force field was used to model N2 molecule [36]. The 
Lorentz–Berthelot mixing rules were used to calculate the LJ parameters for dif-
ferent atom type interactions. The interactions were truncated at a cutoff value 
of 14.0  Å with the analytic tail correction. The periodic boundary conditions 
(PBC) were applied to all dimensions. Framework atoms were fixed during the 
simulations. All GCMC simulations were carried out using open-source RASPA 
2.0 software [37].

Table 1   Relative ratio of BDC:Bipy based on the number of missing BDC and 4,4′-Bipy linkers in 
MOF-508b

The relative ratio of BDC:Bipy is the ratio of the number of remaining 4,4′-Bipy linkers to the number of 
remaining BDC linkers in MOF-508b. In the pristine MOF-508b, there are 27 4,4′-Bipy linkers and 54 
BDC linkers
The values are indicated in bold to highlight the combinations of the number of missing BDC and 4,4′-
Bipy linkers in MOF-508b, which has the relative ratio of BDC:Bipy equal to 1:0.42

Number of missing 4,4′-Bipy linkers Model No.

7 8 9 11 12 13 14 16

Number of missing BDC linkers 6 0.42 0.40 0.38 0.33 0.31 0.29 0.27 0.23 1
9 0.44 0.42 0.40 0.36 0.33 0.31 0.29 0.24 2
11 0.47 0.44 0.42 0.37 0.35 0.33 0.30 0.26 3
12 0.48 0.45 0.43 0.38 0.36 0.33 0.31 0.26
14 0.50 0.48 0.45 0.40 0.38 0.35 0.33 0.28
16 0.53 0.50 0.47 0.42 0.39 0.37 0.34 0.29 4
17 0.54 0.51 0.49 0.43 0.41 0.38 0.35 0.30
18 0.56 0.53 0.50 0.44 0.42 0.39 0.36 0.31 5
20 0.59 0.56 0.53 0.47 0.44 0.41 0.38 0.32
21 0.61 0.58 0.55 0.48 0.45 0.42 0.39 0.33 6
23 0.65 0.61 0.58 0.52 0.48 0.45 0.42 0.35 7
25 0.69 0.66 0.62 0.55 0.52 0.48 0.45 0.38
28 0.77 0.73 0.69 0.62 0.58 0.54 0.50 0.42 8
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Reaction mechanism

To investigate the mechanism of the cycloaddition reaction between carbon dioxide 
(CO2) and AGE catalyzed by MOF-508, the density functional theory calculations 
have been carried out using the Gaussian 16 Revision A.03 [38] with the B3LYP 
density functional [39, 40]. The core electrons of Zn atom were modelled with an 
effective core potential (ECP) with LANL2DZ (Los Alamos National Laboratory 
2 Double-Zeta) pseudopotential and C, H, O, N, Br atoms were modelled with the 
6–31 + G(d,p) basis set [41–44]. The geometric optimization was followed by vibra-
tional frequency analysis. Minimum energy structures of all the reactants, interme-
diates (Int), and products show no imaginary frequency whereas the transition states 
(TS) are characterized by one imaginary frequency along the bond-breaking/-form-
ing direction. The transition states are confirmed using the intrinsic reaction coor-
dinate (IRC) method. The relative potential energies are provided with respect to 
the non-interacting systems. The optimized geometries were visualized using Gauss-
View 6 software [45]. Input and output files used in this work can be accessed from: 
https://​github.​com/​yoons​eongh​yun/​MOF-​508.

Due to the large computational cost involved in optimizing the MOF-508 struc-
ture, we have constructed two cluster models of the defective MOF-508b. One is 
a cluster model with an open metal active site formed through a 4,4′-Bipy linker 
defect, while the other is a cluster model featuring OH‒ active site formed by a BDC 
linker defect. During the geometry optimization, we allowed to relax the active sites 
and their neighboring atoms, ensuring the fixation of the remaining atoms. In the 
case of the open metal active site, a single Zn atom and its four nearest O atoms 
were allowed to relax. For the OH‒ active site, relaxation was restricted to OH‒, 
H2O, and the two nearest Zn atoms. All other atoms were fixed to maintain the back-
bone of the original MOF-508b structure.

