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Abstract
Direct mixing (de novo) and Solvent Assisted Ligand Exchange (SALE) are the main methods used for the synthesis of 
Mixed-Linker Zeolitic Imidazolate Frameworks (ML-ZIFs). ML-ZIFs with combined –NO2 and –Br/–Cl functionalities were 
prepared via both synthetic routes. Thereafter the  CO2 uptake of the ML-ZIFs were compared, as well as their abilities to 
fixate  CO2 with epoxide substrates. The de novo synthesis resulted in ML-ZIFs with SOD topologies, 60: 40 (–NO2: –Br/–
Cl) functionality ratios, higher porosities, better thermal stability and higher  CO2 uptake than equivalent SALE products. 
SALE resulted in smaller ML-ZIF crystallites, only ~ 10% incorporation of –Br/–Cl functionalized imidazolate linkers, and 
phase change during activation. ML-ZIF-7Cl, obtained from direct mixing, resulted in the highest  CO2 uptake (90  cm3  g−1), 
in line with its higher porosity. ML-ZIF-7Cl, in combination with tetrabutylammonium bromide (TBAB), showed a high 
catalytic activity (TOF of 446  h−1) for the fixation of  CO2 with propylene oxide and was reusable for up to 4 cycles without 
loss in activity.
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1 Introduction

The removal of carbon dioxide from the atmosphere is 
essential in minimizing the impact of global warming due 
to the use of fossil fuels [1, 2]. In the last two decades, ZIFs, 
a subfamily of Metal–Organic Frameworks (MOFs), with 
divalent metal centres tetrahedrally connected by imida-
zolate-based linkers, have garnered much interest for  CO2 
separation, adsorption/capture and utilization applications 
[3–5].

ZIFs have high porosity, tuneable functionality, high 
thermal and mechanical properties, making them ideal for 
industrial  CO2 capture and sequestration (CCS) as well as 
 CO2 capture and utilization (CCU) applications [6]. CCU 
technologies have the added advantage of valorizing  CO2 
and compensating for CCS costs [7, 8]. The use of ZIF cata-
lysts for forming cyclic carbonates through the cycloaddi-
tion of  CO2 with epoxide substrates is one type of CCU that 
has gained much attention recently for its green chemistry, 
100% atom economy and high value-added products [9, 10]. 
Cyclic carbonates are valuable chemicals with applications 
in metal extraction, electrolytes in lithium-ion batteries and 
supercritical fluid separation [11, 12].

Extensive experimental and computational studies have 
shown that both  CO2 fixation and uptake by ZIFs are sub-
ject to the functionality of their linkers [13–16]. ZIFs with 
electron-withdrawing groups (EWG) achieved the highest 
 CO2 uptakes in the following order of linker functionality: 
 NO2 > Cl > Br > CN > H >  CH3 [17–19]. This has been attrib-
uted to the high quadrupole moment of ZIFs with EWG, 
resulting in a higher interaction of  CO2 and polar functional-
ity [20]. The cycloaddition of  CO2 with epoxide substrates 
requires a catalyst with both Lewis acid (LA) and Lewis 
base (LB) sites, LAs open the epoxide ring, whereas LBs 
activate  CO2 [21, 22]. ZIFs are bifunctional catalysts with 
dual LA (–NH of imidazole linker) and LB (metal centre) 
sites, making them suitable for cycloaddition reactions [23].

The use of mixed–linker ZIFs with combined EWG 
(–NO2) and electron-donating (–CH3) functionalities has 
shown that Electron density (ED) symmetry also plays a 
part in the  CO2 uptake and fixation of ZIFs. Solvent Assisted 
Ligand Exchange (SALE) of ZIF-8 (with Zn(CH3Im)2 com-
position) with  NO2Im resulted in an asymmetric ED, which 
led to a 155% increase in  CO2 capacity of ZIF-8 [24, 25]. 
Similarly, ML-ZIF 3 with Zn(mIm)0.82(NO2Im)1.18 compo-
sition has shown a 72% increase in  CO2 uptake compared 
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to. ZIF-108 (with only  NO2Im linkers) and a 140% increase 
compared to ZIF-8 (with only mIm linkers) [26, 27]. This 
study aims to combine the high-performing linker function-
alities (–NO2 and –Br/–Cl) on one ZIF structure and inves-
tigate its effect on  CO2 uptake and conversion.

