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A B S T R A C T   

Effective CO2 capture is one of the crucial prerequisites for successful carbon management. The development of 
metal-organic frameworks (MOFs) and their subgroup, zeolitic imidazolate frameworks (ZIFs), have emerged as 
prominent materials in CO2 capture research. Among these, the most widely studied and utilized ZIF is the zinc 
2-methylimidazolate with sodalite topology known as ZIF–8. Despite its exceptionally high porosity and stability 
under hydrothermal and chemical conditions, ZIF–8 has shown limited utility as a CO2 adsorbent due to its low 
uptake capacity. This limitation is primarily attributed to the absence of polar functional groups in the frame
work, reducing interactions between the framework and CO2. With the growing interest in mechanochemistry 
for the synthesis of reticular materials, we explored the incorporation of linkers with polar groups using me
chanical forces. Initially, we focused on a system based on ZIF–8 and imidazole-2-carboxaldehyde as polar 
exchange linker. The optimal conditions, which achieved linker exchange of up to 63% within 15 min, were 
subsequently tested with four additional imidazole linkers with 4-carbaldehyde, hydroxide, and chloride func
tional groups. The synthesized materials were evaluated as CO2 sorbents, and further experimental evidence was 
found for the significance of the position of the polar functional group in the imidazolate ring for CO2 sorption in 
sodalite ZIFs.   

1. Introduction 

Zeolitic imidazolate frameworks (ZIFs) are a subgroup of meta
l–organic frameworks (MOFs), which consist of tetrahedrally co
ordinated single metal nodes linked together with imidazole- and 
benzimidazole-based linkers [1]. The strong coordination bonds be
tween the imidazolate linkers and metal ions, together with the pre
ferential formation of rigid cages, make ZIFs highly robust and per
manently porous materials. Their similarity to aluminosilicate zeolites 
is attributed to the similar bond angles and topologies of their frame
works [2]. The most widely studied and utilized ZIF is the zinc 2-me
thylimidazolate framework with sodalite (SOD) topology, known as 
ZIF–8 [3,4]. 

Despite its high porosity, excellent thermal [5], hydrothermal [6], 
and chemical [7] stability, as well as commercial availability, ZIF–8 has 
not been widely used as a CO2 adsorbent owing to its low uptake 
compared to some other ZIFs, MOFs, and porous carbons [8]. The low 

CO2 uptake of ZIF–8 can be attributed to the lack of dipoles (polar 
functional groups) in the framework, which consists of 2-methylimi
dazolate linkers bonded via Zn-ion nodes. This leads to reduced inter
action between the framework and CO2 [9–11] compared to other ZIFs 
with the same framework topology but different or additional func
tional groups on the ligands [10]. 

In recent years, various mixed linker (ML) systems with ZIF–8 have 
been developed with the aim of enhancing framework CO2 interactions 
and thereby increasing the CO2 uptake [12–15]. When direct synthesis 
of ML–ZIF–8 with desired topology and functionality is not achievable 
due to general thermodynamic/kinetic obstacles towards framework 
formation, post-synthetic functionalization can be a viable alternative. 
For this purpose, the most widely utilized method for ZIF–8 is linker 
exchange via solvent-assisted ligand exchange (SALE) [16–18]. 

The SALE of Cd-based ZIFs was first reported in 2012 [19]. The 
authors found that, by soaking the formed framework in a solution of 
another linker at slightly elevated temperatures, an exchange of linkers 
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occurred. While no major change was observed in the powder X-ray 
diffracton (PXRD) patterns, a slight decrease in the unit cell length and 
surface area was observed. In the case of CdIF-4, most linkers were 
exchanged after 48 h. Afterwards, reversibility tests were performed, 
and it was found that in some cases, SALE was reversible, that is, 
soaking in the initial linker could restore the original ZIF [19]. 

SALE was quickly transferred to use with the Zn-based ZIF–8  
[16,18,20,21]. The chosen linkers differed mainly in the functional 
groups at the 2-position of the imidazole ring (Fig. 1), with the base 
linkers being either pure imidazole or benzimidazole. The authors 
varied the solvent composition, time, and temperature to achieve the 
desired results of maintaining the initial SOD topology. The reaction 
times varied from a few hours to a week. While the original SALE 
procedure for CdIF-4 exhibited reversibility, no such reversibility has 
been observed for the SALE of ZIF–8. Furthermore, due to the com
mercial availability of ZIF–8, SALE was recognized as an efficient way 
to implement functionality into a ZIF with SOD topology. However, the 
main disadvantage of SALE is the common use of DMF as the solvent 
and prolonged synthesis times. 