Results and discussion

The powder X-ray diffraction (PXRD) patterns of the synthesized MOF-508a 
(Fig. S1), MOF-508b (F), and MOF-508b (R) are compared with simulated MOF-
508b (Fig.  3a). The resemblance in the XRD peaks of simulated and synthesized 
MOF-508b confirms the crystal structure of MOF-508b. However, the MOF-508b 
(R) showed quite a different XRD pattern from that of the MOF-508b (F), signifying 
that the structural deformation occurred likely due to the defect formation during the 
cycloaddition reaction. Chen et al. [32] reported that the X-ray crystal structure of 
the guest-free phase MOF-508b (DMF removed) reveals that the framework retains 
the overall connectivity, but the {Zn2(COO)4} paddle-wheel clusters are signifi-
cantly distorted, and the 4,4′-Bipy linkers are bent.

Information about the presence of functional groups in the MOF-508b framework 
was obtained from the FT-IR spectra (Fig. 3b). The broad peak at 3480 cm−1 is asso-
ciated with the stretching vibration of –OH group, while the intense peaks at 1450 
and 1070  cm−1 can be ascribed to the C=N and C–H stretching vibrations of the 
imidazole structure, respectively. The FE-SEM image of the MOF-508b shows the 

https://github.com/yoonseonghyun/MOF-508
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presence of uniformly formed hexahedral-shaped crystals with similar morphology 
(Fig. S2). XPS analysis (Fig. S3) revealed the presence of Zn. The HR-TEM image 
of the MOF-508b (R) shows the presence of defects in the lattice structure (Fig. 3c, 
e).

The number of acidic and basic sites of MOF-508b (F) and MOF-508b (R) were 
investigated by temperature programmed desorption (TPD) experiments of NH3 and 
CO2, and the TPD results are shown in SI (Fig. S4). Table 2 indicates that higher 
values of acidity (from NH3-TPD) and basicity (from CO2-TPD) are observed for 
recycled MOF-508b (R) (1.258 and 0.074 mmol/g) than the MOF-508b (F) (0.594 
and 0.021 mmol/g). This is likely due to the formation of defects during the cycload-
dition reaction, and it will be discussed more in detail at NMR analysis experi-
ments. Furthermore, the thermal behavior and stability of the MOF-508b (F) and 

Fig. 3   a PXRD patterns of MOF-508b (F) and MOF-508b (R) with simulated MOF-508b. b FT-IR spec-
tra of MOF-508b (F) and MOF-508b (R). c HR-TEM image of defect in MOF-508b (R), d perfect crystal 
model, and e defective structure model
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MOF-508b (R) were verified using TGA analysis (Fig. S5). A weight loss observed 
at around 100 °C corresponds to the loss of solvent and water in the pore or lattice. 
A major weight loss was observed after 400 °C, which indicates that the MOF-508b 
is thermally stable up to approx. 400 °C.

BET analysis was performed to determine the BET area and pore size distribu-
tions of the catalyst from the nitrogen adsorption–desorption isotherms at 77  K. 
The isotherms for MOF-508a, MOF-508b (F), and MOF-508b (R) are presented in 
Fig.  4a, together with the corresponding their pore-size distribution estimated by 
2D-NLDFT method (Fig. 4b). The isotherms of MOF-508a and MOF-508b (F) are 
very similar containing mostly micropores, except that MOF-508b (F) has higher 
BET area (724 m2/g) than MOF-508a (461 m2/g). This may be originated from the 
evacuation of solvent molecules in the pores. It was very interesting that MOF-508b 
(R), recycled after the reaction with AGE and CO2, showed different adsorption iso-
therm with hysteresis and the co-presence of larger pores. It signifies the formation 
of some defects during the cycloaddition reaction by the missing linkers. 1H-NMR 
study confirmed this defect formation during the reaction, and it will be discussed 
later. The adsorption capacity of CO2 at 298 K for MOF-508b (F) and MOF-508b 
(R) are compared in Fig. S6. The MOF-508b (R) showed higher CO2 uptake than 
the MOF-508b (F) catalyst.