There are two routes for a multi-linker ZIF synthesis: 
direct incorporation of the two linkers during the synthesis 
process (de novo) and post-synthetic modification (PSM) of 
a single-linker ZIF. The de novo method is a one-pot synthe-
sis reaction, where the mixture of linkers is combined with 
the metal source. The crystal structure is then determined 
by how the two linkers compete in structure-directing and 
interact with each other [6]. SALE is a type of PSM, where a 
single-linker ZIF is reacted with an excess secondary linker 
in a suitable solvent system [28]. SALE occurs via a het-
erogeneous nucleation process, where the parent material 
is used as seeds [29]. To the best of our knowledge, this is 
the first report of de novo or SALE synthesis of ZIFs with 
combined 2-nitroimidazole  (NO2Im) and 2-bromoimidazole 
(BrIm)/2-chloroimidazole (ClIm) linkers, respectively.

Herein, we present a comparative study (thermal stability, 
linker ratio, topology, porosity, and  CO2 uptake) of de novo 
and SALE routes for synthesizing mixed-linker ZIFs with 
combined –NO2 and –Br/Cl functionalities. In addition, the 
catalytic activities of de novo and SALE prepared ML-ZIFs 
in the fixation of  CO2 with an epoxide substrate are reported.

2  Experimental

2.1  Materials and Equipment

All chemicals and solvents were purchased from AmBeed 
USA or Sigma-Aldrich/Merck and used without further 
purification.

Reflection data of single crystals were collected on either 
a Bruker D8 Venture 4 K Photon III C28 diffractometer or 
on a Bruker D8 Quest diffractometer. Both instruments are 
equipped with a graphite monochromator using a Mo-Kα 
generator utilizing a wavelength of λ = 0.71073 Å. The data 
was collected using phi and omega scans at 100 K. COSMO 
[30] was utilized for multiple hemisphere data collection 
of the reciprocal space. Bruker SAINT-Plus and XPREP 
[31] were employed for frame integration and data reduc-
tion. SADABS [32] was used for phase correction by using 
the multi-scan method. SHELXT [33] was used to solve the 
crystal structures by means of intrinsic phasing. WinGX 
[34], Olex2 [35] and SHELXL-2018/3 [34] were used for the 
refinement of the crystal structures. DIAMOND 4.0 software 
[36] was utilized to generate crystal structure images. In the 
crystal structure images all thermal ellipsoids are drawn with 
50% probability level unless stated otherwise. In all struc-
tures, the hydrogen atoms were positioned geometrically and 

refined using a riding model: C–H aromatic distances are 
placed at 0.95 Å. The H atom isotropic displacement param-
eters were fixed at Uiso(H) = 1.2 Ueq(C). When appropriate, 
the hydrogen atoms bound to non-carbon atoms were located 
and placed according to the Fourier electron difference map.

PXRD patterns were collected on a Bruker D2 Phaser 
powder X-ray diffractometer at 25 °C, with Cu radiation 
(λ = 1.54 Å). TEM images were obtained from Philips (FEI) 
CM100 microscope equipped with a MegaView III digital 
camera and pictures were analyzed with ZEISS ZEN core 
V2.6 software for particle size determination. 1H NMR spec-
tra were measured on a 400 MHz Bruker AVANCE III NMR 
spectrometer (operating at 25 °C) with a 5 mm BBI H-BB-D 
probe with z-gradients. The 1H chemical shifts were reported 
relative to  SiMe4 at 0.0 ppm as external standard and utiliz-
ing the solvent peak as internal standard where applicable. 
All insoluble ML-ZIF derivatives were digested in  D2O: 
 D2SO4 (9:1) prior to NMR measurements.

All samples were activated prior to porosity analyses by 
solvent exchange with methanol (3 × 50  cm3) and evacuation 
at 150 °C. Porosity and surface area measurements were 
performed on a Micromeritics ASAP 2020 Surface Area 
and Porosity Analyser. Porosity data was analyzed with 
MicroActive V2.0 for physisorption with nitrogen and car-
bon dioxide. The Brunauer − Emmett − Teller (BET) surface 
area was determined using the recently developed BET sur-
face identification (BETSI) software [37].  N2 adsorption was 
measured with relative pressure at 77 K and  CO2 adsorption 
with absolute pressure at 273 and 293 K, respectively, with 
the warm and cold free space determined separately with 
helium. T-plot external surface areas and micropore volumes 
were calculated with the t-plot method of the Microactive 
programme using the Harkins and Jura thickness equation. 
Thermal stability tests were performed on a TA TGA5500 
analyzer under  N2 atmosphere.