With the rise of mechanochemistry, ligand exchange using me
chanical forces has been tested and has shown promise for a system 
based on ZIF–8. Jiang et al. [17] managed to introduce six imidazole 
linkers with varying functional groups replacing the 2-methyl imidazole 
linkers of the parent ZIF–8 by neat grinding in a mortar and pestle. The 
small mechanical forces achieved with hand grinding required pro
longed grinding times of up to 8 h, which is still significantly shorter 
than the multiple days required for most SALE. The resulting linker 
exchanges in the Jiang's report were either comparable to or higher 
than those reported for the three-day SALE procedure. 

The mechanochemically assisted ligand-exchange approach (MALE) 
was subsequently extended to carboxylate MOFs such as UiO-66  
[17,22] and MOF-808. Notably, a key advancement was the demon
stration that MALE can be a reversible process in Zn ZIF systems [17], 
enabling more precise control of the linker ratios, further proving that 
MALE can be a path towards the preparation of novel ZIF materials. 

Herein, we report the preparation of a series of ML ZIF–8-based 
compounds, where ball-mill MALE conditions were first investigated 
with ZIF–8 and imidazole-2-caboxaldehyde as the exchanging linker 
(HICA) (Fig. 1); the MALE reaction time was reduced by more 
than 30 times, from hours to minutes. The optimal MALE conditions 
were then applied to four functionalized imidazoles, functionalized 
at the 4 or 5 position (Fig. 1), which are known to exhibit higher 
affinity for CO2 compared to position 2-substituted at lower pressures  
[23], but have difficulties in forming highly porous SOD frameworks 
under solvothermal conditions or do not have known SOD phases at 
all. The obtained materials were then evaluated as CO2 capture ma
terials. 

2. Materials and methods 

2.1. Materials 

2-Methylimidazole (MIM, 99%) and Zinc nitrate hexahydrate (Zn 
(NO3)2•6H2O) were purchased from Sigma-Aldrich, 4- 
Imidazolecarboxaldehyde (4HICA, 95%), 4-Methyl-5-imidazolecarbox
aldehyde (4MICA, 97%), 4-Hydroxymethyl-5-methylimidazole (HMI, 
95%), and 2-imidazolecarboxaldehyde (HICA, 95%) were purchased 
from Fluorochem. Methanol (MeOH, 99.9%) was purchased from 
Honeywell. 4,5-Dichloroimidazole (DCl, 98%) was obtained from 
ABCR. Ethanol (EtOH, 96%) was purchased from Stella TECH. All the 
chemicals were used as such without further purification. 

2.2. Synthesis 

2.2.1. ZIF–8 nanoparticles 
A solution of 1.51 g (4.6 mmol) of zinc nitrate hexahydrate in 50 mL 

of MeOH was added to a solution of 3.33 g (4 mmol) of MIM in 50 mL of 
MeOH. The combined solutions were left to stir covered for 24 h and 
then centrifuged at 6000 rpm. The precipitate was then resuspended in 
fresh EtOH and centrifuged. The samples were then dried in a fan oven 
at 60 °C overnight. 

2.2.2. MALE procedure 
ZIF–8 was added to a stainless-steel grinding jar, followed by the addi

tion of the second linker. Stainless-steel grinding balls were added, and the 
milling was done according to the conditions described in Table 1 with a 
milling time of 15 min using a Retsch MM400 mill. After milling, the 
samples were washed twice with EtOH by suspending them in 10 mL of 
EtOH, followed by centrifugation. In the case of MALE procedure by liquid 
assisted grinding (LAG-20 samples), 100 µl of EtOH was added to the ZIF–8 
and linker before milling with 10 mm grinding balls. 

2.3. Characterization 

PXRD data were recorded on a PANanalytical X’Pert PRO high-re
solution diffractometer using Cu Kα1 radiation (1.5406 Å) in the 2θ 
range, 5°–50° (100 s per step 0.033° 2θ) with a fully opened X’Celerator 
detector. The crystallite size was determined using the built in Scherrer 
calculator in X’ Pert High Score software. 