Table  3 shows the results of CO2 cycloaddition with AGE catalyzed with 
MOF-508b and their precursors at room temperature and 1.2 MPa CO2 pressure. 
No significant AGE conversion occurred in 24  h under catalyst-free conditions 
or in the presence of tetrabutylammonium bromide (TBAB) alone or with the 
mixture of precursors (Table  3, entries 1–3). MOF-508a exhibited 72% conver-
sion and MOF-508b (F) showed a little higher conversion (76% conversion) than 
MOF-508a, likely due to increased BET area and pore size. When MOF-508b 
(F) after the reaction was separated and recycled for the cycloaddition reaction, 
the MOF-508b (R) showed higher AGE conversion than the MOF-508b (F) cata-
lyst. However, the second and third recycled MOF-508b (R) showed almost equal 
conversion with the first recycled catalyst (Table  3, entries 6–8). These results 
suggest a possibility of structural deformation during the cycloaddition reaction. 
To confirm the superior activity of the MOF-508b (R) catalyst, the cycloaddition 
reactions were also carried out at high temperatures (80, 100, and 120 °C) with or 
without the presence of co-catalyst TBAB. As shown in Table 4, all the recycled 
catalysts still displayed higher AGE conversion than the fresh ones. The MOF-
508b (R) catalyst exhibited 96% AGC yield without co-catalyst after 3 h reaction 
at 120 °C and 1.2 MPa CO2 pressure. The comparison of MOF-508b with other 

Table 2   Amount of acidic and 
basic sites in the MOF-508b (F) 
and MOF-508b (R)

Catalysts Acidic sites
NH3-TPD (mmol/g)

Basic 
sites
CO2-TPD 
(mmol/g)

MOF-508b (F) 0.594 0.021
MOF-508b (R) 1.258 0.074
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previously reported MOFs in Table S1 (in SI) revealed that MOF-508b showed 
comparable turnover frequency (TOF) in the cycloaddition reaction. Leaching 
test confirmed that no leaching of Zn metal was observed in the solution after 
the reaction. To examine the versatility of the MOF-508b, the cycloaddition reac-
tions were performed using various epoxides (Table S2). The terminal epoxides 
such as propylene oxide, epichlorohydrin, allyl glycidyl ether and the aromatic 
epoxide, styrene oxide were converted from excellent to moderate rates with the 
selectivity of over 99%. However, internal epoxide, such as cyclohexene oxide, 
showed low conversion, likely due to the steric constraint imposed by the bulky 
functional groups.

Fig. 4   a Experimental N2 isotherms of MOF-508a, MOF-508b (F), and MOF-508b (R) at 77  K. b 
2D-NLDFT curves for MOF-508a, MOF-508b (F), and MOF-508b (R). 2D-NLDFT curves were 
obtained from SAIEUS
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In order to investigate the defect formation in MOF-508, 1H-NMR study was 
carried out. 6 mg of dried MOF-508 was digested and dissolved with sonication in 
0.6 mL dilute DCl solution (prepared from 50 μL of 35% DCl/D2O solution (Sigma 
Aldrich) and 4  mL DMSO-d6 (Cambridge Isotope Laboratories, Inc.). 1H-NMR 
data collected on the NMR spectrometer are shown in Figs. S7–S9. The ratio of 
two linkers BDC:Bipy is summarized in Table 5. From the comparison of the 1H-
NMR data of MOF-508a and MOF-508b (F), one can see that the relative composi-
tion of the two linker BDC and Bipy was 1:0.38, smaller than the theoretical ratio 