2.2  De Novo Synthesis of Mixed‑Linker ZIFs

Mixed-linker (ML) ZIFs were synthesized using a sol-
vothermal method from literature with equal linker 
ratios (Scheme 1) [17]. For the synthesis of ML-ZIF-7, 
Zn(NO3)0.6H2O (0.9460 g, 3.2 mmol), 2-nitroimidazole 
 (NO2Im, 0.4523  g, 4.0  mmol) and 2-chloroimidazole 
(ClIm, 0.4100 g, 4.0 mmol) were separately dissolved in 
DMF (20  cm3). The solutions were then mixed in a Teflon 
reactor. The reactor was sealed and solvothermally heated 
at 100 °C for 72 h. The reactor was then allowed to cool to 
room temperature, the formed crystals were separated by 
centrifugation and washed with DMF (2 × 100  cm3). The 
crystalline product was air-dried overnight to yield light 
yellow crystals of ML-ZIF-7Cl (Zn(NO2Im)1.24(ClIm)0.76), 
(0.6007 g, 67%, based on  Zn2+). Similarly, ML-ZIF-8Br was 
synthesized by using 2-bromoimidazole (BrIm, 0.4100 g, 
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4.0 mmol) in place of ClIm to yield ML-ZIF-8Br crystals 
with Zn(NO2Im)1.16(BrIm)0.84 composition (0.8260 g, 82%, 
based on  Zn2+).

2.3  SALE Synthesis of ML‑ZIFs

Firstly, nano-sized ZIF-108 was synthesized using an 
adopted procedure from literature giving an average parti-
cle size of 69 nm [26]. SALE was performed by suspending 
nZIF-108 (0.300 g, 1.0 mmol) in DMF (30  cm3) by an ultra-
sonic probe for three minutes before transferring it to a Tef-
lon cup (Scheme 2). Subsequently, ClIm (0.318 g, 3.0 mmol) 
was dissolved in DMF (30  cm3) and added to the ZIF-108 
suspension. The Teflon cup was then sealed in a stainless-
steel reactor and heated to 60 °C for 72 h. After cooling, the 
SALE products were collected by centrifugation, washed 
with DMF (3 × 100  cm3), followed by further centrifuga-
tion and air dried to yield ZIF-108-Cl (0.2080 g, 69%)). A 

similar SALE reaction with BrIm (0.456, 3.0 mmol) yielded 
ZIF-108-Br (0.2069, 69%).

2.4  CO2‑Epoxide Cycloaddition Reaction

The catalytic activity of de novo and SALE synthesized 
ML-ZIFs with tetrabutylammonium bromide (TBAB) was 
tested using optimized reaction conditions (120 °C, 17 bar, 
0.2 mol %, 0.5 h) for solvent-less  CO2-propylene-oxide 
(PrO) cycloaddition in a 25  cm3 Parr reactor with magnetic 
stirrer (Scheme 3) [38]. PrO (5  cm3, 72 mmol), ML-ZIF-7 
(40.5 mg, 0.144 mmol) and TBAB (46.4 mg, 0.144 mmol), 
were placed in the sealed reactor with a  CO2 inlet. The reac-
tor was first purged with  CO2 to replace air with  CO2 inside 
the reactor. The reactor was then charged with 17 bar of  CO2 
and heated to 120 °C for 30 min. After cooling the reactor to 
room temperature, excess gas was vented and the recovered 
liquid was analysed via 1H NMR.

Scheme 1  De novo synthesis of ML-ZIFs

Scheme 2  Summary of SALE synthesis of ML-ZIFs

Scheme 3  Cycloaddition of  CO2 to PrO under optimized conditions to afford propylene carbonate
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3  Results and Discussions

3.1  Synthesis of Mixed‑Linker ZIFs

The mixed linker ZIFs were synthesized with 1:1 linker 
ratio for the de novo synthesis to afford both linkers an 
equal chance of incorporation. For the SALE of ZIF-108, 
3 × excess secondary linker (ClIm/BrIm) was used as it is 
adequate for the diffusion-limited ligand exchange process 
[39, 40]. SALE was performed at 60 °C, as ligand exchange 
at high temperature result in surface etching of the ZIF [40]. 
Both de novo and SALE syntheses were performed for 72 h 
for a synthesis-time independent comparison of the two 
routes. All ML-ZIF syntheses were performed with a DMF 
solvent system, as all the linkers  (NO2Im, ClIm and BrIm) 
used in this work are soluble in DMF, and SALE is depend-
ent on the solubility of the linkers in solution [41].

Thermal gravimetric analyses (TGA) show that the 
de novo synthesized ML-ZIFs are thermally stable up to 
330–340 °C. While ML-ZIFs prepared via SALE are ther-
mally stable up to 300 °C. (Fig. 1) The lower thermal stabil-
ity of the SALE derivatives can be attributed to the presence 
of partly coordinated linkers.