Nitrogen physisorption isotherms were recorded at −196 °C using an 
Autosorb iQ3 instrument. Before the adsorption analysis, the samples were 
degassed under vacuum at 150 °C. The Brunauer–Emmett–Teller (BET) 
specific surface area was calculated from the adsorption data in the relative 
pressure range 0.005–0.02. The total pore volume (Vtotal) was calculated 
from the amount of N2 adsorbed at p/p0 = 0.97 and micropore volume as 
calculated from t-plot (p/p0 = 0.15–0.3) using the built-in software using 
the deBoer model. 

The acid-digestion liquid 1H NMR spectra were recorded using an 
AVANCE NEO Bruker 600 MHz spectrometer at room temperature. 
Approximately 1.5 mg of each sample was digested in a mixture of DCl 
(35%) and D2O (0.1 mL) and diluted with DMSO-d6 (0.5 mL). Data analysis 
was performed using TopSpin 4.3.0 (Bruker). Scanning electron microscope 
(SEM) images were taken using a Zeiss Supra 35 VP microscope. 

The CO2 isotherms were collected on a Surface Measurements 
Systems DVS Vacuum system. The samples were first degassed at 100 °C 
in a vacuum with the turbo pump on for 60 min and then left to cool 
under vacuum for 3 h. The isotherms were collected at 25 °C in the 
pressure range of 0–1 bar. 

3. Results and discussion 

The parent nanosized ZIF–8 was prepared and characterized by PXRD 
and SEM (Fig. S1). These results confirmed the absence of ZIF–L [24] 
crystals or potential alternative polymorphs of zinc 2-methylimidazolate  

Fig. 1. Imidazoles used in the present study and their abbreviations. MIM, 2-methyl 
imidazole; 4HICA, 4-Imidazolecarboxaldehyde; HMI, 4-Hydroxymethyl-5-methyli
midazole; HICA, 2-imidazolecarboxaldehyde; 4MICA, 4-Methyl-5-imidazolecarbox
aldehyde; DCl, 4,5-Dichloroimidazole. MIM has the imidazole ring positions labelled 
in blue. 
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[25]. The methanol used in the synthesis was recovered using a rotary 
evaporator to reduce liquid waste. 1H NMR spectrum of the recovered 
solvent (Fig. S2) showed that it was sufficiently pure for further use in the 
subsequent ML ZIF–8 synthesis. 

3.1. MALE with HICA: condition screening 

After the successful synthesis of ZIF–8 nanoparticles, the ZIF and se
lected MALE linkers were weighed into milling jars, and MALE was done 
using ball milling for 15 min, based on our previous experience [23,26]. We 
tested four potential jar “loadings” working in pairs, with one pair having a 
weight ratio of ZIF/Linker of 1/1 and the other of 1/2. Various frequencies 
were tested at the selected time, where 15 min provided sufficient reaction 
time without severe mechanochemical framework degradation. The milling 
conditions are listed in Table 1. For all three tested frequencies (10, 20, and 
30 Hz), the highest exchange was observed when the weight/volume ratio 
(reagent mass to jar volume) was 8 or 12. While ligand exchange was very 
small at 10 Hz, a drastic increase in exchange was observed when 20 Hz was 
used (a jump from  <  10% to > 40% exchange). A slightly smaller ex
change was observed when shifting the frequency from 20 to 30 Hz. As 
anticipated, the trend was higher frequency, higher linker exchange, higher 
loss of crystallinity, and higher mesoporosity (Fig. 2 and Table 2). 

The samples porosity was investigated with N2 physisorption 
(Fig. 3 and Table 2). While a significant drop in surface area was 
observed compared to the as-synthesized parent ZIF–8, all de
termined SBET values were within the range of the reported as-syn
thesized solvothermally pure HICA ZIF (ZIF–90), which tends to 
range from 600 to 1200 m2/g. 