Table 3   Cycloaddition reaction 
of CO2 with AGE at room 
temperature

AGE = 42.8 mmol, Catalyst = 1 mol%, TBAB = 1 mol%, Room tem-
perature, 1.2 MPa CO2, 24 h, 600 rpm, semi-batch
*(1st R) = 1st reused, (2nd R) = 2nd reused, and (R) = 3rd reused

Catalysts Conversion (%) Selectivity (%)

None 0 –
TBAB  < 3 –
Zinc + BDC + Bipy  < 10 –
MOF-508a 72  > 99
MOF-508b (F) 76  > 99
MOF-508b (1st R) 80  > 99
MOF-508b (2nd R) 79  > 99
MOF-508b (R) 80  > 99

Table 4   Cycloaddition reaction of CO2 with AGE at high temperature

AGE = 42.8 mmol, Catalysts = 1 mol%, 1.2 MPa CO2, 600 rpm, semi-batch
*(1st R) = 1st reused, (2nd R) = 2nd reused, and (R) = 3rd reused

Catalysts TBAB
(mol%)

Temperature
(°C)

Time
(h)

Conversion
(%)

Selectivity
(%)

MOF-508a 1 80 3 75  > 99
MOF-508b (F)* 1 80 3 82  > 99
MOF-508b (1st R)* 1 80 3 90  > 99
MOF-508b (2nd R)* 1 80 3 90  > 99
MOF-508b (R) 1 80 3 89  > 99
MOF-508a 100 6 60  > 99
MOF-508b (F)* 100 6 67  > 99
MOF-508b (1st R)* 100 6 72  > 99
MOF-508b (2nd R)* 100 6 73  > 99
MOF-508b (R) 100 6 72  > 99
MOF-508a 120 3 85  > 99
MOF-508b (F)* 120 3 90  > 99
MOF-508b (1st R)* 120 3 97  > 99
MOF-508b (2nd R)* 120 3 96  > 99
MOF-508b (R) 120 3 96  > 99



2208	 Reaction Kinetics, Mechanisms and Catalysis (2024) 137:2197–2213

1 3

of BDC:Bipy of 1:0.5, meaning that some defects are present after the preparation 
step. However, the ratio 1:0.38 remained unchanged even after the evacuation of the 
solvent DMF and EtOH contained in MOF-508a from its synthesis step. It implies 
that the structure of MOF-508 was not changed between the two cases. However, 
after the cycloaddition reaction of AGE and CO2 with MOF-508b, the relative ratio 
BDC:Bipy increased from 1:0.38 to 1:0.42, likely due to the defect formation by 
the missing of some BDC and Bipy linkers, during the cycloaddition reaction. 1H-
NMR analysis revealed the possibility of missing linker defects in the MOF-508b 
(R), which showed higher catalytic activity than the MOF-508b (F).

Molecular modeling was used to quantify the degree of the defects in the MOF-
508b. Based on the experimental 1H-NMR analysis, the missing linker defects were 
constructed in the pristine MOF-508b structure. We constructed different defective 
MOF-508b structures with various combinations of missing 4,4′-Bipy and BDC 
linkers (Table 1). Among many defective structures, eight structures were selected 
where the relative BDC:Bipy ratios correspond to 0.42, which is the ratio of MOF-
508b (R). GCMC simulations were performed for the selected eight structures to 
estimate N2 saturation loadings (N2 uptakes at 95,000 Pa) and compared with the 
N2 saturation loading of MOF-508b (R). Table  6 shows that the defect model 4, 
which has 11 missing 4,4′-Bipy linkers and 16 missing BDC linkers, has an N2 satu-
ration loading value of 7.99 mmol/g closest to the N2 saturation loading value of 
MOF-508b (R) of 8.03 mmol/g. Before introducing the linker defects, the pristine 
MOF-508b had 27 4,4′-Bipy and 54 BDC linkers in the crystalline structure. From 

Table 5   Ratio of BDC to 
4,4′-Bipy of the pristine and 
defective MOF-508 determined 
by 1H-NMR