3.2  X‑Ray Diffraction

3.2.1  Single Crystal XRD

Both products from the de novo syntheses, ML-ZIF-7 and 
ML-ZIF-8, form a sodalite (SOD) topology with I 4 3 m 
space group, making them isostructures of ZIF-8 and ZIF-
108, respectively [17, 42]. The external morphology of the 
crystals of ML-ZIF-7 and ML-ZIF-8 is given in Fig. 2. The 
subunit of the two crystal structures is depicted with their 
respective major and minor disorder occupancies in Fig. 3. 
The primary disorder occupancies are 0.64 and 0.62 for 
ML-ZIF-7 and 8, respectively. Each subunit is defined as 
a whole imidazolate anion with a zinc cation coordinating 
with each of the aromatic nitrogen atoms of the imidazole. 
The general crystallographic and refinement parameters for 
the two crystal structures are given in SI, Table S1. Both 
crystal structures’ unit cell parameters are similar; how-
ever, the ML-ZIF-7 structures’ unit cell lengths are slightly 
shorter, resulting in a slightly smaller unit cell volume, and 
this can be attributed to the larger atomic radius of bromide 
compared to chloride.

The hexagonal (open pore) and square packing (closed 
pore) motives of both ML-ZIFs are illustrated in Fig. 4. 
Some small but significant crystallographic bonding dis-
tances and angle differences can be observed between ML-
ZIF-7, ML-ZIF-8 and other structures found on the Cam-
bridge Structural Database (CSD) [43]. A selection of these 
distances and angles has been summarised in Table 1.

Fig. 1  TGA of ML-ZIFs and 
ZIF-108 SALE products
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Fig. 2  Crystals of A ML-ZIF-7 and B ML-ZIF-8 as taken through a polarising microscope with × 45 magnification

Fig. 3  A Subunit of the major (64.0%) and B minor occupancies of ML-ZIF-7. C Subunit of the major (61.8%) and D minor occupancies of 
ML-ZIF-8

Fig. 4  Hexagonal and square packing units of ML-ZIF-7 (A, B) and ML-ZIF-8 (C, D)
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ML-ZIF-7 and ML-ZIF-8 adopt very similar structural 
parameters to ZIF-108, with some variations being intro-
duced by the presence of Br/Cl atoms. The  Zn1-Zn1’ dis-
tance for ZIF-108 (6.1135(1) Å) is longer than those of 
ML-ZIF-7 and ML-ZIF-8 (6.0638(1) and 6.0815(5) Å), 
respectively. A similar trend in the  Zn1-Zn1’ distance is 
observed with the structures of ZIF-8_Cl and ZIF-8_Br 
being 6.024(1) and 6.039(1) Å. The  Zn1-N1 distance of 
ML-ZIF-7 and ML-ZIF-8 are 2.007(6) and 1.999(7) Å 
which tends toward the value seen in ZIF-108 of 2.023(1) 
Å and not the shorter distances of ZIF-8_Cl and ZIF-8_Br 
(1.942(3) and 1.987(4) Å), respectively. The pore diame-
ters of ML-ZIF-7 and ML-ZIF-8 (5.8035(1) and 5.8111(5) 
Å) are slightly smaller than ZIF-108 (5.8812(1) Å) but are 
significantly larger than any of the other structures found 
in 1 (between 5.5502(1) and 5.76(2) Å).

As with the bonding distances, the two structures 
reported here have angles that mimic those of ZIF-108. 
The  N1-Zn1-N1’ angle for ML-ZIF-7 and 8 are 105.9(2) 
and 106.5(2) °, respectively, whereas ZIF-108’s angle is 
104.06(5)°. This is smaller than ZIF-8_Cl and ZIF-8_Br 
angles that are 108.4(1) and 107.6(1) °. The hexagonal 
and square plane angles show the same trend. For ML-
ZIF-7 the hexagonal (73.8(9) °) and square (63.7(9) °) 
plane angles are identical, within error margins, to ZIF-
108’s plane angles (73.6(1) and 64.3(1) °). However, ML-
ZIF-8’s plane angles (71.1(8) and 69.5(7) °) deviate from 
this, possibly due to the larger bromide atomic radii. The 
effect of the nuclear radii can be seen in the angles of 
ZIF-8_Cl, ZIF-8_Br and Zn(I2), which decrease in the 
hexagonal plane angles (70.3(4), 66.9(5) and 67.5(1) °) 
and increase in the square plane angles (70.9(4), 77.5(3) 
and 76.5(13) °).

These parameters show that the electron-withdrawing 
 NO2 group is useful in increasing the pore size of chloride 
and bromide-containing ZIFs, while retaining some differ-
ences in electronic character (compared to  NO2 only), which 
could be useful for gas adsorption.