The samples were then evaluated as single-component CO2 sorbents 
(Fig. 4 and Table 2). In all cases, a linear adsorption isotherm was 
observed, with notable differences in the slopes of the curves depending 
on the degree of functionalization through linker exchange for a par
ticular sample. A linear adsorption curve is characteristic for ZIF–8 
(pure 2-methyl imidazolate) as well as the majority of other 2-sub
stituted SOD ZIFs. Among the 12 samples prepared, the highest uptakes 
were observed for the HICA–30C (1.33 mmol/g) and HICA–30A 
(1.23 mmol/g) samples prepared at 30 Hz and the HICA–20C 
(1.25 mmol/g) sample prepared at 20 Hz. 

Although, literature reports that mixed linker ZIF–8/90 systems 
with ZIF–90 being pure HICA (2-imidazolecarboxaldehyde) ZIF 
should have a higher CO2 uptake than the individual components  
[12], this trend was not observed for our MALE samples. This could 
be attributed to different factors, including partial framework de
gradation from milling and its subsequent lower SBET, possible pore 

Table 1 
MALE conditions. The obtained products are named after the linker (Fig. 1) and the milling frequency used. The rate of ligand exchange was determined based on 
acid digestion 1H liquid NMR peak integrals. Due to the overlap of the rapid exchange proton peak in the NMR spectra with the HICA peak at 7.5 ppm, the peak at 
6 ppm was used. The integrals for both HICA peaks were in all cases 2:1 as would be expected.           

ZIF–8 (mg) MALE linker (mg) Linker/ZIF ratio Jar (mL) Balls (mm) Frequency (Hz) Halved integral of ring protons of MIM a,b  

HICA−10A  50  50  1  10  10  10  15.50 
HICA−10B  50  100  2  10  10  10  13.75 
HICA-10C  100  100  1  25  15  10  11.35 
HICA−10D  100  200  2  25  15  10  9.90 
HICA−20A  50  50  1  10  10  20  0.96 
HICA−20B  50  100  2  10  10  20  1.50 
HICA–20C  100  100  1  25  15  20  0.60 
HICA−20D  100  200  2  25  15  20  0.85 
HICA−30A  50  50  1  10  10  30  0.80 
HICA−30B  50  100  2  10  10  30  0.85 
HICA–30C  100  100  1  25  15  30  0.60 
HICA−30D  100  200  2  25  15  30  0.55 
4HICA−20c  100  100  1  25  15  20  0.835 
4MICA−20d  100  100  1  25  15  20  1.00 
HMI−20e  100  100  1  25  15  20  2.50 
DCl−20  100  100  1  25  15  20  0.27  

a Integral of second linker was calibrated to 1.  
b The integral was normalized to 1 proton.  
c The peak at 9.7 ppm was chosen.  
d The peak at 9.8 ppm was chosen.  
e HMI-20(10) used 10 mm grinding balls, NMR peaks of methyl groups were chosen for LAG samples.  

Fig. 2. PXRD of HICA MALE ZIF samples milled at (a) 10 Hz, (b) 20 Hz, and (c) 30 Hz, showing the trend of decreasing crystallinity with longer milling times.  
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filling with excess linkers, and the lack of amines from DMF solvent 
decomposition, which usually cause higher reported uptakes than 
those of DMF-free (greener) alternatives such as methanol-prepared 
ZIF–8 [12,27,28]. 

Among the milling conditions tested at 20 Hz, those for HICA–20C 
were chosen for further MALE experiments. Although HICA–30C 
showed a slightly higher uptake, the higher frequency could potentially 
cause issues with the other selected functionalized linkers, leading us to 
err on the side of caution. 

3.2. MALE with other imidazoles 

Four imidazoles (Fig. 1) with polar functional groups were tested for 
potential incorporation into the ZIF–8 framework by MALE. 

Of the tested linkers, only one case of MALE led to the retention of 
the SOD topology (Fig. 5). Both 5-methyl linkers (4MICA and HMI) 
decomposed into ZnO after the milling procedure, with the carbox
aldehyde (4MICA) still retaining some visible diffraction peaks be
longing to the SOD framework in the PXRD pattern. 

In contrast, the dichloro linker (DCl) induced near-complete re
crystallization into the highly porous RHO phase of ZIF–71 without the 
characteristic lsc pattern associated with ZIF–72. Some characteristic 
SOD peaks can still be observed as a shoulder of the peak at 7.3° 2θ 
(Fig. 5(b)). The results revealed that the milling conditions tested here 
were still slightly too harsh for more liable frameworks. 