Catalysts BDC:4,4′-Bipy Formula from 1H-NMR

MOF-508a 1:0.38 Zn(BDC)(Bipy)0.38(D
MF)0.24(EtOH)0.48

MOF-508b (F) 1:0.38 Zn(BDC)(Bipy)0.38

MOF-508b (R) 1:0.42 Zn(BDC)(Bipy)0.42

Table 6   Simulated N2 saturation 
loadings for 8 defective MOF-
508b structures obtained from 
GCMC results

Saturation loadings were N2 uptakes at 95,000 Pa

Model Number of 
missing
4,4′-Bipy 
linkers

Number of missing 
BDC linkers

N2 satura-
tion loading 
(mmol/g)

1 7 6 4.85
2 8 9 5.93
3 9 11 6.44
4 11 16 7.99
5 12 18 8.64
6 13 21 9.71
7 14 23 10.77
8 16 28 12.66
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this analysis, we could argue that MOF-508b(R) has 41% missing 4,4′-Bipy linker 
defects and 30% missing BDC linker defects in its crystalline structure.

The generally accepted reaction mechanism for CO2 and an epoxide to form 
cyclic carbonate involves three fundamental steps: the epoxide ring-opening, CO2 
insertion, and the carbonate ring-closure [46]. Among these, the epoxide ring-open-
ing step is known to be the rate-limiting step of the reaction. Therefore, we focused 
on obtaining the transition states for the epoxide ring-opening step and compared 
the activation energies of the reaction. Initially, the CO2 addition on AGE is inves-
tigated without any catalyst. The energy barrier for the AGE ring opening is found 
to be 57.8 kcal/mol (Fig. 5a), which is in good agreement with the previous studies 
(55–63 kcal/mol) [47]. This value suggests that it is essential to use a catalyst to pro-
ceed with the reaction.

Previous computational studies show that the Br− ion from TBAB acts as the 
nucleophile for the CO2 cycloaddition reaction. We have employed Br− with TEA+ 
to simulate the large size of the bulky TBAB [48]. Within the defective MOF-508b, 
two distinct types of active sites are present. The open metal site (OMS), formed by 
4,4′-Bipy linker defects, is a well-known catalytic active site for the CO2 cycloaddi-
tion reaction. However, the hydroxyl site (‒OH) formed by BDC linker defects is a 
less explored catalytically active site for the CO2 cycloaddition reaction in the lit-
erature. Here, we used the density functional theory (DFT) calculations to elucidate 
the catalytic mechanism for the CO2 cycloaddition reaction for hydroxyl and OMS 
sites. The relative energies of all the reaction steps for two active sites in the defec-
tive MOF-508b are compared in Fig. 5a. As shown in Figs. 5b and S10, for the case 
of the OMS site in the defective MOF-508b, the reaction is initiated by coordinating 
AGE on the unsaturated Zn site in the defective MOF-508b to generate an initial 
coordinated complex Int1 (− 12.9 kcal/mol). Consequently, bromide ion (Br−) from 
the co-catalyst TEAB gets near Int1 to form a weak van der Waals complex Int2 
with a relative energy of −  22.9  kcal/mol. The Br− attacks the β-carbon atom of 
AGE, because of this nucleophilic attack, Int2 undergoes ring-opening to offer a sta-
ble metal-alcoholate species Int3 via a transition state TS. The ring-opening step’s 
activation energy (Ea) is 8.4 kcal/mol. The reaction progresses by the adsorption of 
CO2 molecule which forms an intermediate complex (Int4). After the initial adsorp-
tion of the CO2 molecule, the CO2 molecule is inserted into Zn–O bond to yield an 
intermediate complex (Int5). This intermediate complex (Int5) is transformed into 
a new intermediate complex (Int6) by undergoing intramolecular ring-closing with 
SN2 type nucleophilic substitution reaction. After this step, the Br− nucleophile has 
been eliminated (Int7), and the product (AGC) is desorbed, resulting in the regen-
eration of the MOF-508b catalyst to complete the catalytic cycle of the reaction.