The unit cell packing of the ML-ZIF-7 and ML-ZIF-8 
structures are very similar, as expected, both with SOD 
topology. In the figure below (Fig. 5) the unit cell packing 
of both the crystal structures are depicted as line drawings 
for the sake of clarity. The open hexagonal pores are situated 
at the corners of the unit cell and the closed square pores are 
parallel to the faces of the unit cell. Also included in the fig-
ure is the polyhedra of the metal cations. These tetragonal-
polyhedra are generated by the N-atoms of the imidazolate 
ligands coordinated to each Zn-cation to highlight the metal 
positions.

3.2.2  Powder XRD

Directly synthesized ML-ZIFs formed a SOD topology, 
in agreement with the result obtained from single crystal 
XRD. (Fig. 6) The ligand exchanged ZIF-108 derivatives 
retained the SOD topology of ZIF-108. Peak broadening is 
only observed with the PXRD pattern of SALE products, 
indicating that the particles are nano-sized.

After activation, the de novo synthesized ML-ZIFs main-
tained the SOD topology, whereas the ZIF-108 SALE deriv-
atives undergoes a phase change to an unknown, disordered 
structure. (Fig. 7) The disorder is characterized by a shift 
of the 110 peak from 7.2° to 6.5° and a significant broad-
ening of all peaks. The phase change has previously been 
attributed to a strong interaction of the ZIF with methanol 
during the activation process resulting in amorphization of 

Table 1  Selected bonding distances and angles of the structures reported here and of selected structures found in the CSD

In cases where a structure on the CSD contained disorders only the major component of the disorder were considered for distance and angle 
mesurements
a The distance separated by an imidazolate bridging ligand
b The distance between two directly opposing hydrogen atoms in the hexagonal packing motif
c The planes generated through the  N1-Zn1-N1’ atoms of the two discrete imidazoles in the hexagonal packing motif
d The planes generated through the  N1-Zn1-N1’ atoms of the two discrete imidazoles in the square packing motif

Compound CSD code (Reference) Distances measurements (Å) Angle measurements (°)

Zn1-Zn1’a Zn1-N1 Pore  diameterb N1–Zn1–N1’ Hexagonal plane 
angles c

Square 
plane 
 anglesd

ML-ZIF-7 This work 6.0638(1) 2.007(6) 5.8035(1) 105.9(2) 73.8(9) 63.7(9)
ML-ZIF-8 This work 6.0815(5) 1.999(7) 5.8111(5) 106.5(2) 71.1(8) 69.5(7)
ZIF-8_Cl YITKIY [44] 6.024(1) 1.942(3) 5.69(2) 108.4(1) 70.3(4) 70.9(4)
ZIF-8_Br YITKEU [44] 6.039(1) 1.987(4) 5.76(2) 107.6(1) 66.9(5) 77.5(3)
Zn(Iim)2 EJEGUY [45] 6.0777(1) 2.04(2) 5.72(5) 112.5(8) 67.5(1) 76.5(13)
ZIF-108 FOQPAF [46] 6.1135(1) 2.023(1) 5.8812(1) 104.06(5) 73.6(1) 64.3(1)
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the structure [29]. These structural instabilities are inherent 
to the parent ZIF-108, which undergoes a similar structural 
change in polar solvents and above 100 °C [47]. Similar to 
ZIF-108, the SOD topology of the SALE products can be 
restored by immersing them in DMF. (SI, Fig.S1).

3.3  Nuclear Magnetic Resonance (NMR)

After digestive 1H NMR, ML-ZIFs linker ratio was deter-
mined from the CH=CH peak integrals of  NO2Im (Fig. 8i) 
and halogenated imidazoles, respectively. (Fig. 8, i–iii) 
Directly synthesized ML-ZIFs showed a ~ 60: 40  (NO2Im: 
XIm) linker ratio. These results are in line with the occu-
pancy of the two linkers observed with single-crystal XRD. 
The higher incorporation of the  NO2Im linker in both 

Fig. 5  Unit cell packing of ML-ZIF-7 and ML-ZIF-8 are illustrated 
as line drawings in (A) and (C), respectively (as viewed along the 
a-axis). To their right are the same packing with the polyhedra of the 

Zn coordination sphere B for ML-ZIF-7 and D for ML-ZIF-8; viewed 
from the a-axis
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ML-ZIFs can be attributed to the higher reactivity of  NO2Im 
and favourable ZIF structure formed with  NO2Im over the 
halogenated linkers [26]. The two SALE products showed 
low (≤ 10%) incorporation of the halogenated linker. This 
can be attributed to the exchange being limited to the exter-
nal surface of ZIF-108, due to the bulkier halogen function-
ality and steric effect between the -NO2 and incoming –Cl/
Br functionality [48].