All samples were analyzed using acid digestion 1H NMR (Table 3). 
The determined linker exchanges (Table 3) were somewhat in line with 
the observed PXRD results; DCl–20 had the highest determined ex
change (78%, with recrystallization into the RHO topology), while 
HMI-20 had the lowest (29%, transformation into amorphous phase and 
ZnO). Both 4HICA–20 and 4MICA–20 had a determined linker ratio of 
approximately 1:1; that is, 50% exchange was observed. The samples, 
with the exception of HMI–20, were then tested for permanent porosity, 
and their CO2 isotherms were collected (Fig. 5(c, d)). Notably, there is a 
change in the shape of the isotherms in the case of the 4-aldehyde 
linkers. Both 4MICA–20 and 4HICA–20 exhibited more prominent 
Langmuir-type isotherms than the linear isotherms observed for MALE 
–DCl and the 2-carboxaldehyde MALE samples (Table 2). The 

Table 2 
Weight/volume ratios of reagent mass to jar volume (w/V), linker exchange amount (determined by 1H liquid NMR), and full width at half maximum (FWHM) of 
PXRD for MALE HICA samples. Numbers in names denote the milling frequency used.            

w/V  
(g/L) 

Linker exchange (%)  FWMH (°) Crystallite size  
(Å) 

SBET  

(m2/g) 
Vmicro  

(mL/g) 
Vtotal  

(mL/g) 
CO2 uptake at  
25 °C (mmol/g)  

HICA−10A  10  6  0.13  1100  921  0.34  0.49  0.51 
HICA−10B  15  7  0.13  1170  975  0.37  0.56  0.67 
HICA−10C  8  8  0.13  1080  988  0.37  0.51  0.72 
HICA−10D  12  9  0.13  1120  1017  0.38  0.55  0.68 
HICA−20A  10  51  0.25  470  877  0.26  0.69  1.12 
HICA−20B  15  40  0.21  640  657  0.21  0.61  0.98 
HICA−20C  8  63  0.29  380  753  0.19  0.63  1.25 
HICA−20D  12  54  0.24  520  635  0.19  0.61  1.01 
HICA−30A  10  56  0.27  430  906  0.27  0.94  1.23 
HICA−30B  15  54  0.24  530  680  0.21  0.83  0.95 
HICA−30C  8  63  0.25  443  827  0.19  0.68  1.33 
HICA−30D  12  65  0.27  421  639  0.20  0.66  0.89  

Fig. 3. N2 isotherms of prepared HICA MALE samples milled at (a) 10 Hz, (b) 20 Hz, and (c) 30 Hz.  

Fig. 4. CO2 adsorption isotherms at 25 °C for HICA MALE samples milled at (a) 10 Hz, (b) 20 Hz, and (c) 30 Hz.  
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comparably high CO2 uptake of 4MICA–20 is also in line with the high 
uptake of its SOD pure linker zinc framework ZIF–94 [29]. While an 
increase in CO2 affinity can be observed the loss of porosity due to 
partial structural collapse, subsequently leads to reduced uptake, which 
would otherwise be expected for the determined high linker ratio. 

3.3. Liquid-assisted grinding-MALE 

Given the high loss in crystallinity observed for MALE with 
4HICA–20, 4MICA–20, and HMI–20 (Fig. 5(a)), we first attempted to 
determine whether the decomposition into ZnO could be stopped. 

HMI–20 was chosen as the test system because it exhibited the 
lowest MALE stability under the tested conditions. The first step in
volved the use of smaller grinding balls (15–10 mm). The change to 
smaller grinding balls led to high amorphization of the SOD framework 
(Fig. 6(a)); however, this was significantly less than that previously 
observed for the HMI–20 sample. 

The second approach tested was liquid-assisted grinding (LAG). The 
experiment led to a significantly better crystallinity of the LAG–HMI–20 

sample compared to that of the HMI–20 sample (Fig. 6(a)). LAG was 
further tested using 4HICA and 4MICA (Fig. 6(a)). In the case of 4MICA, 
comparable crystallinity was observed as with MALE, while in the case 
of 4HICA, the crystallinity loss was more apparent and accompanied by 
the appearance of an additional PXRD peak at 14° 2θ. 