The mechanism on the –OH active site from BDC linker defects in the defective 
MOF-508b is provided in Figs. 5c and S11. The reaction is initiated by coordinat-
ing the oxygen atom of AGE on the ‒OH group of the defective MOF-508b. Intro-
ducing the co-catalyst, Br− anion, results in an intermediate complex (Int2) with a 
relative energy of − 19.0 kcal/mol. The nucleophilic attack of the co-catalyst results 
in a ring-opening transition state TS, and subsequently leads to a new intermedi-
ate (Int3). Here, Ea for ring-opening is 40.6 kcal/mol. The subsequent addition of 
stable CO2 molecule results in a new intermediate Int4 with a relative energy of 
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Fig. 5   a Relative energy diagram comparison of the cycloaddition reaction of AGE and CO2 without 
catalyst (purple) and with the defective MOF-508b/TEAB (the open metal active site resulted from 
4,4′-Bipy linker defect (blue) and the -OH active site resulted from BDC linker defect (red)). Optimized 
geometries of intermediates (Int2, Int3) and transition state (TS) involved in the ring-opening step of the 
defective MOF-508b/TEAB-catalyzed cycloaddition reaction of AGE and CO2: b Open metal active site 
and c -OH active site. Color code: Zn, slate gray; Br, dark red; O, red; N, blue; C, gray; H, white
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−  20.5  kcal/mol. Furthermore, the insertion of the CO2 molecule results in Int5 
(−  25.4  kcal/mol), which is then transformed into Int6. Further, AGE and MOF-
508b were regenerated.

Our DFT calculations, combined with the NMR data, suggest that the CO2 
cycloaddition reactions occurring at both active sites of the defective MOF-508b 
exhibit significantly reduced activation barriers (open metal active site: 8.4  kcal/
mol, and OH‒ active site: 40.6 kcal/mol). This reduction may be attributed to the 
increased Lewis acidic sites resulting from missing linker defects during catalyst 
recycling. This is consistent with the reports in the literature which show that a high 
degree of defect leads to improved catalytic performance.

Conclusions

In this work, we synthesized and prepared MOF-508a (guest-filled), MOF-508b (F, 
guest-free), and MOF-508b (R, 3rd reused after reaction). CO2 cycloaddition reac-
tions were performed on the catalysts and the materials were characterized by using 
various physico-chemical techniques. The catalytic activity of these catalysts was 
examined in the cycloaddition of CO2 and AGE under solvent-free conditions. The 
MOF-508b (R) exhibited higher AGE conversion than the MOF-508b (F) and as-
synthesized MOF-508a. We found that the recycling of the MOF-508b (F) catalyst 
leads to a higher conversion of CO2 cycloaddition reaction. These increased catalytic 
activities were attributed to MOF-508b (R) possessing a higher amount of acidic 
and basic sites and mesopores from the cycloaddition reaction-induced framework 
defects which can favor the activation of epoxide and the mass transfer of reaction 
mixtures. NMR measurement shows that after the cycloaddition reaction of AGE 
and CO2 with MOF-508b, the relative ratio BDC:Bipy increased from 1:0.38 to 
1:0.42, likely due to the defect formation by the missing of some BDC linker during 
the cycloaddition reaction. Molecular simulations were used to quantify the missing 
4,4′-Bipy and BDC linkers by comparing the simulated N2 saturation loadings with 
the experimental N2 saturation loading. We found that defect model 4, having 11 
missing 4,4′-Bipy linkers and 16 missing BDC linkers, showed N2 saturation load-
ing close to that of MOF-508b (R). The missing BDC linker creates additional cata-
lytic active sites for the CO2 cycloaddition reaction. We performed DFT calculations 
on the –OH site for the plausible CO2 cycloaddition reaction. We found that the 
defective MOF-508b reduces the activation energy of the reaction through the ‒OH 
active site. On the basis of this, we conclude the improved catalytic performance of 
defective MOF-508b catalyst could be attributed to the increased Lewis acidic sites 
and larger pore size of the crystallographic framework resulting from the catalyst 
recycling.
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