3.4  Transmission Electron Microscopy

TEM images of the ML-ZIFs and SALE products revealed 
the hexagonal and spherical particles, with average particle 

sizes of 450–480 nm for the de novo prepared ML-ZIFs and 
108–125 nm for SALE products. (Fig. 9) Both SALE prod-
ucts showed a significant increase on the size of ZIF-108 
(69 nm), indicating a possible core–shell structure, where 
SALE predominantly occur on the external surface area 
of the MOF [40]. The SALE synthesis method resulted in 
nano-sized particles (Fig. 9 C and D), with both de novo 
syntheses resulting in particles about five times larger (Fig. 9 
A and B). This can be ascribed to the particle size of SALE 
products being limited by the mother ZIF-108, compared to 
the de novo products, where there is no limiting agent.

Fig. 6  PXRD pattern of as syn-
thesized mixed-linker ZIFs

Fig. 7  PXRD pattern of mixed-
linker ZIFs after activation
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3.5  Porosity Analysis

Both de novo prepared ML-ZIFs and SALE products (from 
ZIF-108) have a type-I  N2 isotherms. (Fig. 10) In compari-
son to the reported BET surface area of ZIF-108 (724  m2 
 g−1), both ML-ZIFs show significantly larger surface areas, 
with a 77% (ML-ZIF-7Cl) and 44% (ML-ZIF-8Br) increase 
[26]. Of the de novo prepared ZIFs, ML-ZIF-7Cl exhibited 
the highest BET surface area (1283  m2  g−1) and micropore 
volume of 0.43  cm3  g−1. (Table 2, SI Fig. S2–S5) Both de 
novo prepared ML-ZIFs show superior BET surface areas, 
compared to their SALE derived analogues (ZIF-108-Cl and 
ZIF-108-Br) [44].

The ZIF-108 SALE derivatives both have lower BET 
surface areas than the mother ZIF-108, with a 60 and 47% 
decrease for ZIF-108-Cl and ZIF-108-Br, respectively 
(Fig. 10A). This can be attributed to the phase change of 
the ZIF-108 derivatives during the activation process, as 
observed in Fig. 8. Noticeable hysteresis is observed with 
the desorption cycle of ZIF-108_Cl, possibly due to the 

presence of mesoporous cavities, resulting from the phase 
change during activation.

The gate opening phenomenon refers to the distortion 
of the MOF structure at a specific gate opening pressure, 
resulting in a flexible structure capable of greater molecular 
uptake [49, 50]. This can be observed in the  N2 isotherm 
with logarithmically-scaled relative pressure (p/p°) on the 
x-axis, with each step or "jump" in adsorption correspond-
ing to the gate-opening/flexibility pressure [51]. The  N2 iso-
therm of ML-ZIF-7Cl exhibits a sharp step (at 0.0005–0.005 
p/p°), indicating the flexibility of the framework (Fig. 10B). 
Similarly, ML-ZIF-8Br also shows a slight step (0.04–0.05 
p/p°) at higher loading, resulting in a hysteresis loop in the 
desorption cycle. Chaplais et al. have demonstrated the gate-
opening phenomenon for ZIF-Cl (Zn(ClIm)2), while ZIF-Br 
(Zn(BrIm)2) showed no flexibility [44, 52]. Therefore, the 
flexibility of ML-ZIF-7Cl can be attributed to the possible 
swing/rotation of both the ClIm and  NO2Im linkers, while 
the slight flexibility of ML-ZIF-8Br can be ascribed to the 
 NO2Im linker rather than the BrIm linker.

Fig. 8  Digestive 1H NMR of ML-ZIFs and ZIF-108 SALE products
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3.6  CO2 Adsorption

At low pressures (0–200 mmHg) SALE synthesized ML-
ZIFs show similar  CO2 uptakes than de novo ML-ZIFs. 
(Fig. 11) At higher pressures (200–900 mmHg) the de 
novo prepared ML-ZIFs maintain a linear increase while 
the SALE derivatives level off due to their lower porosi-
ties. ML-ZIF-8Br and ML-ZIF-7Cl have 60 and 70% higher 
 CO2 uptakes than the 53  cm3  g−1 of ZIF-108 (Table 2). 
The 90  cm3  g−1  CO2 uptake of ML-ZIF-7Cl can be attrib-
uted to its higher porosity and gate-opening effect. At a 
higher analysis temperature (293 K), both de novo pre-
pared ML-ZIFs show similar uptakes. (SI, Fig. S6).

The  CO2 uptakes of the SALE derived ML-ZIFs, ZIF-
108-Br (50  cm3  g−1) and ZIF-108-Cl (55  cm3  g−1), are 
similar to that of ZIF-108 (53  cm3  g−1), despite their 
lower BET surface and phase change during activation 
(Table 2).This highlights the effect of the lowly incorpo-
rated halogenated linkers in enhancing the  CO2 uptake. 