The properties of the LAG–20 samples are listed in Table 4. The 
determined linker ratio was lower in all LAG–MALE samples than in 
MALE samples. Nitrogen physisorption (Fig. 6(b), Table 4) showed the 
expected decrease in SBET with increasing linker exchange, owing to the 
larger functional groups of the selected exchanging linkers. In spite of 
lower SBET, the CO2 isotherms (Fig. 6(c)) revealed that both 
LAG–4HICA–20 and LAG–4MICA–20 samples show an increase in up
take if compared to 4HICA–20 and 4MICA–20 (0.75 vs. 0.53 mmol/g 
and 1.08 vs. 0.76 mmol/g, respectively), with both still exhibiting the 
expected Langmuir type isotherm shape of 4-aldehyde substituted 
imidazole ZIFs. We can conclude that with LAG–MALE we get reduced 
linker exchange compared to MALE. However, the lower amorphization 
and consequently higher porosity of the framework, leads to a higher 
CO2 uptake. 

Fig. 5. (a) PXRD of MALE samples with HMI, 4MICA, DCI, and 4HICA. (b) PXRD of DCl–20 and 4HICA–20, magnified in the 5–8 2θ region. (c) N2 physisorption and 
(d) CO2 isotherms of MALE–20 samples with HIM, 4HICA, and 4MICA linkers incorporation. 

Table 3 
1H NMR determined linker exchange and sorption results for the MALE samples with other linkers.        

Sample Linker exchange (%) SBET (m2/g) Vmicro (mL/g) Vtotal (mL/g) CO2 uptake (mmol/g)  

4HICA−20  54 126 0.04 0.18 0.53 
4MICA−20  50 385 0.11 0.47 0.77 
HMI−20  28 / / / / 
DCl−20  79 858 0.28 0.48 0.53    

A. Škrjanc and N.Z. Logar                                                                                                                                                                            Green Carbon 4 (2026) 27–33 

31 



4. Conclusions 

Herein, we report on a successful implementation of ball-milling MALE 
for the ZIF–8 system by introducing a HICA polar ligand. Various reaction 
conditions were explored, and comparable linker exchange was achieved 
within 15 min, matching the results of the previously reported manual 
MALE process for ZIF–8 with HICA that required 8 h. This represents a 
shortening of the reaction time by 320% compared to the previously re
ported procedure, thus significantly enhancing the practical applicability of 
the technique. As anticipated, a general trend was observedl; higher milling 
frequency led to higher linker exchange accompanied by increased loss of 
crystallinity. The optimal conditions (20 Hz, 15 min) were then tested for 
MALE with four additional imidazole linkers that either have difficulty 
forming SOD phases or do not have known SOD phases. Notable exchange 
was observed for three selected imidazoles, and in the case of DCl, almost 
complete recrystallization into the RHO phase was observed. Various milder 
conditions were also tested for the 4 linkers, where the liquid-assisted 
(LAG)-MALE approach allowed for higher retention of the SOD framework 
at the cost of a slightly lower linker exchange. 

Testing all the MALE samples for CO2 sorption revealed that HICA–30C 
(63% exchange) exhibited nearly 3 times the uptake of HICA–10A (6% 
exchange). Furthermore, the 4MICA and 4HICA MALE samples with polar 
functional groups at position 4 in the imidazolate ring demonstrated sig
nificantly higher CO2 affinity at lower pressures with a change in isotherm 
shape from a linear to a Langmuir-type isotherm, as observed for the sol
vothermally prepared ZIF–8 analogue using 4MICA. The difference in CO2 

affinity between samples based on functional groups at position 2 (HICA) 
and samples based on functional groups at position 4 (4MICA, 4HICA) in
dicates that the terminal ring position functionalization is the key to the 
preparation of SOD ZIF sorbents with high affinity for CO2. 

This work demonstrates that the MALE post-synthetic procedure 
holds the potential for quick functionalization of parent stable and 
commercially available ZIFs, with the caveat that, similar to the SALE 
procedure, it requires optimization for each ZIF/exchange linker 
system, but its speed allows for the optimization to be carried out 
within a short time frame, unlike the day-long SALE. 
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