The higher  CO2 uptake of the Cl-containing ML-ZIF-7Cl 
and ZIF-108-Cl, when compared to their Br-containing 
counterparts, is in line with the computational studies 
done by Tsai et al., which showed that –Cl functionalised 
ZIFs result in stable adsorption energies over other halo-
gen functionalities [53].

3.7  CO2 Conversion via Cycloaddition Reactions

While  CO2 is known to be a major contributor to global 
warming, it is also considered as a renewable, non-toxic, 
and abundant feedstock for fine chemical production [54]. 
However, due to its high kinetic and thermodynamic 
stability, converting  CO2 into useful chemicals requires 
significant energy input [55]. One promising approach to 
overcome this challenge is through the catalytic fixation of 
 CO2 into cyclic carbonates, which are versatile chemicals 
with a range of applications, including use as intermedi-
ates, polar aprotic solvents, polymers, electrolytes, and 

Fig. 9  TEM images and particle size distribution of A ML-ZIF-7Cl, B ML-ZIF-8Br, C ZIF-108-Cl and D ZIF-108-Br
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Fig. 10  N2 isotherms of ML-
ZIFs at 77 K A with linear scale 
and B with logarithmic scale of 
the relative pressure}: ML-ZIF-
8Br (purple, ■), ML-ZIF-7Cl 
(red,▲), ZIF-108-Cl (green, 
•), and ZIF-108-Br (blue,♦). 
Adsorption are marked by solid 
and desorption by hollow sym-
bols (Color figure online)

(A)

(B)

Table 2  Porosity analyses and 
 CO2 uptake of mixed-linker 
ZIFs

Name Linker ratio 
 NO2Im: Cl/Br Im

N2 adsorption 
at 0.8 p/po 
 (cm3g−1)

BET  (m2g−1) Micropore Vol-
ume  (cm3g−1)

CO2 uptake At 
273 K  (cm3g−1)

ZIF-108-Cl 1.8: 0.2 140 539 0.18 55
ZIF-108-Br 1.86: 0.14 94 384 0.13 50
ML-ZIF-7Cl 1.24: 0.76 324 1287 0.43 90
ML-ZIF-8Br 1.16: 0.84 294 1037 0.37 85
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fuel additives. Currently, cyclic carbonates are synthesized 
through either transesterification of diols using toxic sol-
vents or cycloaddition of epoxide substrates with  CO2 [9, 
56]. ZIFs, due to their stability, ease of separation, and 
recyclability, are considered as effective heterogeneous 
catalysts for  CO2-epoxide cycloaddition [11, 12].

The catalytic activity of de novo and SALE synthe-
sized ML-ZIFs for the PrO-CO2 cycloaddition reaction 
(Scheme 3) was tested using optimized reaction conditions 
(Table 3) [27]. De novo synthesised ML-ZIFs show very low 
catalytic activity for PrO-CO2 cycloaddition, while the ZIF-
108 derivatives show no catalytic activity at all. The inactiv-
ity of the ML-ZIFs can be attributed to the weakening of LB 
sites (imidazolate linkers) due to the high electronegativity 
of –NO2, and –Cl/–Br functionalities [57, 58]. Thus, upon 
addition of a Lewis base co-catalyst, tetrabutylammonium 
bromide (TBAB), the catalytic activities of the ML-ZIFs 
were hugely enhanced [59, 60].

Combining TBAB with the ML-ZIFs resulted in a mini-
mum 28% increase in the catalytic activity of TBAB on its 

own. This can be attributed to the high surface area and  CO2 
capacity of the ML-ZIFs, enhancing the interaction of  CO2 
with the epoxide substrates. In line with its higher BET sur-
face area and  CO2 uptake, ML-ZIF-7/TBAB resulted in the 
highest catalytic activity, with Turnover Frequency (TOF) 
of 446  h−1. The combination of SALE products (ZIF-108-Cl 
and ZIF-108-Br) with TBAB result in slightly lower activ-
ity than for the de novo ML-ZIFs, while the selectivity was 
maintained.

3.7.1  Catalyst Reusability

The reusability of the high-performing ML-ZIF-7/TBAB 
catalyst combination was evaluated by isolating and reac-
tivating the catalyst using centrifugation, washing with 
dichloromethane (DCM) and drying at 60 °C. The ML-
ZIF-7/TBAB catalyst combination is reusable for up to four 
cycles with a slight drop in activity, while the selectivity 
remained at 95% (Fig. 12). FTIR analyses show that both 
fresh and recovered catalyst (after 3rd reuse) have similar 
peaks, confirming the chemical integrity of the catalyst dur-
ing the reuse (SI, Fig. S7). The slight decrease in catalytic 
activity can be attributed to the catalyst’s mass loss (< 5%). 
The SALE product, ZIF-108-Cl, on the other hand, under-
goes significant degradation during the cycloaddition reac-
tion, and no catalyst could be recovered for reusability tests.

Fig. 11  CO2 adsorption isotherms of ML-ZIFs and ZIF-108 SALE 
products at 273 K

Table 3  Cycloaddition of  CO2 with PrO using ML-ZIF and ZIF-
108 SALE products as catalyst, with optimized catalytic conditions 
(0.2/120 °C /17 bar/0.5 h)

Catalyst Conver-
sion (%)

Selectivity (%) TON TOF  (h−1)

ML-ZIF-7 1 95 5 10
ML-ZIF-8 1 95 5 10
ZIF-108-Cl – – – –
ZIF-108-Br – – – –
TBAB 64 95 160 320
ML-ZIF-7/TBAB 89 95 223 446
ML-ZIF-8/TBAB 86 95 215 431
ZIF-108-Cl/TBAB 86 95 215 431
ZIF-108-Br/TBAB 82 95 205 410

Fig. 12  Catalyst reusability of ML-ZIF-7/TBAB for PrO-CO2 
cycloaddition

Table 4  Catalytic activity of ML-ZIF-7/TBAB on various epoxide 
substrates

Epoxide Conver-
sion (%)

Selectivity (%) TOF  (h−1)

Propylene Oxide 89 95 446
Epichlorohydrin 79 95 394
1,2-Epoxybutane 89 95 446
Limonene-1,2-epoxide 2 95 10
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3.7.2  Versatility of ML‑ZIF‑7/TBAB Catalyst

The versatility of the ML-ZIF-7/TBAB catalyst was tested 
for the fixation of  CO2 with various functionalized epoxide 
substrates. (Table 4) ML-ZIF-7/TBAB show good conver-
sion of terminal epoxides with the higher TOF (446  h−1) 
attained from the conversion of epoxides with electron-
donating functional groups (H,  CH3). Low activity was 
observed for bulky epoxides fixation due to the epoxide’s 
steric hindrance [61].

3.7.3  Comparison with Other ZIF Catalyst

Compared to previously reported ZIF-based catalysts for 
 CO2-PrO cycloaddition, the catalytic activity (in terms of 
TOF) of ML-ZIF-7Cl/TBAB ranks only behind that of ML-
ZIF-4 and ML-ZIF-5Co, as shown in Table 5. However, while 
the latter two catalysts demonstrate high activity, they are 
not reusable beyond two cycles due to significant structural 
decomposition during the catalytic reaction. In contrast, 
ML-ZIF-7Cl/TBAB is capable of being reused for up to four 
cycles while maintaining its chemical integrity, making it an 
ideal choice for high-scale industrial applications.

4  Conclusions

By using either De novo synthesis and SALE synthesis a 
combination of  NO2Im and ClIm or BrIm linkers could be 
successfully incorporated in the ML-ZIF structure. Both 
methods resulted in ML-ZIFs with SOD topology. The de 
novo synthesis method is efficient in forming a mixed linker 
distribution with high chemical (in polar solvents) and ther-
mal stability (up to 340 °C). The core- (–NO2 functional-
ized) shell (–Cl/ –Br functionalized) structured SALE prod-
ucts showed low incorporation of the halogenated linker, 

about 60% increase on the ZIF-108 particle size and phase 
change during activation.

De novo synthesized ML-ZIFs showed higher poros-
ity and larger particle sizes (~ 450 nm) than the ZIF-108 
derivative SALE products. The chlorinated ML-ZIF-7Cl 
formed a flexible framework with a structural rotation at 
0.0005–0.005 p/p0 of  N2 adsorption. ML-ZIFs with ClIm 
linkers resulted in higher  CO2 adsorption and fixation than 
their corresponding BrIm containing ML-ZIFs, in line 
with their high porosity, electronegativity, and flexibility.

Both de novo and SALE synthesised ML-ZIFs on 
their own showed no catalytic activities for the fixation 
of  CO2 with PrO. However, in combination with TBAB 
co-catalyst, a 28–40% increase in the catalytic activity 
of TBAB was achieved. ML-ZIF-7/TBAB resulted in the 
highest activity for  CO2-PrO cycloaddition with a TOF 
of 446  h−1 and 95% selectivity. The catalyst combination 
was reusable for up to 4 cycles with a slight loss in activ-
ity and was versatile for the fixation of  CO2 with various 
functionalised terminal epoxide substrates.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10904- 023- 02653-5.
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